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A B S T R A C T

The tectonic history of the Korean Peninsula is marked by the Permo-Triassic collision between the North and 
South China blocks and the subsequently openings of the Yellow and East Seas during the Late Oligocene and 
Miocene. Despite well-constrained timing, the mechanisms behind these major tectonic episodes remain the 
subject of ongoing scientific debate. We studied seismic anisotropy from core-refracted shear-wave splitting to 
place constraints on lithospheric-scale and upper mantle structures and dynamics and provide insights into the 
tectonic evolution of the Korean Peninsula. We implemented the eigenvalue-based method to measure the 
splitting parameters and used the transverse energy minimization and cross-correlation techniques to validate 
our results. We found delay times ~ 1.5 s which is consistent with anisotropy residing in the asthenospheric and/ 
or lithospheric mantle. Our results strongly suggest that the anisotropy signature of past tectonic events have 
been preserved and that the upper asthenosphere and lithosphere have undergone coherent deformation. Based 
on our model, we interpret that the Hongseong-Imjingang belt is part of the collision boundary, since we 
observed a lateral variation of the splitting parameters coinciding with it. We suggest two possible scenarios for 
the continuation of the collision suture beyond this belt: (1) one offshore with the boundary coinciding with the 
West Marginal Fault Zone, and (2) another one onshore along the southern limit of the Gyeonggi massif. Our 
observations support a fan-shaped opening mechanism for the East Sea and an eastward post-collisional 
extension for the Yellow Sea. Lastly, the measured splitting parameters beneath the western Gyeonggi and 
Yeongnam Precambrian massifs appear to be in good agreement with a possible fossil anisotropy.

1. Introduction

The current structure’s complexity of the Korean Peninsula in eastern 
Asia is the result of different tectonic episodes that have been the focus 
of numerous investigations. Ultra-high metamorphic rocks along the 
Qinling-Dabie-Sulu belt in eastern China indicate the occurrence of a 
Permo-Triassic collision between the North China Block (Sino-Korean 
Craton) and the South China Block (Yangtze Craton) (Hu et al., 2022). 
However, the lack of occurrence of these rocks within and around the 
Korean Peninsula has made it difficult to trace the eastward continua
tion of the collision front. Consequently, many studies have investigated 
the mechanisms behind the collision and proposed different models to 
explain how and where it happened (e.g., Chang and Zhao, 2012; 
Chough et al., 2006; Hao et al., 2007; Kim et al., 2013; Kwon et al., 2009; 
Oh, 2006). After the collision and during the Oligocene and Miocene 
epochs, it has been proposed that both the Yellow and East Seas were 

opened. Both opening mechanisms have likewise been extensively 
studied and debated. For the Yellow Sea, E-W continental rifting and 
oceanic spreading have been proposed (e.g., Niu and Tang, 2016; Pet
rishchevsky, 2022), though the timing of its opening remains uncertain. 
In contrast, for the East Sea, fan-shaped (e.g., Otofuji et al., 1985; Otofuji 
and Matsuda, 1987) and pull-apart (e.g., Fournier et al., 1995; Lalle
mand and Jolivet, 1986) opening models have been suggested.

Seismic anisotropy is a frequently studied phenomenon that reflects 
directional dependence of seismic velocities. Within the upper mantle, it 
is produced by the lattice-preferred orientation of strong anisotropic 
minerals such as olivine or orthopyroxene (Long and Silver, 2009). 
Olivine minerals are the most abundant constituents of the Earth’s upper 
mantle and it has been proven that they produce strong anisotropy when 
subjected to deformation processes (Karato et al., 2008). According to 
laboratory experiments, several olivine fabrics may develop depending 
on the stress field, water content, and temperature of the medium (Jung 
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et al., 2006; Karato et al., 2008; Kneller et al., 2005; Zhang and Karato, 
1995). In stable cratonic lithospheres, such as beneath the Korean 
Peninsula, high temperatures and relatively low water content are 
typically expected. Consequently, the presence of A-type olivine fabric 
can be reasonably inferred.

A direct consequence of seismic anisotropy is the shear-wave split
ting into two orthogonally polarized phases that travel along different 
planes at different speeds (Silver and Chan, 1991). This partitioning 
process can be quantified using two parameters: the fast polarization 
direction, ϕ, and the delay time until the arrival of the slow wave, δt. 

Fig. 1. Tectonic environment in eastern Asia: (a) Map showing the location of the Korean Peninsula in the easternmost part of the Eurasian plate, where the 
subductions of the Pacific and Philippine Sea plates occur beneath the Okhotsk and Eurasian plates. The Qinling-Dabie and Sulu belts, offset by the Tan-Lu fault, 
represent the collision boundary between the North and South China blocks in eastern China. The colored dashed lines with question marks denote previously- 
proposed collision boundaries in and around the Korean Peninsula: (1) along the West Marginal Fault Zone (Chang and Zhao, 2012; Hao et al., 2007; Hu et al., 
2022; Kwon et al., 2009; Zhai et al., 2007), (2) along the South Korean Tectonic Line (Chough et al., 2006, 2000; Yin and Nie, 1993), (3) within the Gyeonggi massif 
(Choi et al., 2006; Oh, 2006; Oh et al., 2017), and (4) along the Hongseong-Imjingang belt (Kim et al., 2013; Kwon et al., 2009; Sajeev et al., 2010) (refer to the text 
for more details). The areas where eclogite phases have been found (Hu et al., 2022) are marked with a star. Light red arrows indicate the direction of absolute plate 
motions following the HS3-Nuvel1A model (Gripp and Gordon, 2002). The blue box corresponds to the region shown in (b). (b) Simplified geologic map of the Korean 
Peninsula (adapted from Kee et al., 2019). HS – Hongseong Complex, OA – Odesan Area (belt). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
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These parameters are controlled by the anisotropic properties of the 
medium and the length of the ray paths through it (Savage, 1999; Silver 
and Chan, 1991). Core-refracted shear waves from teleseismic earth
quakes are useful to investigate the anisotropy along the receiver side of 
the ray path from the core-mantle boundary to the surface. These waves 
derive from compressional waves travelling through the outer core, 
which is why their energy should be entirely along the radial direction 
(i.e., back-azimuth) unless there exists an anisotropic medium. In such 
case, the energy splits causing an elliptical rather than a linear particle 
motion polarization (Savage, 1999; Silver, 1996; Silver and Chan, 
1991).

We propose to use core-transmitted phases such as SKS and SKKS to 
study the upper mantle anisotropy and place constraints on the tectonic 
evolution of the Korean Peninsula. Core-transmitted shear-wave 
anisotropy provides an opportunity to relate seismic observations to past 
and present tectonic anisotropy signatures. Due to upper mantle min
erals’ resistance to reorientation, they do not always directly represent 
the current stress field, thus the azimuthal anisotropy interpreted from 
SK(K)S splitting may reveal fossil fabrics in lithospheric-scale structures 
along with upper mantle dynamics (Silver, 1996; Silver and Chan, 
1991).

