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Abstract

The Taiwan orogenic belt is formed by the strong convergence between the Philippine Sea Plate and the Eurasian
Plate. The detailed mountain building process is still under debated largely due to the poor constraint of deep crustal
structures, particularly the geometry at the Moho-depth. Here the Moho-refracted P waves are identified from the
seismic data recorded by a dense seismic array (Formosa Array) in northern Taiwan. Although the refracted seismic
energy is often weak at each individual station, the waveform similarity recorded at the nearby stations provides a
reliable constraint for estimating the apparent velocity recorded by the dense seismic array. The forward modeling of
the observed Moho-refracted P waves shows a larger crustal thickness (~52 km) beneath the Backbone Ranges than
beneath the adjacent Hsuehshan Ranges (~ 36 km). Such a result is not only confirming the Moho variations along

a few of the NW-SE profiles from the previous studies, but also showing the strong Moho variation is well extended
along the NE-SW direction. The large change in the crustal thickness across the Taiwan orogeny strongly indicate that
the orogenic deformation in Taiwan might extend beyond the shallow crust, possibly involving in the deep crust and
upper mantle. The Taiwan orogeny may not be reaching to the isostatic equilibrium yet.
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1 Introduction

The general characteristics of plate tectonics are strongly
reflected in the variation of crustal thickness. It is well
known that the typical crustal thickness in the continen-
tal plate (~35km) is significantly larger than that in the
oceanic plate (5-12km). However, the crustal thickness
in the orogenic belts such as Tibet (Holt and Wallace
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1990; Chen and Yang 2004) and the Alps (Hetenyi et al.
2018) could be up to 70km, which is almost double that
of the standard continent plates. The significant increase
of the crustal thickness in an orogenic belt results from
the complicated deformation in the crust and even the
uppermost mantle due to the plate convergence. Thus,
the determination of the crustal thickness is a fundamen-
tal issue in plate tectonics, particularly orogenic belts.
The Taiwan orogenic belt is one of the most active col-
lision zones on the earth (Fig. 1). To improve the under-
standing of orogenic mechanisms in Taiwan, different
tectonic models have been proposed in the past decades
(i.e., Suppe 1981; Wu et al. 1997; Chemenda et al. 1997;
Teng et al. 2000; Lallemand et al. 2001; Lin 2002, Mala-
veille et al. 2002). Among them, the arc-continental col-
lision has been often considered to explain the Taiwan
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Fig. 1 Geologic provinces and topographic reliefs in Taiwan. The
insert map shows general tectonics in and around Taiwan

orogeny mainly because Taiwan is located at the plate
boundary between the continental margin of the Eura-
sian Plate and the Luzon Volcanic Arc of the Philippine
Sea Plate. The crustal deformation in the Taiwan area has
been caused by the strong indenter of the volcanic arc,
and thus the major deformation is limited to the shallow
crust above the decollement (Suppe 1981). In contrast,
other tectonic models suggest that the deep crustal defor-
mation might be involved in the Taiwan orogeny such as
a lithosphere deformation (Wu et al. 1997), the continen-
tal subduction (Chemenda et al. 1997) and the continen-
tal subduction and crustal exhumation (Lin 2002). The
major debate among all of the proposed tectonic mod-
els might be largely attributed to poor constraint of the
deep crustal structures, particularly the geometry at the
Moho-depth.

