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Abstract The Taiwan Strait, along with the southeastern continental margin of the Eurasian plate, Fujian in
SE China, is not far from the convergent boundary between the Eurasian plate and the Philippine Sea plate.
Although this region is considered tectonically relatively inactive, many small earthquakes still occur, and
normal faults are well developed in the strait. To better understand the geological processes in this region, we
use 2 years of ambient noise data from more than 100 stations in Fujian and Taiwan to obtain a 3-D crustal
shear-wave velocity model using a direct surface-wave inversion method. Our results show that the
low-velocity zone beneath the Zhenghe-Dapu suture zone plays an important role in the tectonic evolution
of the Fujian area. The relatively high velocity in the eastern part of the suture zone and low velocity in the
west correspond to the Mesozoic magmatic zone and the Wuyi-Yunkai orogenic belt in Fujian, respectively.
The coastline of Fujian presents a high-velocity anomaly in the upper crust, which is related to the Mesozoic
Pingtan-Dongshan metamorphic belt. The long strip-like high-velocity zone through the rift basins in the
strait is interpreted as igneous rocks due to extension of the lithosphere in the Cenozoic. Two-stage extension
with different extensive centers in the strait may be the reason for the high- and low-velocity anomalies in the
middle to lower crust and uppermost mantle of the strait.

1. Introduction

The southeastern margin of China is located in the oblique convergence zone of the Eurasian (ES) plate
and the Philippine Sea (PHS) plate, which is a typical model in a trench-arc-basin system (Figure 1).
Previous studies have shown that the two plates converge at a rate of approximately 80 mm/year in
the direction of N53°W, with the PHS plate subducting northward under the ES Plate along the Ryukyu
trench, while to the south of Taiwan, the ES margin underlies the PHS plate eastward along the Manila
subduction zone (Seno & Kawanishi, 2009; Yu et al, 1997; H. W. Zheng et al,, 2013). Due to the complex
tectonic evolution and the orogenesis in Taiwan, Taiwan Island and its southern and eastern offshore areas
have always been a region of interest for studying the collision process between the continental plate and
oceanic slab.

Compared to the active convergent region, the Taiwan Strait appears much quieter because it is relatively
stable in terms of seismicity distribution (Figure 1a). Based on the distribution of normal faults in the strait
(Gao & Huang, 1995), this region can be simply divided into three parts from south to north: Tainan Basin
(TNB), Penghu-Beigang Uplift, and many extensional basins in the middle and north parts (Figure 1a). The
strait has shallow water depths (less than 100 m), fewer structurally active zones, and fewer earthquakes.
However, it is important to study the collision process and structural development of the whole region, espe-
cially during the Cenozoic. The rifting in the early Cenozoic with lithospheric extension, which led to the for-
mation of the fault-bounded basins in the north and middle parts of the strait, had a marked impact on the
architecture and stratigraphy of the strait following crustal uplift and continental breakup (A. T. Lin et al.,
2003). After this stage, the strait entered a postrift period from the Oligocene initiation of seafloor spreading
in the South China Sea to the Miocene, which mainly influenced the strata of the southern part of the strait,
such as the formation and thickness of the sediments in TNB. The area transferred to foreland basin develop-
ment in the late Cenozoic because of the termination of the extension caused by arc-continental collision.
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Figure 1. (a) Tectonic setting of the study region. (Colored diamonds) Heat flow measurements (Hu et al., 2000; Y. Wang,
2001) with values indicated by the color bar. (Red star) Epicenter of the 1604 magnitude 8 earthquake. (Gray dots)
Earthquakes from 1918 to 2018 with the magnitudes >5 downloaded from the U.S. Geological Survey. The solid black lines
denote faults, and the dashed line (®) represents the Fujian littoral fault with uncertainty (the position of Fujian littoral fault
is still controversial). The three NE-SW-trending suture zones in Fujian: ® Shaowu-Heyuan fault zone; @ Zhenghe-Dapu
fault zone; @ Changle-Zhaoan fault zone. | = Penghu Basin; Il = Nanjihtao Basin; lll = Kuanyin platform; IV = Peikang High.
(b) Topography of the study region and the distribution of the stations (colored triangles). Different colors denote different
seismic networks. (White wide lines) Plate boundaries from Bird (2003). 1 = Fuzhou Basin; 2 = Zhangzhou Basin.

EAFP = Earthquake Administration of Fujian Province; BATS = Broadband Array in Taiwan for Seismology; SP = SinoProbe
Project.

Early studies mainly focused on the formation and development of the shallow crustal structure and
sedimentary basins on a local scale (A. T. Lin & Watts, 2002; A. T. Lin et al., 2003).