2. Tectonic framework and unresolved issues

The Korean Peninsula, surrounded by the Yellow Sea and the East 
Sea (Sea of Japan), is situated in the easternmost part of the Eurasian 
plate where the Okhotsk, Pacific, and Philippine Sea plates converge 
(Fig. 1a). It constitutes a complex intraplate tectonic setting, evidenced 
by its structure and seismicity (e.g., Hong, 2010; Hong et al., 2023; Hong 
and Kang, 2009; Park et al., 2023), comprising the Yeongnam, 
Gyeonggi, and Nangrim Precambrian massifs, which are intersected by 
the Okcheon and Hongseong-Imjingang metamorphic belts. Within this 
setting, five major sedimentary basins have been identified: the 
Okcheon, Taebaeksan, and Pyeongnam Paleozoic basins, the Gyeong
sang Cretaceous basin, and the Yeonil Cenozoic basin (Fig. 1b). It is 
hypothesized that the current morphology and geologic makeup of the 
Korean Peninsula are attributable to numerous tectonic events; the 
principal event is the collision between the North (Sino-Korean Craton) 
and South (Yangtze Craton) China blocks (Fig. 1a).

The Okcheon Phanerozoic belt, between the Gyeonggi and Yeong
nam massifs, is a NE-trending fold-thrust belt whose sedimentation may 
have initiated during the Rodinia breakdown in the Neoproterozoic (Lee 
et al., 1998), although its cessation remains unclear. This metamorphic 
belt can be divided into two major zones based on tectonostratigraphic 
sequences: the southwestern Okcheon zone (basin) and the northeastern 
Taebaeksan zone (basin) (Chough et al., 2000; Jang et al., 2024; Oh, 
2006) (Fig. 1). The former is composed of low- to intermediate-grade 
metamorphic rocks (Chough et al., 2000; Cluzel et al., 1991, 1990; 
Kim, 1996), while the latter presents non- or weakly metamorphosed 
sedimentary rocks (Chough et al., 2000). Although the Pyeongnam basin 
in northern Korean Peninsula is unquestionably part of the North China 
Block (Chang and Zhao, 2012), the tectonic provenance of the Okcheon 
and Taebaeksan basins remains a subject of ongoing debate (Fig. 1b). 
While some authors refer to the Okcheon belt as a tectonic boundary 
between the North and South China blocks, suggesting that the Okcheon 
basin accreted northeastward to the Taebaeksan basin along the dextral 
fault identified as the South Korean Tectonic Line (Chough et al., 2006, 
2000; Yin and Nie, 1993), others believe that it represents a failed rift 
created along the suture zone between the Yangtze and Cathaysia cra
tons (within the South China Block) that was inverted to a contractional 
foreland basin (Jang et al., 2024; Oh, 2006). The absence of high- and 
ultra-high-grade metamorphic rocks along this belt supports the inter
pretation that it arose from compression caused by a distal collisional 
event (Oh, 2006; Oh et al., 2004b).

The recently defined Hongseong-Imjingang belt in western Korean 
Peninsula (Kee et al., 2019) is a narrow suture zone that separates the 

Nangrim massif from the Gyeonggi massif (Chough et al., 2000) and 
presents a grade of metamorphism that increases from north to south 
(Oh, 2006). It contains metasedimentary and plutonic rocks that were 
highly deformed during Permo-Triassic tectonic processes (Kwon et al., 
2013; Park et al., 2017; Ree et al., 1996). Furthermore, high-pressure 
metamorphic rocks have been found in the Hongseong Complex with 
ages that match the eclogites from the Qinling-Dabie-Sulu belt (see 
Tables A1 and A2 in Hu et al., 2022), suggesting that the Hongseong area 
underwent high-pressure metamorphism equivalent to the collision 
episode that gave rise to the ultra-high pressure belt in eastern China 
(Fig. 1a).

During the Early to Middle Paleozoic, the North and South China 
blocks (Fig. 1a) separated from Gondwana and migrated northward 
while the Tethys Ocean was being consumed (Oh, 2006). These conti
nental blocks collided starting from the eastern end (Korean Peninsula) 
in the Late Permian and propagating to the west (into the Shandong 
Peninsula) until the Late Triassic. The westward propagation occurred 
due to the clockwise rotation of about 67◦ of the South China Block 
relative to the North China Block (Chang and Zhao, 2012; Oh, 2006; 
Zhang, 1997). Numerous models have been proposed to explain this 
collision, which can be broadly classified into two major groups: models 
proposing offshore collision boundary near the west coast of the Korean 
Peninsula along the Western Marginal Fault Zone (also known as the 
East Marginal Fault of the Yellow Sea, Yellow Sea Transform Fault or 
Wrench Fault System within the West Sea), and models proposing an 
inland collision boundary within the Korean Peninsula.

Offshore tectonic boundary. – Several authors support models that 
place the tectonic boundary along or near the west coast of the Korean 
Peninsula (Fig. 1a). Hao et al. (2007) interpret the Western Marginal 
Fault Zone as a dextral strike-slip system and consider it as the coun
terpart of the Tan-Lu sinistral fault in eastern China (Fig. 1a). In addi
tion, Zhai et al. (2007) and Kwon et al. (2009) propose crustal- 
detachment models where the collision suture is located along the 
west margin of the Korean Peninsula coinciding with the Hongseong- 
Imjingang belt (Kee et al., 2019). They believe that the Hongseong 
Complex, where eclogite minerals have been reported (Kim et al., 2006; 
Oh et al., 2017, 2005, 2004a; Park et al., 2014), is directly related to the 
collision front (exhumation and/or crustal detachment). Similarly, 
Chang and Zhao (2012) and Hu et al. (2022) suggest that the Yellow Sea 
Transform Fault is the eastern boundary of the South China Block, 
arguing that the collision occurred in several stages including contact 
and subduction, relative clockwise rotation of the South China Block, 
collision and suturing (orogenesis), and post-collisional extension. The 
clockwise rotation may have produced intense deformation in the 
Korean Peninsula along the Yellow Sea Transform Fault.

Inland tectonic boundary. – On the other hand, some authors suggest 
that the collision boundary is located within the Korean Peninsula. 
Chough et al. (2006, 2000), Li (1994), and Yin and Nie (1993) argue that 
the Okcheon basin and Gyeonggi massif accreted northeastward to the 
Tabaeksan basin and Yeongnam massif along the South Korean Tectonic 
Line, which they interpret as the counterpart of the left-slip Tan-Lu fault. 
They believe that, following an indentation model, the Gyeonggi massif 
(South China Block) began to collide with the Nangrim massif (North 
China Block) at the Imjingang belt, causing the separation of the 
Yeongnam massif from the rest of the North China Block (Fig. 1a). In 
contrast, Choi et al. (2006), Oh (2006), Oh et al. (2017), and Lee et al. 
(2019) suggest that the Qinling-Dabie-Sulu belt in China extends to the 
Hongseong-Odesan belt in Korea and that the Okcheon belt should be 
correlated to the Nanhua rift between the Yangtze and Cathaysia cratons 
within the South China Block. These conclusions are drawn from the 
ages of high-pressure metamorphic rocks in the Hongseong-Odesan belt 
(297–255 Ma, when the collision happened) and from the fact that both 
the Okcheon and Imijingang belts are characterized by intermediate-P/T 
metamorphism indicative of distal collisional settings. The Hongseong- 
Odesan belt separates the Gyeonggi massif in two parts, which means 
that the authors believe that the northern and southern parts of the 
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Gyeonggi massif should be correlated to the North and South China 
blocks, respectively. Lastly, Kim et al. (2013) and Sajeev et al. (2010)
propose tectonic models with a collision boundary similar to the one 
proposed by Kwon et al. (2009) along the Hongseong-Imjingang belt, 
with the difference that they suggest that the boundary continues inland 
along the limit area between the Nangrim and Gyeonggi massifs 
(Fig. 1a). According to them, both the Gyeonggi and Yeongnam massifs 
should be correlated with the South China Block.