Although the Moho-depth in the Taiwan orogenic belt
has been investigated by various geophysical observa-
tions such as seismic data and gravity survey, the results
are quite diverse. The crustal thickness in Taiwan ranges
from approximately 30 to 70km. Initially, a typical 1-D
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model obtained from the early earthquake data suggested
a Moho-depth of approximately 36km (Yeh and Tsai
1981). This is roughly consistent with the result from the
gravity surveys (Yen et al. 1995, 1998) and the first seis-
mic tomographic images in Taiwan (Roecker et al. 1987).
However, two of the wide-angle seismic reflection and
refraction experiments across the central and southern
Taiwan, respectively, show that the Moho-depth might
be up to approximately 45km beneath the Central Range
(Shih et al. 1998; Yeh et al. 1998a). A similar result giving
a thick crust (>50km) was also obtained from another
seismic profile across the southern Taiwan area (Lin
2005) as well as the seismic tomographic results (Kuo-
Chen et al. 2012). Another wide-angle seismic reflection
and refraction experiment further shows that the crus-
tal thickness reaches approximately 46km (Van Aven-
donk et al. 2014). However, crustal thickness obtained
from the receiver function also shows some strong vari-
ations between approximately 30 and 50km (Wang et al.
2010). The locations of the deepest Moho-depths for
some typical results are marked at Fig. 2. The Pn study
indicates that Moho-depths only range from 31 to 43km
(Ma and Song 1997). Some high-resolution tomographic
images indicate the Moho depths of around 35km in the
Taiwan area, while the depth might be up to 40-70km
beneath the Central Range (Rau and Wu 1995; Wu et al.
2007; Kuo-Chen et al. 2012; Ustaszewski et al. 2012;
Huang et al. 2014). A joint inversion of seismic and grav-
ity data shows a Moho-depth of 56km beneath the Cen-
tral Range (Li et al. 2014). The latest result obtained from
the receiver function (Goyal and Hung 2021) indicates
the deepest Moho-depth of ~47km beneath the Central
Range. The significant diversity of the Moho-depths in
the Taiwan area might be a result of uncertainty in both
the data collected and the methods employed. Therefore,
the crustal thickness is still under strong debate.

In this study, the seismic data generated by several
strong earthquakes in the central and southern Tai-
wan area and recorded by the broadband seismic arrays
in the Taiwan area are employed to obtain the Moho-
depth beneath the major orogenic belts. In addition to
the Broadband Array in Taiwan for Seismology (BATS),
which is the first broadband seismic array covering Tai-
wan and comprises approximately 45 stations (Kao et al.
1998), seismic data recorded by the Formosa Array is
examined. The array consists of 146 broadband seis-
mic stations that cover an area of approximately 60 x
40km in the northern part of Taiwan (Lin et al. 1998,
2000, 2020; Huang et al. 2021). Since the station spacing
is approximately 5km on average, the array provides an
unambiguously seismic data for identifying the P-waves
refracted from the Moho-discontinuity (Pn). The detec-
tion of Pn arrival times from a dense seismic array is
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Fig. 2 Geologic provinces and locations of both the Formosa Array and some Broadband Array in Taiwan for Seismology (BATS) seismic stations in
the mountainous area of Taiwan. Locations of the deepest crustal thickness are marked by Number 1-6 within squares, which were obtained from

some previous studies

dramatically better than that from a single seismic station
or a sparse seismic network. Since the seismic amplitude
refracted from the Moho-discontinuity is small, it is often
extremely difficult to distinguish the Pn signals from the
background noise based on the seismograms recorded by

a single seismic station alone or distant stations. Thus,
the apparent velocity calculated from the observed Pn
arrival times often has much uncertainty. However, the
seismic data recorded at a dense seismic array will dra-
matically improve the detection of the Pn arrivals, as the
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correlated Pn signals are easily identified from the nearby
seismic stations. As a result, the apparent velocity can
be observed to distinguish the refracted waves from the
direct waves. The observed Pn arrivals are compared with
the 2-D ray-tracing modeling to estimate the difference
of crust thickness between the Hsuehshan Range and the
adjacent Backbone Range.

2 Tectonic settings and geological background

The island of Taiwan is located at a small section of the
convergent zone between the Eurasian Plate (EUP) and
Philippine Sea Plate (PSP), however, it is very interest-
ing that a significant orogenic belt has been created due
to the complicated plate convergence. The PSP is sub-
ducting beneath the EUP along the Ryukyu Trench in
the northeastern Taiwan area, while the EUP in under-
thrusting the PSP along the Manila trench in the south-
ern Taiwan area (Tsai et al. 1977). A significant collision
orogeny occurred in the island of Taiwan due to the
strong convergence (~8cm/y) between two plates since
the late Miocene (Seno 1977; Yu et al. 1997). The suture
zone between the two plates is marked along the Longi-
tudinal Valley (Fig. 1). East of the suture zone, the Coastal
Range is the part of the Luzon volcanic arc in the PSP.
West of the suture, the major geological units from west
to east including the Coastal Plain, Western Foothills,
Hsuehshan Range, Backbone Range and Eastern Cen-
tral Range are belonged to the continental margin of the
EUP (Ho 1988). Both of the topographic relief and meta-
morphic rate at the geological units in the EUP gradually
increase eastward. The major mountain building process
occurs across most of the geological units, and then the
significantly topographic relief (up to 3,940 m) is created
due to strong horizontal shortening and vertical exhuma-
tion. Meanwhile, the major crustal deformation is shown
by many active faults and frequent earthquakes in the
Taiwan area (Bonilla 1975; Tsai et al. 1977; Tsai 1986; Ho
1988; Wang and Shin 1998; Ota et al. 2005).