The Moho depth has been relatively well resolved in this region. Receiver functions (Ai et al., 2007; He et al,,
2014), gravity data (Hsieh et al,, 2010), and tomography with body waves (Kuo et al., 2015) and surface waves
(K. X. Chen et al,, 2016; Y. C. Huang, Yao, et al., 2014) have all been used to determine the Moho depth. The
results have generally agreed that the Moho depth in the strait is shallower than 30 km. The Fujian area has a
relatively thicker crust with a depth of more than 30 km. However, this interface in Taiwan Island appears very
complicated, and most parts of western and middle Taiwan have a much deeper Moho interface due to the
orogeny in the late Cenozoic. However, the easternmost part of the island has very thin oceanic crust. In addi-
tion, K. X. Chen et al. (2016) used ambient noise tomography to invert for the shear-wave velocity structure of
the crust and uppermost mantle of the strait and Taiwan Island and indicated there may have been a cooling
magma reservoir and feeding system in the deep crust and upper mantle beneath Penghu Island.

To the northwest of the strait, the Fujian area, as the continental margin of southeastern Asia, has undergone
a series of tectonic episodes since the Neoproterozoic (Shu et al,, 2011), which led the continental block to
split into many small blocks forming uplifts and depressions bounded by NE-SW- and NW-SE-oriented faults.
The subduction of the paleo-Pacific plate in the late Mesozoic led to the wide distribution of igneous rocks in
this area (Zhou et al., 2006), which may account for the high heat flow along the coastal region of Fujian (Hu
et al, 2000; Y. Wang, 2001; Figure 1a). In the Cenozoic, the convergence between the ES and PHS plates and
the opening of South China Sea played important roles in reconstructing the Fujian area. The complicated
tectonics has been reflected in the petrology and geomorphology. The main pattern of fault distribution in
Fujian exhibits a crossed-grid style (P. Z. Wang et al., 1993; Figure 1a). Three major faults in this continental
area trend NNE-NE, namely, the Shaowu-Heyuan fault zone, Zhenghe-Dapu (ZH-DP) fault zone, and
Changle-Zhaoan (CL-ZA) fault zone (Figure 1a). The ZH-DP fault (or suture) zone separates the Cretaceous
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magmatic downfaulted belt to the east and the Wuyi-Yunkai fold belt to the west; the CL-ZA fault zone lies
almost along the coast and demarcates the eastern boundary of the magmatic zone and the western bound-
ary of a Mesozoic metamorphic zone (W. S. Chen et al,, 2002) named the Pingtan-Dongshan metamorphic
belt (PDMB; Figure 1a). The belt is bounded by an offshore NNE-oriented fault, the Fujian littoral fault (FLF;
Figure 1a) to the east. The FLF is an important and active fault belt that controls the tectonic activity as well
as the formation and evolution of the western strait (Zhan et al., 2004). The belt has experienced several
stages of tectonic movement since the late Mesozoic and extended as far as the northwest South China
Sea. This region is also characterized by many small NNW- to NW-oriented faults perpendicular to the main
faults, which is not found in Taiwan where NE-trending tectonic units are dominant (Kuo-Chen, Wu, &
Roecker, 2012). The seismicity in this region coincides highly with the intersection of the two fault systems
(NNE- or NE- and NW-trending faults), such as in the Fuzhou and Zhangzhou downfaulted basins and the
Quanzhou Gulf. Most earthquakes occur in the crust with magnitudes less than Ms 5 (Cai et al., 2015). In
1604, an intensely destructive earthquake with a magnitude of approximately 8 occurred in the offshore area
of Quanzhou, which was the largest earthquake in historical records in this area. Efforts have been made to
investigate small-scale structures beneath Fujian and adjacent regions; for example, several 2-D profiles have
been produced with deep seismic sounding (Cai et al.,, 2016; Kuo et al., 2015; P. Li et al., 2015). In addition, a
well-resolved 3-D P wave velocity model of this area using body-wave traveltimes from active sources and
earthquakes (Cai et al., 2015) has been completed.

Although many studies have been performed in southeastern China, many problems remain unsolved
because of the obscure and complicated structural deformation during the complex tectonic history.
Located just west of the collision zone, the Taiwan Strait and Fujian area play important roles in the regio-
nal tectonic and dynamic evolution history of SE China. However, the influences of different tectonic
processes such as the subduction of the paleo-Pacific plate, the opening of the South China Sea, and
the ongoing convergence on this region are still poorly understood. The locations of small faults in this
area, the dynamic processes, and even the eastern termination of the subducted ES plate, however, have
long been controversial. These questions require a more accurate 3-D velocity model of the crust and
upper mantle from Taiwan to Fujian encompassing the strait area. Previous studies, however, have always
concentrated on large-scale structures in southeastern Asia and interface information mainly in the crustal
range using body waves.

In this study, we use ambient noise data from more than 100 stations deployed in this region to extract
Rayleigh wave dispersion. Since surface waves at shorter periods are more sensitive to shallower structures,
we obtain a more detailed shear-wave velocity model of this region after applying a direct surface-wave
tomography method based on period-dependent ray-tracing. Finally, we discuss the geological and tectonic
implications of the tomographic results in Fujian and the Taiwan Strait.