Right after the collision, in the Early Jurassic (ca. 200 Ma), the 
northwestward subduction of the paleo-Pacific plate (often referred to as 
the Izanagi plate) under the Asian continent initiated along the southern 
margin of the Korean Peninsula (Chough et al., 2000; Kim et al., 2024). 
Based on the distribution of Jurassic granitoids throughout the penin
sula, some authors suggest that the paleo-Pacific plate was initially 
subducted (ca. 200–190 Ma) at a high angle, forming NS- or NE-trending 
sedimentary basins, and then the subduction angle changed (ca. 
182–164 Ma) from steep to shallow, producing shear zones in the crust 
such as the Honam shear zone (Cheong and Jo, 2020; Kawaguchi et al., 
2023; Kee et al., 2010; Kim et al., 2011, 2021; S. W. Kim et al., 2015). It 
has been suggested that the Cretaceous Gyeongsang basin, the largest 
sedimentary basin in Korea, was formed in response to the NNW- 
directed subduction of the paleo-Pacific slab, with its eastward expan
sion attributed to slab rollback (e.g., Cheon et al., 2020; Chough et al., 
2000; among others). Some authors argue that it is a forearc basin, a 
determination supported by the correlations of its sediments and vol
canogenic components with the Jurassic accretionary complex in 
southwestern Japan (Lee et al., 2023; Lee and Kim, 2005; Lee and Lee, 
2000). Conversely, some others explain that it was formed as a back-arc 
basin due to the extension caused by strike-slip movements that were 
induced by the subduction of the paleo-Pacific plate (Cheon et al., 2020; 
Cheong and Jo, 2017; Chough and Sohn, 2010; Kim et al., 2016).

The Yellow Sea, a Cenozoic continent-rifted basin (Fig. 1), allegedly 
began spreading prior to the opening of the East Sea (Sea of Japan) (ca. 
27 Ma), before being interrupted by the northwestward subduction of 
the Philippine Sea plate in the Mid-Miocene (ca. 16 Ma) (Niu and Tang, 
2016; Petrishchevsky, 2022). However, the exact timing of the Yellow 
Sea opening remains unclear. This post-collisional extension has been 
proposed by different authors (e.g. Kimura et al., 1990; Niu and Tang, 
2016; Petrishchevsky, 2022) and they suggest that it was the result of 
mantle upwelling and decompression melting.

The Cenozoic tectonic regime in the eastern margin of the Korean 
Peninsula was characterized by the opening of the East Sea (Sea of 
Japan) (Fig. 1), resulting from a paleo rifting event that took place 
during the Oligocene-Miocene (ca. 23–15 Ma) (Choi et al., 2012; Hong 
et al., 2024, 2020; Jolivet et al., 1994; Kano et al., 2002; Kim et al., 2007; 
Son et al., 2015). Several kinematic models have been proposed to 
explain the opening mechanism of the East Sea. The most accepted one is 
the fan-shape (or bar-door) model wherein the SW Japanese Arc rotated 
clockwise away from the Korean Peninsula in response to back-arc 
rifting and spreading of the continental lithosphere (e.g., Otofuji et al., 
1985; Otofuji and Matsuda, 1987, 1983). Following this model, some 
authors propose a counterclockwise rotation of NE Japan, leading to a 
double-sided door opening model (Otofuji et al., 1994; Vaes et al., 2019; 
Yang et al., 2022). Alternatively, a pull-apart mechanism between two 
strike-slip fault systems constitutes another model that has been pro
posed to explain the opening mode of the East Sea (Sea of Japan) (e.g., 
Fournier et al., 1995; Kimura and Tamaki, 1986; Lallemand and Jolivet, 
1986), but it does not agree with paleomagnetic evidence (Otofuji et al., 
1985; Otofuji and Matsuda, 1983).

In southwestern Korean Peninsula, the Jeju Island (also known as the 
Jeju Volcanic Terrain; Fig. 1b) constitutes a Cenozoic volcanic field that 
was formed in an intraplate setting whose volcanism started in the Early 
Pleistocene (Brenna et al., 2015; Lee et al., 2024; Sohn and Park, 2004; 
Song et al., 2018). This region has experienced extensional stresses due 
to the increased rollback of the Philippine Sea plate (Pacanovsky et al., 
1999), producing trenchward mantle flow and probably localized 

mantle upwelling. Therefore, it is believed that the volcanic activity in 
the Jeju Island is driven by the stress field caused by the subduction of 
the Philippine Sea plate (Brenna et al., 2015).

3. Data and method

3.1. Data collection and preprocessing

We collected core-transmitted S waveforms from 245 earthquakes 
occurring between 2010 and 2024, with focal depths down to 600 km 
(event information is available in Table S1), recorded at 144 seismic 
stations, including 106 permanent (Korea Meteorological Administra
tion, KMA; Korea Institute of Geoscience and Mineral Resources, 
KIGAM; and Japan Meteorological Agency, JMA) and 38 temporary 
(Yonsei University and Pusan National University) stations installed in 
central and southern Korean Peninsula (Fig. 2). The interstation dis
tances range from 4 to 775 km, with a minimum average spacing of 23.3 
km, which provides sufficient resolution to detect small-scale variations 
in anisotropy since the SK(K)S Fresnel zone size at surface is ~ 10–30 
km (Alsina and Sneider, 1995). Sensor orientation angles of seismic 
stations were corrected according to Park and Hong (2024). By limiting 
the analysis to high-magnitude earthquakes (M ≥ 5.8) occurring at 
epicentral distances between 85◦ and 140◦, we aimed to select high 
signal-to-noise ratio SKS and SKKS waveforms that reach the surface 
stations with near-vertical incidence angles and without distortions from 
other teleseismic phases, such as direct or diffracted S waves. Data were 
filtered using a zero-phase Butterworth bandpass filter between 0.04 
and 0.125 Hz. We employed automated selection criteria based on 
theoretical arrival times to identify and visually inspect waveforms. 
Only those exhibiting well-defined SKS and/or SKKS phases were 
retained for further analysis.

3.2. Method

We used the covariance method proposed by Silver and Chan (1991)
to estimate the shear-wave splitting parameters (ϕ, δt). This method 
assumes the existence of a single layer of transverse anisotropy with a 
horizontal axis of symmetry below the station and is based on the 
minimization of the smallest eigenvalue (λmin

2 ). A detailed example is 
shown in Fig. 3.

At first, we automatically select and visually check a time window no 
longer than 42 s (depending on the signal-to-noise ratio) from the 
north–south and east–west components, including the SKS or SKKS 
phases at the end (Fig. 3a). Then, we conduct a grid search wherein both 
components are rotated from − 90◦ to 90◦ in 1◦ intervals and, for each 
rotation, one component is time-shifted relative to the other from 0 to 4 s 
in 0.05 s intervals. For each pair of test values, we calculate the 
covariance matrix and its eigenvalues to finally select the combination 
associated with λmin

2 (Fig. 3b), which corresponds to the most nearly 
singular covariance matrix and, therefore, to the best solution (Silver 
and Chan, 1991).