3 Formosa array and earthquake data

The Formosa Array (Fig. 2), a dense broadband seismic
array, has been deployed in the northern Taiwan area for
improving the seismic detection of magma reservoirs as
well as other major subsurface structures (e.g., Lin 2016;
Lin et al. 1998, 2000, 2020; Huang et al. 2021). The For-
mosa Array consists of 146 broadband seismic stations
that cover an area of approximately 60 x 40km. The sta-
tion spacing is around 5km on average. The installation
of the seismic stations started in 2017, and then seismic
data were successfully recorded at more than 100 stations
by the end of 2018, (Fig. 2). The entire array was com-
pletely installed in 2019. Each seismic station is equipped
with a broadband seismometer (Meridian compact PH by
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Nanometrics), whose instrument response curve ranges
from 0.01 to 100Hz. Seismic data are recorded with a
sampling rate of 100Hz. Most of the seismometers are
installed within a bore-hole at a depth of approximately
2m. All the seismic data are transmitted to the Taiwan
Volcano Observatory at Tatun (TVO) as well as Institute
of Earth Sciences (IES), Academia Sinica at Taipei in real-
time by wireless radio or telephone systems. Thus, the
seismic data can be obtained immediately and all seismic
stations (instruments and transmission systems) can be
ensured to be functioning well.

For examining the crustal thickness beneath the Hsu-
ehshan Range, seismic data recorded by the Formosa
Array from two strong earthquakes (M; = 4.8 and 4.4)
in central Taiwan in 2018 (Events 1 and 2 in Table 1)
was collected. Since both earthquakes occurred near the
center of the island of Taiwan, their locations were well
captured by the dense seismic stations in the Taiwan area
(Shin et al. 2000). The estimated location errors in lon-
gitude, latitude and depth were approximately 3.1km,
1.3 and 4.6km, respectively (Wu et al. 2013). Based on
the earthquake catalog provided by the Central Weather
Bureau (CWB) of Taiwan, both earthquakes were close
to each other at the mid-crust (approximately 17km
in depth). To remove low-frequency ocean noises and
other high-frequency ambient noises, the seismic data
were filtered by a band-pass between 2 and 5Hz. The
P-wave arrivals have been picked manually by con-
sidering the seismic waveforms at each station and its
vicinity stations. Thus, an apparent velocity of approxi-
mately 5.7km/s was consistently obtained from P-waves
recorded at the seismic stations less than 120km away
(Fig. 3). Since such an apparent velocity is generally con-
sistent with the true velocity in the upper crust in the Tai-
wan area (Yeh and Tsai 1981; Chen 1995; Chen and Shin
1998), the P-wave arrivals are likely propagating through
the crust directly (Pg). In contrast, the first P-wave arriv-
als recorded at seismic stations at the epicentral distances
between 120 and 160km give that an apparent velocity is
approximately 7.8 km/s (Fig. 3). Although the first arrivals
at some stations might not be real clear with a possible
uncertainty of ~0.1s (e.g., Fig. 4), the general trend of the
seismic energy roughly follows the arrivals propagated
with the apparent velocity (~7.8km/s). Obviously, such
a velocity is the typical P-waves propagation through
the uppermost mantle, indicating that those arrivals are
likely refracted from the Moho-discontinuity (Pn). Thus,
the cross-over distance, which is the offset where the
refracted wave overtakes the direct wave to become the
first arrival on the seismogram, between the Pg and Pn is
around 120 km.