2. Data and Methods
2.1. Station Distribution and Ambient Noise Analysis

Due to the yearly increase in the number of digital seismic stations across the strait, the resolution of tomo-
graphy can be much improved. In this study, we utilize 2 years (2014-2015) of continuous seismic records
from 88 permanent stations in the seismic network of the Earthquake Administration of Fujian Province
(Data Management Centre of China National Seismic Network, 2007; X. F. Zheng et al.,, 2010) and 25 stations
of the Broadband Array in Taiwan for Seismology (Institute of Earth Sciences, Academia Sinica, Taiwan, 1996)
(Figure 1b). In addition, a few hundred phase-velocity dispersion curves by K. X. Chen et al. (2016) extracted
from 23 stations from the Broadband Array in Taiwan for Seismology, 6 stations from the Earthquake
Administration of Fujian Province, and 16 SinoProbe stations are included to produce more accurate results.

It has been well known that continuous ambient seismic noise cross-correlation between two stations can be
used to retrieve empirical Green'’s functions (F. C. Lin et al., 2008; Shapiro & Campillo, 2004; Y. Yang et al., 2007;
Yao et al., 2006). Surface-wave dispersion data extracted from empirical Green’s functions can be further
inverted for shear-wave velocity structures of the crust and upper mantle (e.g., K. X. Chen et al,, 2016; Yao
et al, 2008). Each time domain cross-correlation function is obtained by cross-correlating two vertical-
component noise data with a sampling rate of 5 Hz. Preceding the cross-correlation, traditional signal proces-
sing such as removal of trend, mean, and instrument response (Bensen et al., 2007) are applied to the raw
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Figure 2. (a) Rayleigh wave phase velocity dispersion curves for different regions. Blue lines denote dispersion data in the
Fujian area; green, data crossing the strait; and red, data in Taiwan. (b) Number of phase velocity measurements at different
periods.

data. Spectral whitening is then performed for each 2-hr-long segment waveform. Then, we take the multiple
period band running-absolute-mean normalization to suppress the influence of predominant periods of
noise and earthquake sources. The broadband normalized waveform can be written as

§:]zsj(TjuTj+1)/A(Sf(TJ’TJ+1>)’ ()

where §; (T; ;1) is the bandpass-filtered waveform in the jth period band [T, T;,1], and A denotes the running-
mean-absolute amplitude of the waveform S; using a window length of 2Tj,,. Daily cross-correlation func-
tions are then stacked for each station pair. With 2-years’ stacking, surface-wave signals from ambient noise
cross-correlation appear very stable with high signal-to-noise ratios.

An image transformation method (Yao et al., 2006, 2011) is used to extract the fundamental mode Rayleigh
wave group and phase velocity dispersion curves in the period range of 2 to 40 s. In consideration of the
far-field assumption of surface wave propagation (Yao et al., 2006, 2011), we require that the interstation
distance should be at least 2 times larger than the wavelength at each period. Dispersion data with large
deviations or irregular shapes are removed. We take cluster analysis of the dispersion curves to eliminate
those dispersion data that have similar paths but quite different measurements with respect to their mean
(see supporting information and Figure S1). Finally, we obtain more than 4,000 dispersion curves. The num-
ber of measurements decreases rapidly for periods greater than 25 s (Figure 2b).

Dispersion data across different regions differ greatly, especially at short periods (Figure 2a). Due to the water
and sedimentary layers, measurements with periods less than 10 s across the strait are lower than those in the
Fujian area. Moreover, we observe anomalously low phase velocities at short periods in Taiwan, which may
imply low shear-wave velocity in the upper crust, in particular, the southwestern part of Taiwan. The 2z ambi-
guity problem and the low-velocity structure make it difficult to identify the correct very short period phase-
velocity branches for some paths.

2.2. Methodology for Direct Surface-Wave Tomography

We adopt the direct surface-wave tomography method (Fang et al,, 2015; C. Li et al., 2016), in which an inter-
mediate step of inversion for phase or group velocity maps is not required, to invert all period-dependent
surface-wave traveltime data for 3-D variations in subsurface shear-wave velocity structures. To calculate
Rayleigh wave traveltimes at a certain period, a 2-D fast marching method (Rawlinson & Sambridge, 2004)
is used without the assumption of great-circle path propagation using the corresponding phase velocity
map predicted from a 3-D velocity model. Following Fang et al. (2015), the frequency-dependent surface
wave traveltime t (0) can be written as

~

P B P K K
ti(w) = 3 SO(@)A; = 3 3 WS (o)A = 3 viSk(w), 2)
- —1 k=1 k=1

Where5g> () represents the slowness for a segment p along path i in lengths of Al If we discretize a 2-D slow-
ness model in the whole study region, the slowness can be expressed in terms of a bilinear interpolation of all
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Figure 3. Initial model settings for the inversion. (a) Moho depth of the study region from He et al. (2014). (b) Tomography result of Vs at 30-km depth from Kuo-Chen,
Wu, Jenkins, et al. (2012). We take the Moho depth information for the NW part of the initial model and Kuo-Chen’s model for the Taiwan part.

the slownesses S (w)(k = 1,2, ..., K) at the predefined regular grids, where k denotes the index of the regular
grid point of the model, Kiis the total number of points, and vgz represents the interpolation coefficients along
a given path i. Furthermore, we can combine ZZ:WgZAI,- into vy, which has been associated with the ith
traveltime data.