We estimate the uncertainty levels using an inverse F test following 
Silver and Chan (1991) (Fig. 3b). This test is based on the F probability 
distribution and assumes that λmin

2 follows a χ2 distribution, which is a 
good estimation for a Gaussian white noise process. This procedure al
lows us to identify reliable non-null and null measurements. In general, 
measurements are considered null when the particle motion is originally 
parallel to either the fast or slow direction. In these cases, no energy is 
present on the transverse component, and the horizontal particle motion 
is linear, which indicates the absence of splitting beneath the station 
(Long and Silver, 2009; Silver and Chan, 1991; Wüstefeld and Bokel
mann, 2007). We consider observations to be poor when energy is 
present on the transverse component, but the splitting parameters 
cannot be well constrained. Those measurements that present a closed 
95 % confidence region of λmin

2 are used to conduct a two-step anisotropy 
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correction that aims to verify that the splitting parameters describe the 
anisotropy below the station. At first, we time-shift the slow wave ac
cording to δt and visually verify that both fast and slow waves are into 
phase after the correction (Fig. 3c). Then, we calculate the corrected 
radial and transverse components from the corrected fast and slow 
waves and verify that the SKS or SKKS energy on the transverse is 
removed and returned to the radial component, which also implies that 
the corrected particle motion has been successfully linearized (Fig. 3d). 
Those measurements that are thoroughly verified are considered reliable 
and included in the next step of the process.

Finally, to corroborate our individual measurements, we estimate 
the splitting parameters using the maximum cross-correlation method 
(Bowman and Ando, 1987; Shih et al., 1989) and the transverse energy 
minimization (Silver and Chan, 1991). The estimated parameters using 
the three methods agreed in most cases (as shown in Fig. 3b). In cases 
where the parameters showed slight differences, we prioritized those 
that more effectively removed the anisotropy (i.e., those that better 
linearized the radial-transverse and fast-slow particle motions). To 
further illustrate the method, Fig. 4 presents examples of five reliable 
non-null observations and two reliable null observations.

We implemented the misfit surface stacking method proposed by 
Wolfe and Silver (1998), which enables us to reinforce the anisotropy 
patterns observed from single splitting observations, specifically in cases 
of single-layer anisotropy with horizontal axes of symmetry and/or 
unimodal splitting parameter distributions. This method consists of 
summing the normalized contour levels for all individual measurements 
and calculating again the minimum value of the resulting surface and its 
95 % confidence interval. It allows to reduce the 95 % confidence region 

and the noise effects on the individual measurements. Fig. 5 shows an 
example of the misfit surface stacking method applied at station GEJB.

4. Results

Reliable core-refracted shear-wave splitting parameters are shown in 
Fig. 6 along with the epicenters and back-azimuths of all useful earth
quakes that we used to analyze SKS and/or SKKS waveforms recorded at 
stations mapped in Fig. 2. We were able to find good azimuthal coverage 
of the events, even though most of them occurred in northeastern Pacific 
Ocean (Figs. 6d and 6e). This back-azimuthal distribution of the data 
enables the inspection of variations or consistency in splitting parame
ters. In the end, we detected 1093 useful source-to-receiver pairs and 
obtained 583 non-null and 510 null measurements (detailed lists of all 
non-null and null splitting results can be found in Tables S2 and S3, 
respectively).

We found normally distributed delay times with a mean value of 
1.58 s and a standard deviation of 0.47 s, ranging from 0.60 to 2.95 s (see 
inset in Fig. 6a). These values are consistent with an anisotropy layer 
confined to the upper mantle (lithosphere and asthenosphere), since it 
may produce anisotropy strengths up to 5 % (from 0 to 3.0 s) whereas 
the crust (e.g., Barruol and Mainprice, 1993; Crampin, 1994; Silver, 
1996), transition zone (e.g., Fouch and Fischer, 1996) and lower mantle 
(e.g., Vinnik et al., 1995) are each thought to contribute less than 2 % 
(less than 0.7 s) to anisotropy observations at surface (Savage, 1999).

From the individual non-null estimates shown in Fig. 6a, we identify 
four main regions based on fast directions (Fig. 6c) and tectonic features, 
since delay times are generally consistent across the study area. The first 

South Korea

124°E 126°E 128°E 130°E 132°E

34°N

36°N

38°N

Fig. 2. (a) Broadband seismic permanent (106) and temporary (38) stations and (b) earthquakes (245) used to estimate core-refracted shear-wave splitting pa
rameters to investigate seismic anisotropy beneath the central and southern Korean Peninsula.
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region coincides with the Yeongnam massif in the central southern part 
of the Korean Peninsula, and it shows an overall fast polarization ori
ented in the NW-SE direction. Moving westward and southwestward, 
fast axes rotate and become oriented closer to the E-W direction, 
comprising the second region that we identify. This region also includes 
observations from stations on Jeju Island. On the other hand, N-S and 
NE-SW fast directions observed from the southeastern Korean Peninsula, 
extending to Japan’s Tsushima Island and further to Ulleung and Dokdo 
islands in the East Sea (Sea of Japan), constitute the third region. In this 
region we also include NNW-SSE oriented fast axes observed at a single 
station inland in Japan, despite the fact they show a different orienta
tion. Lastly, we identify a fourth region that approximately encompasses 
the Hongseong-Imjingang belt, the Gyeonggi massif, and the Tae
baeksan basin (from west to east) in the northern part of the study area. 
This region exhibits a predominant NE-SW oriented fast direction that 
coincides with the western part of the Gyeonggi massif. Offshore in the 
west, we observe a slight different trend of fast axes oriented approxi
mately N-S that appears to terminate along the Hongseong-Imjingang 
belt. Farther inland to the east, in the area that corresponds to the 
eastern Gyeonggi massif and to the Taebaeksan basin, we identify 

another trend characterized by a slight clockwise rotation of the fast 
axes, which differs from observations made at the Ulleung island in the 
East Sea (Sea of Japan).

Null observations (Fig. 6b) refine the fast directions associated with 
non-null measurements and, therefore, the identification of the four 
regions. In general, we observe that the back-azimuth of waves associ
ated with nulls are either parallel or perpendicular to the overall fast 
directions of the non-null measurements shown in Fig. 6a. Moreover, 
stations located in the southeastern and northwestern parts of the study 
area exhibit only a few nulls, while the others exhibit a large number. 
This conforms to our expectations because the back-azimuth distribu
tion of the earthquakes (mainly from the NE) is well-suited for 
measuring the approximately N-S fast polarization directions observed 
in the southeastern and northwestern parts of the region. However, in 
other regions, most earthquake back-azimuths are either parallel or 
perpendicular to the non-null fast directions, leading to null 
measurements.