For comparing the crustal thickness beneath the Hsu-
ehshan Range with the Backbone Ridge, the seismic data
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Fig. 3 The vertical velocity seismograms generated by a Event 1 and b Event 2 and recorded by the Formosa Array. The color dashed lines mark the

general trend of the first arrivals plotted with the epicentral distances

recorded by the Formosa Array from another two strong
earthquakes (M, = 5.6 and 5.2) in the southern Taiwan
area on April 3 and 4, 2019, respectively (Events 3 and 4
at Table 1), are examined. Again, both earthquakes were

well located with uncertainties of less than a few kilome-
ters since they occurred within the seismic network (Wu
et al. 2013). Based on the CWB earthquake catalog, both
earthquakes were located nearby each other at the depths
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recorded at Stations KEO1-19 from Event 1

of approximately 10km. In addition to the CWB seismic
stations, certainly, both earthquakes were well recorded
by the broadband seismic arrays in Taiwan, including
BATS and the Formosa Array. Since both seismic arrays
are recording seismic data at different epicentral dis-
tances, they may provide a good method for examining
the possible ray-paths propagating through the crust.

As we expected, at first, the broadband seismograms
recorded at the BATS in the Backbone Range at the dis-
tances ranging from 30 to 220km show the first P-wave
arrivals are the direct waves (Pg). The apparent velocity
of approximately 5.7 km/s fits well with the arrivals of the
unambiguously P waves recorded at the seismic stations
in the Backbone Ridge (Fig. 5). Since such an apparent
velocity is generally consistent with the true velocity in
the upper crust in the Taiwan area (Yeh and Tsai 1981;
Chen 1995; Chen and Shin 1998), the P wave arrivals are
propagating through the crust directly. In contrast, the
first P-wave arrivals recorded by the Formosa Array in the
northern Taiwan around the distances between 220 and
270km demonstrate that they are the Moho-refracted
waves (Pn) given the apparent velocity is approximately
7.7km/s (Figs. 6 and 7). The seismograms plotted with
the reduced arrival times confirm the apparent velocity
of approximately 7.7kmkm/s (Figs. 6b and 7b). Again,
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such an apparent velocity is a typical P wave velocity in
the uppermost mantle, indicating that the seismic energy
is propagating through the upper portion of the upper-
most mantle. As a result, the crossover distance might be
more than 220km based on the seismograms recorded at
the BATS and Formosa Array.

In addition to the apparent velocity, in fact, the wave-
forms between the direct waves (Pg) and the refracted
waves (Pn) are distinguishable (i.e., Fig. 8). For the direct
waves (Pg), the waveforms usually begin with a large,
sharp amplitude. By contrast, for the refracted waves
(Pn), the waveforms usually begin with a smaller ampli-
tude. It is well known that the amplitude of the refracted
wave is only a small portion of that of the direct wave
(Wolf 1936; Berg and Long 1966; Sharma et al. 1990). The
refracted wave with a smaller amplitude was confirmed
by both of the observational data and waveform simula-
tion (i.e., Lin et al. 1999). Although the refracted seismic
energy is often small at each individual station, the wave-
form similarity recorded at the nearby stations provides
a reliable method for estimating the apparent velocity
recorded by the dense seismic array.

4 Ray-tracing

To further examine the possible geometry of the subsur-
face structures that will generate the different seismic
ray-paths detected by the Formosa Array, a two-dimen-
sional ray-tracing method was employed for calculat-
ing the ray-paths and their travel-time arrivals (Luetgert
1992). Although the real velocity structures might be
more complicated such as a dipping Moho-discontinu-
ity or strong lateral variations along the NE-SW direc-
tion, a simplified 1-D velocity model of the mantle and
overlaying crust was assumed for estimating the crustal
thickness beneath the Taiwan area. Based on the appar-
ent velocities observed in the seismic arrays in Figs. 3,
4, 5, 6 and 7, it is assumed that the crustal velocity is
gradually increasing from 5.7km/s in the uppermost
crust to 6.7km/s in the bottom of the crust, and jump-
ing to 7.7km/s in the uppermost mantle. This 1-D veloc-
ity model is not only consistent with the observations in
Figs. 3, 4 and 5, but also generally agree with the previ-
ous results (e.g., Yeh and Tsai 1981; Chen 1995; Chen and
Shin 1998).