An optimal model can be obtained by minimizing the differences between the observed traveltimes 2% (o)

and predicted traveltimes tf’red(w) calculated from the reference model for all frequencies o, that is,

re K =~ K oC,
i) = §%(0) %) = £ wSi(o)x— & kﬁg ®
- - k

We can update the predicted traveltimes when a new model is obtained in the iterative inversion. Cy is either
the phase or group velocity, and 8Cy is its perturbation of the kth grid point. Since the phase or group velocity
is sensitive to compressional wave velocity a, shear wave velocity f, and density p, the perturbation of C can
be expressed by an integral of partial derivatives of the three parameters:

6Ck (w)

2an @) ax (2) + 0Ck(w)

C
o)
. B2 |y, By (2) +

0Cx(w) = J[

i (z)} dz, @
Ok

where 6, denotes the 1-D layered reference model. We can use a simple difference method to calculate the
sensitivities of phase or group velocity to each parameter at a given depth grid point (Fang et al., 2015).
Considering that surface wave dispersion is mostly sensitive to shear-wave velocity, we relate compressional
wave velocity and density to shear-wave velocity using the empirical relationships given by Brocher (2005).
Thus, equation (3) can be transformed to

K Vik J / ack / 5Ck 6Ck
51’,‘ = Y —— | > Ra Zj —+R, Zi) ——~+——
=5 Ci)w{ ) ais) D i) aﬂk@)]

M=

Br(2)) =

Ok

: Gymy, (5)

where R; and R; are the scaling factors relating the perturbation of compressional wave speed and density,
respectively, to the perturbation of shear-wave velocity (see Fang et al., 2015, in detail), J is number of grid
nodes in the depth direction, and M = KJ, which is the total number of grid points of the 3-D model.
Accordingly, we can solve the classical inversion function d = Gm using LSQR (Paige & Saunders, 1982).
The data sensitivity matrix G consisting of the three items can be calculated from the initial model, which
is updated in the iteration. To stabilize the inversion, we add a spatial smoothing term with the first-order
Tikhonov model regularization (Aster et al., 2013).

In this study, we mainly focus on the tectonics of the strait and Fujian. Since the data coverage in Taiwan is
too sparse to reveal small-scale structures, we take the regional and high-resolution S wave velocity model in
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Figure 4. Ray path coverage (top) and density (bottom) for the final 3-D model at different periods. Blue triangles denote stations.

Taiwan from Kuo-Chen, Wu, Jenkins, et al. (2012) as part of our initial model (Figure 3b). As surface waves are
not sensitive to interface geometry, we also add the information on the Moho depth from He et al. (2014) to
the rest of our initial model (Figure 3a).

3. Path Coverage and Resolution Tests

The path coverage of phase velocity measurements (Figure 4) is quite good in a period range of 5-35 s across
the whole region. In addition, the Fujian area presents good spatial coverage at short periods of 2-5 s.
Bending ray paths are observed at short periods due to a strong velocity anomaly in the shallow crust (also
see Figure S2).

To assess the spatial resolution and the robustness of the inversion results at different depths, we perform
checkerboard tests using different anomaly sizes. Anomalies are superimposed on a reasonable 1-D model,
and we choose a size of 0.75° by 0.75° to show the real model (Figure 5a). Recovered structures at different
depths are shown in Figures 5b-5f, revealing that the lateral resolution in the Fujian area is approximately
60-80 km and in the strait and Taiwan, approximately 80-120 km. Slight smearing along the direction perpen-
dicular to the strait still exists due to the distribution of many cross-strait ray paths. For the vertical resolution, the
checkerboard pattern can be recovered well from the surface to at least the top of the upper mantle (Figure 6).

4, Results

We select the inverted shear-velocity images at depths of 10, 20, 30, and 40 km in the study region (Figure 7).
Moreover, due to good path coverage in the Fujian area even at short periods, we also display shallow crustal
structures at depths shallower than 10 km (Figure 8). The prior Moho depth imposed in our initial model
could strongly influence the shear-wave velocity structure around the Moho depth if the initial Moho depth
is very different from the true value, for example, in the Taiwan area (see the inversion results using the flat
initial Moho in Figures S3 and S4). Since we do not have very good constraints on upper mantle structures
due to the period range limit (2-40 s) of the used dispersion data, we mainly focus on crustal and uppermost
mantle structures (to approximately 40-km depth) in the study region.