In Fig. 7 we show back-azimuthal plots, rose diagrams, and stacked 
contour levels to illustrate individual and stacked splitting results 
computed at three stations. Rose diagrams and back-azimuthal plots 

Fig. 3. High-quality shear-wave splitting measurement. (a) Original (filtered) horizontal components recorded at station HAWB (KS) showing the SKKS and the 
diffracted S phases from the Mw 6.7 earthquake that occurred in southern Mexico on February 1, 2019 (details and focal mechanism are provided in the white box). 
The blue-shaded area denotes the SKKS window. (b) Contour map showing the λmin

2 values from the grid search. The red dot indicates the best solution pair of splitting 
parameters (ϕ = − 4◦

± 17◦

, δt = 1.35 ± 0.20 s). Contour numbers represent standard deviations. The splitting parameters estimated using the minimum transverse 
energy (box) and the maximum cross-correlation (crossed circle) methods are shown and used for validation. (c) Fast and slow waveforms and particle motions 
(plotted using the waveforms within the gray-shaded area) before (top) and after (bottom) removing the anisotropy. It can be seen that the correction brought the fast 
and slow waves into phase. (d) Original (top) and corrected (bottom) radial and transverse components, including their particle motion. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
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show unimodal behavior of the observed splitting parameters for most 
stations. This may signal that the anisotropy beneath the Korean 
Peninsula is simple and resides in a single layer, likely within the upper 
200 km of the mantle (Savage, 1999; Silver, 1996). In case of multiple 
layers of anisotropy (i.e., vertically stratified anisotropic medium), a 
back-azimuthal dependence of apparent splitting parameters should 
occur, and they should exhibit systematic variations as a function of the 
incoming polarization with π/2 or π periodicity (Silver and Savage, 
1994). Our estimates do not support these complex structures, although 
some stations exhibit lateral variations in splitting parameters, as dis
cussed below. Additionally, stacked contour plots from Fig. 7 show small 
and well-constrained 95 % confidence regions, indicating that stacked 
anisotropy parameters are well-constrained and that uncertainty from 
individual estimates has been successfully reduced (Wolfe and Silver, 
1998).

Along the Hongseong-Imjingang belt and approximately along the 
limit between the Gyeonggi and Yeongnam massifs (Fig. 1), splitting 
parameters are more scattered (Fig. 6) but show no clear evidence of 
multiple anisotropic layers. Instead, the observed variations suggest that 
anisotropy in the uppermost part of the upper mantle is heterogeneous 
(above 250 km depth) (e.g., Alsina and Sneider, 1995; Plomerová et al., 
1996; Savage, 1999), with fast axes oriented NE-SW in the northern 
region and NW-SE in the southern region. To investigate consistency and 
possible lateral changes of anisotropy directions across this area, we 
project the splitting parameters to different depths. We choose depths of 
50, 100, 150, 200, and 250 km and project the parameters to the cor
responding piercing-point locations (Fig. 8). With greater depth, the 

spatial distribution of the SK(K)S ray piercing points expands outwards 
from the stations, leading to their eventual superimposition. As shown in 
Fig. 8, there exists a high consistency or similarity between the splitting 
parameters down to a depth of 200 km. At 250 km, the transition zone 
between the two main splitting parameter patterns becomes diffuse, 
suggesting that the layer of anisotropy is located above this depth. It is 
noteworthy that a similar case of lateral variation in splitting parameters 
may occur in the southeastern part of the Korean Peninsula; however, 
the contrast is less distinct.

We compare the splitting parameters from two different events with 
opposite back-azimuths recorded at stations KIP and SEO3, both situated 
along the Hongseong-Imjingang belt. We compute their Fresnel zones (i. 
e., elliptical regions around the ray path where the finite-frequency 
wave interference affects signal propagation) down to 200 km depth 
to visualize the common paths between the phases as the Fresnel zone 
radius increases with depth (Fig. 9). At station KIP, we compare a SKS 
phase with a back-azimuth of 51◦, an incidence angle of 7.7◦ and a 
period of 9 s with another SKS with a back-azimuth of 233◦, an incidence 
angle of 9.5◦ and a period of 11 s, while at station SEO3, we compare a 
SKKS phase with a back-azimuth of 45◦, an incidence angle of 11.8◦ and 
a period of 12.6 s with another SKKS with a back-azimuth of 231◦, an 
incidence angle of 11.9◦ and a period of 13 s. As can be seen in Fig. 9, the 
observed splitting parameters for both groups of back-azimuths are 
different. Those computed with phases with back-azimuths around 50◦

show a NE-SW fast polarization direction, while those computed with 
phases with back-azimuths around 230◦ show an NNW-SSE fast polari
zation direction. This lateral variation is attributed to the fact that core- 

Fig. 4. Examples of reliable (i) non-null and (ii) null observations. (a) Original and corrected radial and transverse components (particle motion plots are included in 
case of nulls), (b) original and corrected fast and slow components and their particle motion before and after the correction, (c) misfit contour surface showing the 
optimal splitting parameters (red dot). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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refracted waves sample different anisotropic regions in the upper 
mantle, depending on their back-azimuth.

Station-stacked splitting estimates using the method of Wolfe and 
Silver (1998) are shown in Fig. 10 and listed in Table S4. We computed 
118 well-constrained, 13 poorly constrained, and 13 unconstrained 
stacked parameters. Stacked measurements with large uncertainty 
values (i.e., σϕ ≥ 35◦ and σδt ≥ 0.50s) are considered as poorly con
strained. These, along with unconstrained measurements from single 
observations at individual stations, are shown as red bars in Fig. 10. 
Rather than visualizing each individual measurement, the stacking 
process provides a stable, representative estimate of the dominant 
splitting direction in cases where the individual observations are not too 
scattered. It also allows us to estimate the depth and thickness of the 
anisotropy source beneath each station. The stacked results are on 
average ϕmean = − 5◦ and δtmean = 1.38s and exhibit similar patterns to 
the individual estimates (Fig. 10a), except for the NE-SW fast axes 
observed at some stations in the southeasternmost part of the region and 
for the lateral variation of anisotropy illustrated in Fig. 8, which is 
clearer from the individual results.

5. Depth constraint and validation test

To investigate the depth and source of the anisotropic layer, we use 
the expression proposed by Helffrich (1995) and Silver and Chan (1988)
and assume a peridotite mantle composition (i.e., 70 % olivine and 30 % 
orthopyroxene). This expression allows us to constrain the depth of the 
anisotropic source based on the station-averaged delay time, the shear- 
wave velocity for the upper mantle, and the anisotropy percentage 
(details are provided in the supplementary material). According to our 
results (see Table S4), the depth of the anisotropic layer bottom is 
approximately 180 km and the mean thickness is about 148 km, since 
the depth of the Moho discontinuity for the study region is around 32 km 

(Lee et al., 2022) (see Fig. S1 in the supplementary material). These 
values along with the strong correlation between the fast axis orienta
tions and the tectonic features suggest a shallow anisotropy and are 
consistent with the depth limit of the anisotropic layer interpreted for 
the lithospheric mantle in stable continental regions far from subduction 
systems (Savage, 1999; Silver, 1996; Silver and Chan, 1991).

We conduct a validation test using the particle motion perturbation 
method of Fischer et al. (2000) to simulate synthetic waveforms with 
forward modeling that replicate the observed seismograms, which is 
essential for model verification. A representative example is illustrated 
in Fig. 11. For each case, we first define a simple wavelet with a linear 
horizontal particle motion and a polarization along the back-azimuth of 
the observed phase (Fig. 11a). This aims to simulate a receiver-side SK 
(K)S propagating through an isotropic and homogeneous medium, with 
its energy entirely along the radial direction. The target period of pulse 
is determined using the Fourier transform of the observed seismograms.