Table 1 Earthquake parameters (Provided by Central Weather Bureau)

Earthquake Longitude (Deg.) Latitude (Deg.) Depth (km) Magnitude (M) Year/Mo/Dy
Event 1 121.01E 24.00N 16.8 48 2018/08/17
Event 2 121.01E 24.02N 184 44 2018/09/17
Event 3 120.85E 2295N 10.0 56 2019/04/03
Event 4 120.88E 2297N 10.0 52 2019/04/04
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Fig. 5 a Locations of Events 3, 4 and the BATS seismic stations in mountainous area. b, ¢ The observed seismograms plotted with epicentral

distances generated by Events 3 and 4, respectively

For the first set of two earthquakes in central Taiwan
(Events 1 and 2), assuming that the focal depth is 17 km,
the observed Pn arrivals fit the calculated results well
for the typical crustal depth of approximately 36km
(Fig. 9). The assumed velocity model is a typical 1-D
structure obtained by some previous investigations
in the Taiwan area (e.g., Yeh and Tsai 1981; Chen and
Shin 1998). The cross-over distance from the directed Pg
to the Moho-refraction Pn is approximately 120km for
Event 1 (Fig. 3a). The calculated arrival times for Moho-
refractions at the depth of 36km fit with the observa-
tions (Fig. 9). However, the velocity model with a Moho
depth of approximately 36km is poorly fits the Pn arriv-
als observed in Events 3 or 4. For example, the observed
Pn arrivals (squares in Fig. 10) are significantly delayed
by several seconds after the calculated arrivals for the
stations at epicentral distances greater than ~220km.

Instead, the observations of Pn arrivals (squares in
Fig. 10c) are better explained by the crustal model with an
extremely thick crust of approximately 52km (Fig. 10d).
The cross-over distance obtained from Events 3 and 4 in
the southern Taiwan area is over 220 km, which is signifi-
cantly larger than that obtained from Events 1 and 2 in
the central Taiwan area.

5 Discussion

A thick crust of approximately 52km with an estimated
uncertainty of approximately 1km is desired for fitting
the large cross-over distance obtained from the seismic
data along the Backbone Range of the Taiwan orogeny,
even though there remain some possible uncertainties in
the earthquake locations, the simplified velocity model,
and the apparent velocities. At first, the uncertainty in
the earthquake locations is less than a few of kilometers
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Fig. 6 Vertical seismograms generated by Event 3 and recorded by the Formosa Array. Seismograms a directly plotted with epicenter distances,
and b with arrival times corrected by a reduced velocity of 7.7 km/s
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Fig. 7 Vertical seismograms generated by Event 4 and recorded by the Formosa Array. Seismograms a directly plotted with epicenter distances,

and b with arrival times corrected by a reduced velocity of 7.7 km/s
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in that those earthquakes are located within the dense
seismic arrays in the Taiwan area (Wu et al. 2013). Such
a location uncertainty might not cause any considerable
change of the estimated crustal thickness. Although a
simplified 1-D model, instead of 3-D subsurface struc-
tures, was employed to calculate the cross-over distance,
this might be representative of the real velocity model
because the velocities (Pg and Pn) are not only directly
observed by the dense seismic stations in the Taiwan
area, but also consistent with the majority of the previ-
ous results (e.g., Yeh and Tsai 1981; Chen 1995; Chen
and Shin 1998). That is because the apparent velocities of
both Pg and Pn estimated from the dense seismic arrays
are quite acceptable. Therefore, the thick crust of approx-
imately 52km beneath the Backbone Range of Taiwan
is well constrained by the Pn arrivals as well as the large
cross-over distances of approximately 220km with some
limited uncertainties.

As compared with the previous observational data,
which demonstrate a large variation in the crustal thick-
ness ranging from 30 to 70km in the Taiwan area, a thick
crust of approximately 52km beneath the Backbone
Range of the Taiwan orogeny might be more reliable as it