At depths shallower than 10 km (Figures 7a and 8a-8c), the Fujian area displays a high-velocity anomaly in
the north and a low-velocity anomaly in the south, especially in the uppermost crust (Figure 8a). Basins
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Figure 5. Horizontal slices of the checkerboard resolution tests. (a) Input real checkerboard model with the anomaly size
(0.75°) as shown in the upper left. The maximum strength of the shear-wave velocity anomaly is +5%. (b-f) Model recov-
ery of different anomaly sizes at different depths. Black triangles show the locations of stations.

around Fuzhou and Zhangzhou show low-velocity features (Figure 10c). To a 10-km depth, the high-velocity
anomaly appears predominately along the coastline of Fujian corresponding to west of the FLF (Figures 7a
and 8c). Shear-wave velocities are slower to the west of the ZH-DP suture zone than to the east and
abruptly decrease across the FLF. To the east of the FLF, extensional basins in the strait display relatively
slow velocity anomalies compared to the velocity around Penghu Island in the southern part of the strait
(Figure 10c). The lowest shear-wave velocity features are confined to the southwestern part of Taiwan and
TNB, whereas the Central Range in Taiwan exhibits a high-velocity anomaly (Figure 7a). Most earthquakes
occur around the junction zones of differently oriented fault zones (inland) and the boundaries between
the high-velocity and low-velocity regions (in the strait).

At 20-km depth (Figures 7b and 8d), the spatial pattern of the velocity anomaly is nearly opposite to the pat-
tern at 10-km depth. An approximately N-S-trending high-velocity belt, starting from the region northeast of
Pingtan Island, Nanjihtao Basin (NJB), to Penghu-Beigang Uplift (see Figure 1 for the locations), can be
extended to a depth of 30 km. In addition, seismicity along the coastline of Fujian and along the FLF becomes
intensive (Figure 8d). We also observe a low-velocity corridor along the ZH-DP suture zone (Figures 7b, 8d,
and 10b), consistent with the body-wave tomographic result of Cai et al. (2015), but this slow anomaly as well
as the seismicity disappears at greater depths (Figure 8e). At a depth of 40 km (Figure 8f), the central region of
Fujian and extensional basins in the strait are dominated by high shear-wave velocities, indicative of the
uppermost mantle structure.

5. Discussion

We observe strong lateral variations in the continental crustal region of Fujian and Taiwan Strait. The most
significant features include the low-velocity zone in the middle crust beneath the ZH-DP suture zone and
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Figure 6. Vertical cross sections of the checkerboard tests. (a) Map with the location of three sections across the strait,
which is also used in Figure 9. Simplified Zhenghe-Dapu, Changle-Zhaoan, and Fujian littoral fault are plotted. (b-d)
Input real (top) and recovered (bottom) vertical cross sections along the three transects in (a). The size of each block
anomaly is approximately 20 km in depth and 100 km in the horizontal direction. Note that the adjacent anomaly blocks do
not have the same horizontal size due to the slanted lines in (a).

the high-velocity zones in the upper crust along the coast of Fujian as well as from the middle crust to the
uppermost mantle in the strait (Figures 7 and 9). The general pattern of our tomographic results from
ambient noise tomography is generally consistent with the previous results using different data sets
and/or methods (Cai et al,, 2015; Z. Huang et al., 2010; Kuo et al,, 2015; H. W. Zheng et al,, 2013), but our
results can resolve more details, which is discussed later.

5.1. The Tectonic Implication of Structural Results in and Around Fujian

In the Fujian area, the high-velocity zone appears in the north, and the low-velocity zone dominates in the
south at shallow depths (Figures 8a and 8b). Liang et al. (2012) thought this velocity contrast might coincide
well with mountain ranges in the north and downfaulted basins in the south. However, this interpretation
appears not very obvious from topography (see Figure 1b). More earthquakes and faults are concentrated
in southern Fujian (Figures 1a, 8a, and 8b), which reflects more active and fragmented strata there, and in
our view, this fragmentation is probably the main cause of the slower velocity structure in southern Fujian.
The crustal structure at 10-km depth is characterized by several small blocks with different shear-wave velo-
cities demarcated by the NW-SE- and NE-SW-trending faults of which the ZH-DP suture zone is the most sig-
nificant (Figure 8). Separated by this ZH-DP suture zone, the eastern and western parts of the middle to lower
crust have distinct velocity structures characterized by relatively low speed in the west and high speed in the
east (Figures 8c and 8d). Previous P wave studies based on deep seismic sounding (Cai et al., 2015; Kuo et al.,
2015; P. Li et al., 2015) also show similar features and indicate that the velocity contrast could be related to
strata of different ages and the resulting variations in composition because of the different experiences of
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Figure 7. Map views of shear-wave velocity at four different depths: 10, 20, 30, and 40 km. The black lines denote the faults
in the region. The dashed line denotes the Fujian littoral fault.