After creating the synthetic pulse, we define an anisotropic layer 
between a lower half-space and an overlying 32-km thick isotropic crust. 
The layer thickness is estimated from the station-stacked delay times, as 
mentioned above (see supplementary materials for more details). We 
use elastic coefficients and their pressure and temperature derivatives 
from the existing literature (Abramson et al., 1997; Anderson and Isaak, 
1995; Frisillo and Barsch, 1972). These values allow us to estimate 
elastic constants at depth assuming an orthorhombic symmetry where 
the olivine a, b and c axes align with the orthopyroxene c, a and b axes, 
respectively, which constitutes the ideal orientation in the upper mantle 
(Christensen, 1984; Mainprice and Silver, 1993). The elastic constants 
are estimated for a depth value determined by the midpoint of the 
anisotropic layer and the olivine a-axis orientation is defined from the 
station-stacked fast polarization directions (see Table S2). After deter
mining the stiffnesses and orientation at depth, we use the Christoffel 
matrix (Babuska and Cara, 1991) to find phase velocities and the fast 

Fig. 5. Example of the misfit surface stacking method (Wolfe and Silver, 1998) applied at station GEJB. (a, b, c, d, e) Misfit maps of five individual measurements 
were used to obtain (f) the stacked error surface. Red dots correspond to the best solution (λmin

2 ) of individual and stacked parameters. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. (a) Map showing 583 individual SKS and SKKS reliable non-null measurements. Bars representing shear-wave splitting parameters are color coded according 
to legend. Their length is defined by δt and their orientation is given by ϕ. Dashed lines enclose regions of different fast directions, as defined herein. Top right inset: 
histogram of observed delay times, averaging 1.58 s (red solid line) with a standard deviation of 0.47 s. (b) Map showing back-azimuth of the 510 waves with null 
observations. Top right inset: histogram detailing the back-azimuth distribution of these null-associated waves. Numbers within the circles representing seismic 
stations in (a) and (b) correspond to the number of non-null and null observations in each case. (c) Histograms showing the fast axes of each region that we identify. 
White bars in the background indicate fast directions associated with nulls. (d) Epicenters of the useful earthquakes: yellow and white colors indicate resulting non- 
null and null measurements, respectively. (d) Back-azimuth of the earthquakes. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
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and slow shear-wave polarization directions, considering the angle of 
incidence of the observed SK(K)S phases through direction cosines (ray 
bending effects are not considered) and assuming an upper mantle 
density value of 3.4 g/cm3 (Kennett et al., 1995). Since minerals are not 
perfectly aligned in real Earth volumes, we reduce the anisotropy effects 
in 50 % with respect to the ones calculated with the crystal elastic co
efficients (Abt et al., 2009; Abt and Fischer, 2008). Finally, we time-shift 
and rotate the original synthetic waveforms according to the eigenvec
tors (polarization direction) and eigenvalues (phase velocities) of the 
Christoffel matrix to address the effects of the anisotropic layer 
(Fig. 11b). These modified synthetic waveforms are compared to the 
observed seismograms by calculating the cross-correlation coefficient 
(Fig. 11c), and are then used to implement the covariance method 

(Silver and Chan, 1991) to determine whether the observed splitting 
parameters are accurately recovered. We visually inspect alignment, 
amplitude, and phase consistency to assess the accuracy of our synthetic 
data, and consequently, the validity of our model.

In Fig. 12 we show the distribution of the cross-correlation coeffi
cient values for a total of 707 observations (including nulls) with a 
signal-to-noise ratio greater than 2.5. We accurately retrieve the 
observed seismograms, with cross-correlation coefficients exceeding 
0.75 in 71 % of the cases (see Fig. 12a). This result suggests that the 
estimated depth and orientation of seismic anisotropy are consistent 
with a single-layer anisotropic structure. Discrepancies between 
observed and synthetics may occur because we assume that the anisot
ropy only resides in the uppermost mantle without considering lower 

Fig. 7. Three examples of stacked and individual parameter analyses computed at stations (a) EURB, (b) HWDB, and (c) Y161. (i, ii) Individual fast axes and delay 
times (including their uncertainties) plotted against the back-azimuth. Squares and diamonds correspond to non-null and null observations, respectively. (iii) Rose 
diagrams showing individual non-null parameters (black bars) and null parameters (yellow bars), alongside their stacked values (red lines). (iv) Stacked contour 
levels. In all cases, red indicates the station-stacked parameters. The stacked-parameter uncertainties can be seen in i, ii, and iv. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.)
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mantle contributions, we consider an isotropic crust, we define a simple 
mineralogical composition to simulate the anisotropic layer, and we do 
not add noise to the synthetic seismograms. Another source of uncer
tainty may arise from the use of a single fast-axis direction for certain 
stations, despite evidence that anisotropy at depth exhibits lateral var
iations (see Figs. 8 and 9).

6. Discussion

We compare our measurements with recent seismic tomography 
models of the Korean Peninsula (Park and Hong, 2024b; Song et al., 
2020) to discern the link of velocity anomalies in the upper mantle with 
core-refracted shear-wave anisotropy. There is a strong correlation be
tween our SK(K)S fast axes and the Vs anomalies at depth, particularly at 
60 km and 120 km (Fig. 13). This correlation, along with the observed 
delay times and the unimodal distribution of fast directions in most lo
cations, suggests that the anisotropy beneath the region resides only in 
one layer, probably down to ~ 180 km, and could be interpreted in 
terms of both past and present dynamic processes in the upper mantle, 
and their connection to the Korean Peninsula’s tectonic evolution.

In general, two main seismic velocity anomalies constitute the upper 

mantle structure beneath the Korean Peninsula (Song et al., 2020). A 
high-velocity structure beneath the central, western, and northwestern 
regions, and a low-velocity structure beneath the northeastern and 
eastern regions. The boundary between the anomalies is notably in 
agreement with the lateral variations of SK(K)S anisotropy that we 
observe, particularly along the limit between the Gyeonggi and Yeong
nam massifs. Beneath the Gyeonggi massif, the Gyeongsang basin, and 
the eastern Korean Peninsula, a thermally elevated upper mantle has 
been proposed as the cause of low-velocity anomalies (Park and Hong, 
2024b; Song et al., 2020), while beneath the Yeongnam massif and the 
western Korean Peninsula, a thick and remnant cratonic root has been 
interpreted as responsible of the high-velocity anomaly (Song et al., 
2020). Our interpretation is guided by these structures and their asso
ciation with tectonic episodes, as discussed in the following sections.

6.1. Fast axes in the central region: Yeongnam massif and Gyeongsang 
basin (Region 1)

In the central region, we observe fast axes oriented in the NW-SE 
direction that are approximately perpendicular to the predominant 
surface orientation of geological features (NE-SW), including the 

Fig. 8. Splitting parameters plotted at (a) surface and at piercing-point locations at (b) 50, (c) 100, (d) 150, (e) 200, and (f) 250 km depths. The bars are color coded 
according to legend and their length is defined by delay time.
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Okcheon belt, the Yeongnam massif, and the Gyeongsang and Okcheon 
basins, and parallel to the past subduction direction (NW) of the paleo- 
Pacific plate (Chough et al., 2000; Kim et al., 2024) (Figs. 10 and 13). 
Here, our observations coincide with a high Vs anomaly that extends 
down to approximately 200 km depth (Song et al., 2020). The coherence 
of this velocity structure with surface geological expressions may 

suggest a strong coupling between the lithosphere and the sublitho
spheric mantle, or a deep lithospheric mantle (~180 km, based on our 
results). Both scenarios are common in ancient, stable continental re
gions (i.e., cratons) (Fouch and Rondenay, 2006). The Korean Peninsula 
is often classified as a stable intraplate environment with relatively low 
seismicity (e.g., Hong et al., 2015; Park et al., 2021), thus a strong 