was straightforwardly obtained here without excessively
complicated data processing and too much uncertainties
(Fig. 11). For the Backbone Range, a thick crust of approx-
imately 52km is roughly similar to the results from seis-
mic experiments (Shih et al. 1998; Yeh et al. 1998b; Lin
2005; Kuo-Chen et al. 2012; Van Avendonk et al. 2014)
and the joint inversion of seismic and gravity data (Li
et al. 2014) (Fig. 2). In particular, the seismic profiles
obtained by Shih et al. (1998) and Yeh et al. (1998a), that
show the Moho-depths significantly increase beneath the
Backbone Range (Fig. 11b and c), are very similar to the
results in this study. A major improvement in this study is
the significant thick crust beneath Backbone Range is not
only shown by the previous results along the NW-SE pro-
files, but also found along the NE-SW profiles. Although
a similar thick crust was also obtained by some tomo-
graphic images (i.e., Rau and Wu 1995; Wu et al. 2007;
Kuo-Chen et al. 2012, Ustaszewski et al. 2012; Huang
et al. 2014; Goyal and Hung, 2021), for a crustal thick-
ness ranging from ~40km to ~70km, the Moho-dis-
continuity might not be well imaged due to the relatively
limited ray-paths at the deep crust and upper mantle in
the Taiwan area. The large increase in crustal thickness
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beneath the Backbone ridge indicates the crustal defor-
mation at both upper and lower crusts are strong. For
the Hsuehshan Range, on the other hand, a typical con-
tinental crust with a thickness of approximately 36 km is
similar to the early 1-D model obtained by Yeh and Tsai
(1981) and Yen et al. (1995; 1998) and the 3-D seismic
images by Kuo-Chen et al. (2012). This result indicates
the lower crust beneath Hsuehshan Range might not be
strongly deformed, even the topographic relief is signifi-
cant. Therefore, the crust thickness constrained by the

cross-over distance of the Pg and Pn arrivals provides
an independent result of a thick crust beneath the back-
bone Range of the Taiwan orogeny. Further comparing
the large variation of the crustal thickness between Hsu-
ehshan Range and Backbone Range, whose topographic
relief are similar, it indicates the Taiwan orogeny might
not be reaching to the isostatic equilibrium yet.

A thick crust of approximately 52 km beneath the Back-
bone Range of the Taiwan orogeny may play an important
role in the discussion of previously proposed, possible
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tectonic models. One of the most popular models for
explaining the mountain building in the Taiwan area is
considering the thin-skin model (Suppe 1981), which
suggests that the crustal deformation is largely limited
at the upper crust and there is no significant deforma-
tion below the decollement. A thick crust beneath the
Backbone Range does not fully support the thin-skinned
model. By contrast, the thick crust is more consistent
with those models that suggest the lithospheric deforma-
tion occurred during the plate convergence in the Taiwan
area (e.g., Lin and Roecker 1993; Wu et al. 1997; Che-
menda et al. 1997; Lin 2002; Ustaszewski et al. 2012; Kuo-
Chen et al. 2012). However, more detailed subsurface
structures are still necessary for improving the under-
standing of the tectonic model of the Taiwan orogeny in
the future.

6 Conclusion

Careful examination of the seismic data recorded at
a dense seismic array (Formosa Array) in the north-
ern Taiwan area shows the Moho-refracted P waves
(Pn) as well as the directed P-waves (Pg) generated by
four strong earthquakes located at central and south-
ern Taiwan were well identified. Although the refracted
seismic energy is often small at each individual station,

the waveform similarity recorded at the nearby stations
provides a reliable method for estimating the apparent
velocity recorded by the dense seismic array. The forward
modeling of the Pn and Pg gives a larger crustal thickness
beneath the Backbone Ranges (~52km) than beneath
the adjacent Hsuehshan Ranges (~36km). Such a result
is not only confirming the Moho variations along a few
of the NW-SE profiles from the previous studies, but also
showing a large Moho-depth variation is well extended
along the NE-SW directions. It indicates the lower crust
beneath the Hsuehshan Range may not be strongly
deformed, even the topographic relief is significant. But
the thick crust beneath the Backbone ridge shows both
the upper and lower crusts are significantly deformed.
Such a large change in the crustal thickness across the
Taiwan orogeny strongly indicate that the orogenic defor-
mation in Taiwan might be not only limited with the
shallow crust, but also the deep crust and upper mantle.
Also, the Taiwan orogeny might not be reaching to the
isostatic equilibrium yet.

7 Data and resources

The seismic data used in this study were collected by
the Institute of Earth Sciences, Academia Sinica. Some
plots were made using the Generic Mapping Tools
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(version 4.5.18; https://www.generic-mapping-tools.
org/download) and the SAC software (version 101.5;
URL:ds.iris.edu).
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