tectonic activity. The western Fujian area is part of the Southeast China Caledonian fold belt of the Cathaysia
block (T. K. Huang, 1978) and has been deformed by three tectonic events, including the Caledonian (J. Chen
& Jahn, 1998; S. Wang et al., 2017), Indosinian (Xu et al., 2007), and early Yanshanian movements (X. H. Li,
2000). The eastern Fujian area, in contrast, is recognized as a different tectonic unit in the Cathaysia block,
namely, the Southeast Maritime Fold Belt (T. K. Huang, 1978), which was mainly influenced by the late
Yanshanian movement (Zhou et al., 2006). The late Yanshanian magmatism due to the subduction and
retreat of the paleo-Pacific plate (Z. X. Li & Li, 2007; Z. Li et al., 2014) overprinted on the Paleoproterozoic crus-
tal basement (Xu et al., 2007) in eastern Fujian and produced widespread igneous rocks. The cooled igneous
rocks, which contain more mafic materials compared to the felsic materials in the basement, may account for
the high-velocity structures. The exceptions are the basins near Fuzhou and Zhangzhou that show lower
velocity features at shallow depths (Figures 8a and 8b) that may due to the relatively thicker sediments
and high heat flow (Hu et al., 2000; Y. Wang, 2001). However, Figure 10c shows that the low-velocity region
may extend to the middle crust. The region around the Zhangzhou Basin has many faults and earthquakes
(Figure 8), which probably lead to a fractured and thus slow upper-middle crust. There are many hot springs
in the Fuzhou area; thus, the low-velocity anomaly beneath Fuzhou Bain is probably as the result of a high
geothermal gradient. The seismicity is mainly located in southern and eastern Fujian and the strait
(Figure 8), particularly at the junction of faults and in regions with remarkable velocity changes. This result
implies that seismicity could depict the boundaries of geological structures with different rigidities.

In addition, we observe slow anomalies beneath the ZH-DP suture zone that extend to the lower crust and
thus infer that this suture zone is deeply rooted in the crust (Kuo et al., 2015). X. Li (2013) proposed a conjunc-
tive zone in central Fujian, which resulted from the closing of a paleo-ocean in central Fujian. Moreover, the
appearance of ophiolite mélange, pelagic sedimentary rocks, and basaltic debris at the surface around the
ZH-DP suture zone indicates that the low velocity in the middle crust of this region may be linked to the rem-
nants of an ancient oceanic basin (Kuo et al., 2015; X. Li, 2013). Although the whole Southeast China Block was
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Figure 8. Map views of shear-wave velocity in Fujian and Taiwan Strait with regional seismicity (green circles) at six different depths: 2, 5, 10, 20, 30, and 40 km. The
time range of the seismicity is 2008-2016 with magnitudes Ms > 1. For the velocity map at each depth, only earthquakes having focal depths within 1 km of
that depth are plotted. The black lines denote faults in the region. The dashed line in the Taiwan Strait indicates the Fujian littoral fault. The two red squares denote
the two cities: Fuzhou (north) and Zhangzhou (south).

preliminarily united at the later stage of the Early Paleozoic (J. Chen & Jahn, 1998; Shu et al., 2015), Xu et al.
(2007) suggested that east and west Cathaysia, bounded by ZH-DP suture zone, were separated before the
Indosinian event as evidenced by the lack of Caledonian and Indosinian magmatic suites in eastern Cathaysia.

The high-velocity zone in the upper crust along the coast of Fujian, which is conspicuously distributed
between the CL-ZA fault zone and FLF (Figures 7 and 8), is also found in the results of Cai et al. (2015) and
K. X. Chen et al. (2016). The anomalously high velocity in the upper crust coincides well with the PDMB, which
predominately consists of granites and amphibolite-facies metamorphic rocks (W. S. Chen et al., 2002; Liu
et al,, 2012). Most of the Yanshanian granites in the PDMB exhibit arc-related affinities in trace element
and isotope compositions (Liu et al., 2012). Based on the structural analysis, the PDMB and its surrounding
region experienced strong shearing in the Early Cretaceous, and coeval NW-directed thrusts were developed
(Wei et al.,, 2015); that is, the CL-ZA fault served as a ductile backthrust. Both the formation and deformation of
the PDMB could have occurred in response to the northwestward to northward subduction of the paleo-
Pacific plate (W. S. Chen et al.,, 2002; Liu et al., 2012; Y. T. Yang, 2013), which produced a high-pressure meta-
morphic environment and was presumably followed by collision with a microcontinent (Wei et al., 2015) or
the Philippine plate (Jahn et al., 1990).

The compressional tectonics corresponding to the collision then changed to an extensional environment in
the late Mesozoic as revealed by the appearance of bimodal volcanic rocks (Z. Li et al.,, 2014; Zhou et al., 2006),
A-type granites (X. H. Li, 2000; Qiu et al., 2004; Zhao et al., 2015), mafic dike swarms (S. Wang et al., 2017), and
extensional or rift basins (Shu et al.,, 2004; D. Wang & Shu, 2012). Cenozoic extension due to the opening and
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Figure 9. Cross sections of shear-wave velocity along three different profiles at the locations shown in (a). (b-d) Absolute
values of shear-wave velocity. The seismic Moho is approximately delineated by the 4-km/s contour of shear-wave velocity.
Gray-dashed lines indicate the Moho interface from He et al. (2014). (e-g) Perturbations of shear-wave velocity (in percent)
relative to the average 1-D model in the study area. Black arrows denote the coastlines, and the black bars from left to right
indicate the locations of the Zhenghe-Dapu suture, Changle-Zhaoan fault, and Fujian littoral fault. KYP = Kuanyin platform;
NJB = Nanjihtao Basin; TB = Taihsi Basin; PHB = Penghu Basin; TNB = Tainan Basin.