Fig. 9. Lateral variation of seismic anisotropy observed at stations KIP (left) and SEO3 (right) in the northwestern part of the study area (zoomed region shown in the 
bottom right inset). Two events with different back-azimuths show different splitting parameters at the same station. Dashed circles correspond to 35 km depth of the 
Fresnel zone, while the rest correspond to greater depths as shown in the figure. Centered inset shows a cross section for the two incoming SKS waves recorded at 
station SEO3. Left: Fresnel zones for two SKKS phases (back-azimuths: 45◦ and 231◦) recorded at station KIP. Right: Fresnel zones for two SKS phases (back-azimuths: 
51◦ and 233◦) recorded at station SEO3. Dotted (green) and solid (blue) circles correspond to Fresnel zones of phases coming from the NE and SW, respectively. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Station-stacked shear-wave splitting parameters using the method of Wolfe and Silver (1998). Circles representing seismic stations are color-coded ac
cording to the stacked delay time. Bars are oriented according to the stacked fast direction. White bars indicate well-constrained measurements, whereas red bars 
represent poorly constrained and unconstrained parameters. (a) Stacked parameters plotted with their individual measurements in the background. (b) Correlation 
between stacked parameters and surface geology. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)

S. Celis et al.                                                                                                                                                                                                                                     Gondwana Research 148 (2025) 220–239 

231 



coupling between the asthenosphere and the lithosphere is likely to 
occur. Furthermore, the lithospheric thinning and extension and intra
plate volcanism throughout the peninsula are probably indicative of 
strong lithosphere-asthenosphere coupling and coherent deformation 
(Ma et al., 2023).

In addition to being consistent with surface geological features and 
coinciding with a high-velocity anomaly, this fast-axis trend appears to 
terminate along the Okcheon belt, which separates the Gyeonggi and 
Yeongnam massifs (Fig. 10). These observations lead to two possible 
interpretations. (1) The most intuitive one is that the fast axes responded 
to the tectonic deformation process that gave rise to the current surface 
configuration, which means that we might be observing fossil anisot
ropy. According to Cheon et al. (2020), during the Early Cretaceous, the 
oblique subduction of the paleo-Pacific plate generated a NW-SE 
compressional stress field in the southeastern Korean Peninsula which 
may have caused the reorientation of the upper mantle minerals in the 
same direction, if A-type olivine fabric (or similar) is assumed. This 
scenario supports the formation of the Gyeongsang basin as a conti
nental back-arc basin controlled by strike-slip movements induced by 
the oblique paleo-Pacific plate subduction (e.g., Cheon et al., 2020; Kim 
et al., 2016), and the formation of Jurassic granitoids in the southern 
Korean Peninsula due to an igneous activity induced by the same sub
duction process (Cheong and Jo, 2020; Kim et al., 2024). If the observed 
fast axes were reoriented in response to this subduction, then it would 
suggest that the subduction only affected the southeastern part of the 
peninsula, and it would be hard to correlate this region either with the 
North or South China blocks. (2) On the other hand, Song et al. (2020)
interpret a cold, resistant cratonic lithosphere fragment extending 
downward to depths of 200 km, as mentioned above. This observation 
challenges the possibility that the paleo-Pacific plate subducted beneath 
the Korean Peninsula. Furthermore, since it suggests a thick lithosphere, 
it supports the interpretation that our core-refracted shear-wave split
ting parameters reflect fossil fabrics within the intracratonic lithosphere, 
rather than anisotropy caused by a mantle flow deformation process. In 
this case, fossil anisotropy might reveal the direction of motion of the 
continental block when it was younger or during its formation. Ac
cording to Chough et al. (2006, 2000) and Yin and Nie (1993), this re
gion should be correlated with the North China block, with the South 
Korean Tectonic Line representing the collision boundary, whereas Choi 
et al. (2006), Kim et al. (2013), Oh (2006) and many others argue that it 
should be correlated with the South China block with the collision 

Fig. 11. Validation test example carried out for the SKS phase from the Mw 6.0 earthquake of July 23, 2019, recorded at station KOSB (KS) located in the north
eastern part of the region. (a) Synthetic waveforms (top) and initial particle motions (bottom) based on the back-azimuth (~ 168◦) and period (10.5 s) of the observed 
SKS phase. (b) Perturbed waveforms after their propagation through an anisotropic layer with a fast axis (18◦) and thickness (95.2 km) defined by the station-stacked 
fast direction and delay time, respectively (see supplementary materials for more details), considering the incidence angle of the observed SKS phase (~ 8.30◦). The 
energy on the transverse and the perturbed particle motions indicate anisotropy. (c) Comparison between observed and synthetic waveforms (more examples are 
provided in supplementary materials).

Fig. 12. Validation test results based on 707 observations with a signal-to-noise 
ratio (SNR) greater than 2.5. (a) Distribution of individual cross-correlation 
coefficient values. (b) Cumulative distribution function of the cross- 
correlation coefficients.
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boundary coinciding with the Hongseong-Odesan belt (e.g., Oh, 2006) 
or with the Imjingang belt (e.g., Kim et al., 2013). Since there is not 
enough evidence (such as the presence of eclogite facies or ultra-high 
metamorphic rocks) along the South Korean Tectonic Line and that we 
observe a clear fast polarization direction change coinciding with the 
Okcheon belt (Fig. 10), we believe that the upper mantle anisotropy is in 
agreement with those previously proposed collisional models where the 
tectonic boundary is located in central Korean Peninsula and not along 
the South Korean Tectonic Line.

In summary, the interpreted fossil anisotropy for this region can be 
linked either to the NW paleo-Pacific plate subduction, or to a preserved 
lithospheric anisotropy within the Yeongnam massif, although its tec
tonic affinity − whether to the North or South China block- remains 
uncertain. This latter scenario is the one that we support the most based 
on seismological evidence (Song et al., 2020). It is important to highlight 
that none of the scenarios support the NE migration of the South China 
block along the South Korean Tectonic Line (e.g., Chough et al., 2013, 
2006; Li, 1994), which has been interpreted as the counterpart of the 
left-lateral strike-slip Tan-Lu fault in eastern China (Zhao et al., 2016, 
and references therein). For this reason, there is a possibility that this 
fragment of continental lithosphere has been deformed or rotated during 
the post-collisional period (i.e., after the Triassic). There is 

paleomagnetic evidence from the Gyeongsang basin indicating that the 
Korean Peninsula underwent significant clockwise rotation during the 
Cretaceous period (e.g., Lee et al., 2011; Uno, 2000). This rotation might 
have affected somehow the fast axes observed in this region.

To the west in the same region, in the southern part of the 
Hongseong-Imjingang belt, six stations exhibit a clockwise reorientation 
of SK(K)S fast axes (Fig. 10). Since these observations coincide with a 
strong high-velocity anomaly (Fig. 13), it is difficult to correlate them to 
post-collisional tectonic episodes. Thus, we believe that this rotation was 
directly related to a consequence of the collision between the North and 
South China blocks, which might have caused a change in mantle 
deformation style within the lithospheric root.