migration of the South China Sea also resulted in sporadic magmatism around the southern CL-ZA fault (Ho
et al, 2003; X. Li, 2013). Despite the fact that the Late Cretaceous and Cenozoic magmatism could have
modified subsurface structures, the geometry of the high-velocity zone along the coast highly correlates with
the PDMB, indicating that the seismic anomaly is dominated by the late Yanshanian magmatic rocks that
formed in a compressional environment and were coeval with uplifted metamorphic rocks.

5.2. Geological Interpretations of the Tomographic Results in and Around the Strait

The Taiwan Strait is filled with Cenozoic sediments showing low-velocity anomalies and extending to
approximately 10-km depth except for Penghu Island (Figures 7a and 9). The crustal thickness of the strait
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is less than 30 km (Figure 9), similar to that of global extended continental crust (Christensen & Mooney,
1995). Both features can be explained by extension in the Cenozoic, which also resulted in high-velocity
anomalies from the middle crust to uppermost mantle (Figures 7, 9, and 10). The extension along with the
rifting tectonism led to the evolution of fault-bounded basins such as the NJB, Penghu Basin (PHB), and
TNB. Igneous rocks are generated by decompression melting of hot mantle material as it rises passively
beneath the extended and thinned lithosphere (White & McKenzie, 1989). Crustal uplift and vigorous
mantle-derived magmatism, which resulted in extrusive igneous bodies and underplated igneous rocks,
occurred during the extension along with the induced sedimentary basins (Chung et al., 1994).

The NE-SW-oriented high-velocity zone in the mid-crust to upper mantle of the strait coincides well with the
architecture of the ES margin, which has been influenced by the opening of the South China Sea (A. T. Lin
et al,, 2003). Rifting during the Paleogene accompanied by widespread intrusion of igneous rocks was mainly
concentrated around the central and northern part of the strait such as the PHB, NJB, and Taihsi Basin. The
igneous rocks have been overlain by several kilometers of sediments in the Cenozoic (A. T. Lin et al.,, 2003).
Considering that the location and depth range of low-velocity anomalies in the strait approximately matches
the Cenozoic sediment isopachs, we can deduce that the geological framework of this region was mainly
influenced by Paleogene tectonics. Figures 9b-9d shows that all the high-velocity anomalies at depths of
10-35 km are distributed beneath the western low-velocity anomalies, which may imply that the middle
to lower crust experienced magmatism or metamorphism during or after the extensional event.

In the southern part of the strait, a relatively high-velocity zone from the near surface to 40-km depth beneath
Penghu Island extends eastward to the Peikang High (Figure 7), north of the TNB. This distinctive feature
shows significant contrast with the widespread low-velocity anomalies in the southwest (Figures 7a and 7b)
and central (Figures 7c and 7d) parts of Taiwan, which are accounted for by the sedimentary basin and
thickening of the crust, respectively (H. H. Huang, Wu, Song, Chang, Lee, et al, 2014; T. Y. Huang et al.,
2015; Kuo-Chen, Wu, & Roecker, 2012). The extension in the late Cenozoic produced strong intraplate
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basaltic magmatism on the Penghu Islands, and the volcanism ceased at ~8 Ma because of compression
due to the arc-continent collision in Taiwan (Chung et al., 1994). K. X. Chen et al. (2016) interpreted the velo-
city high as a basaltic edifice built during the lava extrusion. Beneath the high-velocity layer, they also
observed a low-velocity zone in the depth range of the lower crust to upper mantle, indicating a cooling
melt reservoir and magma feeder system. In our study, aside from the triangular-shaped, relatively slow
anomaly in the deeper crust (depicted by the white line in Figure 9g) as revealed by K. X. Chen et al.
(2016), a pronounced high-velocity anomaly just above the relatively slow one is also observed.
Comparing the shapes of the high-velocity anomalies beneath basins in the northern strait (Figures 9e
and 9f), we speculate the high-velocity anomaly in the south could have originated from the same
Paleogene tectonic event as that in the north, which could be supported by the fact that the PHB is also
a Paleogene syn-rift basin (A. T. Lin et al., 2003). In contrast with the northern strait, the PHB may have
experienced Miocene magmatism that further modified the deeper crustal structure beneath. Thus, we
conclude that the relatively slow anomaly may be attributed to the younger magmatism (Miocene), the
temperature anomaly of which still remains, whereas the strong high-velocity anomaly is associated with
the older magmatism (Paleogene).

In conclusion, two-stage extension with different centers in the early and late Cenozoic (A. T. Lin et al., 2003)
and deposition could account for the main structural pattern. The first phase of lithospheric extension with
discrete rifting occurred simultaneously centered mainly around the central and northern part of the strait,
including the NJB, PHB, and Taihsi Basins, in the late Paleocene to Eocene. There may also have been slight
magmatic activity along the coastline of Fujian, which resulted in the abundant geothermal resources in the
eastern Fujian area (Figure 1a). In the Miocene, renewed extension moved southward to the northern depres-
sion of the TNB and induced basaltic volcanism beneath the Penghu Islands. Before extension was termi-
nated by the compressional regime caused by the arc-continental collision, Penghu Island was formed by
the upwelling of basaltic magma. The newly formed volcanic edifice beneath the older igneous rock formed
in the Miocene appears as a relatively low-velocity anomaly.

To the southeast of the PHB, slow anomalies beneath TNB (or part of the coastal plain; Figures 9d and 9g)
exhibit geometric patterns distinct from those beneath basins such as the PHB and Kuanyin platform in
the strait. This contrast indicates that this region was dominated by other tectonic events than the
Paleogene rift. Neogene rifting (postrift) and subsequent foreland depression due to the subduction-collision
in Taiwan both yielded >10-km subsidence with the maximum depression taking place in the southeast (A.T.
Lin et al.,, 2003), approximately consistent with our observation. Local body-wave tomography in Taiwan also
reveals similar features in Pingtung Plain (e.g., H. H. Huang, Wu, Song, Chang, Lee, et al.,, 2014; Kuo-Chen, Wu,
& Roecker, 2012). From south to north, the east terminations of the high-velocity anomalies beneath western
Taiwan become steeper (Figures 9e-9g), which is consistent with the geometric variation in the subducted ES
plate presented in H. H. Huang, Wu, Song, Chang, Kuo-Chen, et al. (2014). The authors interpreted the steep
and complicated change as due to the involvement of the PHS slab in the northern part and its subduction
beneath the ES plate.

We summarize our findings in these three NE-SW-trending transects (Figure 10), approximately parallel to the
tectonic settings developed since the late Mesozoic. The geological units near the surface are younger
toward the east; thus, structures beneath the profiles could be representative of the tectonic evolution in
the study region. To the west of the ZH-DP suture, profile DD’ located in the western Cathaysia block shows
laterally similar structures in seismic images. In contrast, subsurface structures beneath the farther east profile
EE’ along the coastline of Fujian fluctuate and represent fast upper and middle crust (except beneath the two
basins). The spatial seismic discrepancy can be attributed to different tectonic processes in different eras. The
west profile (DD’) was dominated by events from Paleozoic to Jurassic, whereas the east (EE') mainly experi-
enced Cretaceous magmatism and strong compressional deformation, particularly along the coast (W. S.
Chen et al,, 2002; Wei et al., 2015). The time-spatial correlation suggests that thermal and petrologic anoma-
lies imprinted in the crust caused by older tectonic events may have been dissipated and transported away
so that no distinct seismic anomaly remains laterally and vertically. Profile FF’ transects structures that mainly
developed in the Cenozoic. Thick Paleogene syn-rift sedimentary sequences in rift basins such as Taihsi Basin
(A.T. Lin et al., 2003) are characterized by low shear-wave velocities (<3 km/s). Moreover, the Moho depth
underneath the basins is shallower than it is under the other inland profiles by approximately 10 km. Our
observations provide seismic evidence that the Cenozoic extensional activity predominately took place in
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the continental margin, especially in the strait and that extension of the upper crust was accompanied by
(lower) crustal thinning.

6. Conclusion

In this study, we use more than 100 stations and the direct surface-wave tomography method to obtain a 3-D
crustal shear-wave velocity model in the Taiwan Strait and Fujian, southeast China. Our results reveal a high-
velocity northern part and low-velocity southern part of Fujian in the upper crust, which are interpreted as
influenced by the tectonic stability of different parts of Fujian in terms of the distribution of active faults
and seismicity. A low-velocity corridor appears in the middle crust beneath the ZH-DP suture zone, which
might be linked to the remnants of an ancient oceanic basin. This suture zone also separates the Wuyi-
Yunkai orogenic belt (created in the Paleozoic) to the west and the Mesozoic downfaulted zone to the east.
The velocity decreases abruptly from the Fujian area to Taiwan Strait at shallow depths across the FLF
because of the sediments in the strait and the high-velocity PDMB along the coast of Fujian. The seismicity
of Fujian and the strait is mainly concentrated on the boundary belts of variously oriented faults and regions,
with remarkable velocity changes in the upper and middle crust of the southeastern part.

The extensional basins in the strait bounded by many normal faults present relatively high-velocity anomalies
in the middle to lower crust because of the thinning of the crust in the Cenozoic and the widespread intrusion
of igneous rock. The Penghu Islands might have additionally undergone intraplate volcanism in the late
Cenozoic, resulting in relatively high-velocity upper-middle crust compared to the low-velocity sedimentary
structures in other parts of the strait and relatively low-velocity lower crust to upper mantle compared to
other regions at the same depth in the strait, which have experienced extension in the early Cenozoic.
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