6.2. Fast axes in the southwestern region: Jeju Volcanic Terrain and 
Yellow Sea (Region 2)

Along the southwestern coast of the Korean Peninsula, SK(K)S 
anisotropy shows a counterclockwise rotation relative to the central 
region, with its fast axes oriented approximately in the WNW-ESE and E- 
W directions. In this second region, the anisotropy appears to respond to 
a more recent tectonic episode than the one that gave rise to the previous 
one. This interpretation is supported by the observed low-velocity 

Fig. 13. Comparison of SK(K)S anisotropy with seismic tomography models by (a) Song et al. (2020) and (b) Park and Hong (2024b) at 60 km (left) and 120 km 
(right) depths. White bars represent the anisotropy results and are oriented according to ϕ. The bottom-right map indicates the region covered by the tomography in 
panel (b) (Park and Hong, 2024b).
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anomalies that become more pronounced with increasing depth 
(Fig. 13). Furthermore, these directions are not in agreement with any 
previously proposed collisional models, which is why we attribute them 
to a post-collisional tectonic process. We believe that there has been a 
post-collisional extension that led to the opening of the Yellow Sea basin. 
This spreading has been proposed by different authors (Kimura et al., 
1990; Niu and Tang, 2016; Petrishchevsky, 2022) who suggested that it 
occurred long after the collision (ca. 27 Ma) but before the current 
subduction of the Philippine Sea plate (ca. 16 Ma), which likely caused 
its cessation (Niu and Tang, 2016). This extension (i.e., the Yellow Sea 
opening) could have caused the rotation or displacement of the southern 
part of the Korean Peninsula towards the east, affecting its current shape 
and probably reorientating upper mantle minerals in a direction parallel 
to the extension along and near the western coast (assuming A-type 
olivine fabric). It is worth mentioning that if the Jurassic subduction of 
the paleo-Pacific plate did occur (Chough et al., 2000; Kim et al., 2024), 
then there is a possibility that this fast-axis readjustment towards the E- 
W direction is related to the opening of the Yellow Sea as a back-arc 
basin in response to the subduction. However, the subduction direc
tion remains unclear. In any case, these observations reflect fossil 
anisotropy, given that the extension in the Yellow Sea has ceased (Niu 
and Tang, 2016; Petrishchevsky, 2022).

In the Jeju Island area, we observe very few reliable measurements 
and many poorly constrained. We believe this might be due to a more 
complex anisotropic structure perhaps produced by a vertical mantle 
flow given that this island is thought to have formed as a result of vol
canic activity (Brenna et al., 2015; Song et al., 2018). In case of vertical 
mantle flow, a low-velocity anomaly is expected and we would measure 
small or null delay times, which is consistent with our observations. In 
spite of the small number of measurements, they are remarkably 
consistent, and we believe they could respond to the Yellow Sea basin 
extension, as explained before, and/or to a trenchward mantle flow 
caused by the Philippine slab rollback as proposed by Brenna et al. 
(2015), since the fast axes are parallel to the slab motion direction 
(~NW) (Lallemand, 2016).

6.3. Fast axes in the southeastern Korean Peninsula (Region 3)

Along the southeastern coast of the Korean Peninsula, at stations in 
the Japanese archipelago, and on Dokdo and Ulleung islands, we 
observe fast axes oriented approximately in the N-S NE-SW directions, 
coinciding with a region characterized by a low-velocity anomaly 
(Fig. 13). Along the southeastern coast, we attribute the fast axis ori
entations to a direct consequence of the opening of the East Sea (Sea of 
Japan). Initially, the Korean Peninsula was connected to the south
western Japanese Islands (before ca. 23 Ma) (Hisada et al., 2008; H. J. 
Kim et al., 2015). Subsequently, a back-arc rifting triggered a breakup 
and led to the clockwise rotation of the Japanese Islands away from the 
Korean Peninsula (Otofuji and Matsuda, 1987; Vaes et al., 2019). We 
propose that a thermally elevated upper mantle, marked by a low- 
velocity anomaly (Fig. 13), contributed to this back-arc rifting and 
induced the reorientation of minerals in both the lithospheric and 
asthenospheric mantle beneath the southeastern part of the peninsula. 
This observation supports models suggesting that the East Sea (Sea of 
Japan) was opened following a fan-shape (or bar-door) mechanism (e.g., 
Otofuji et al., 1985; Otofuji and Matsuda, 1987, 1983; Vaes et al., 2019), 
given that the fast axis directions exhibit a slight clockwise rotation 
relative to the ones observed inland in the Korean Peninsula. We believe 
that, since the center of this rifting process was located to the north (Park 
and Hong, 2024b), it may have caused a clockwise rotation of mantle 
minerals rather than a full reorientation in the direction of extension (E- 
W). Furthermore, it has been proposed that a subsequent back-arc 
spreading within the East Sea took place from Early to Middle 
Miocene in the NNW-SSE direction and caused the opening of the 
Ulleung basin (H. J. Kim et al., 2015). It is difficult to constrain its effect 
on the observed anisotropy, but this spreading episode may have 

affected the fast directions in the region and could explain the observed 
N-S and NE-SW trends of fast axes, instead of the expected E-W 
orientation.

On Ulleung and Dokdo islands, fast axes exhibit N-S and NE-SW fast 
axis orientations, respectively. These orientations could be explained 
based on the back-arc spreading episode described above (H. J. Kim 
et al., 2015). This episode may also suggest upwelling of underlying 
mantle material, inducing vertical mantle flow beneath the East Sea, as 
proposed by Yang et al. (2022). Furthermore, Chen et al. (2021) inter
pret the presence of a two-layer magma chamber beneath the Ulleung 
island, which is in agreement with the inferred vertical mantle flow 
beneath the East Sea. It is possible that magma upwelling has influenced 
the observations on this island (on average ϕ = − 2◦

± 14◦

, δt =

1.25 ± 0.25s), which could account for the observed differences in 
splitting parameters between Ulleung and Dokdo islands. However, 
constraining the effects of vertical mantle flow on anisotropy is difficult 
due to technical limitations; therefore, additional data from more sta
tions are required to substantiate these hypotheses.

At a single station located inland in southwestern Japan, we observe 
an average fast polarization direction of ϕ = − 5◦

± 24◦ , which is obli
que to the direction of motion of the Philippine subducting slab (NW 
according to Gripp and Gordon, 2002) (see Fig. 1b). In the same region, 
Long and van der Hilst (2005) observe a rotation of fast axes from an 
orientation perpendicular to the direction of motion of the Philippine 
Sea plate to a direction parallel to it while going farther inland from the 
trench. Our trench-oblique observation agrees with this rotation since it 
falls in the middle part of the region. This rotation could be explained 
based on the transition from B-type (trench-parallel fast axes) to A-type 
(trench-normal fast axes) olivine fabrics while going away from the 
trench in a mantle wedge dominated by a 2-D corner flow (Karato, 2004; 
Kneller et al., 2005; Long and van der Hilst, 2005). The fast polarization 
directions observed at this station may be controlled by the subduction 
of the Philippine Sea plate, in contrast to the mechanisms that generated 
the upper mantle anisotropy in the southeastern Korean Peninsula.

6.4. Fast axes across the northern region

North of 37◦N, from west to east, three different trends of fast axes 
are observed: N-S in the western part, NNE-SSW in the central part, and 
NE-SW in the eastern part. These trends are in good agreement with 
marked velocity contrasts (Fig. 13) and with geological expressions at 
surface (Fig. 10), which is why we believe they reveal many important 
aspects about the tectonic evolution that will be explained below.

Northwestern region. – Fast axes in the northwestern region are ori
ented approximately in the N-S direction and coincide with the 
Hongseong-Imjingang belt. As mentioned in the section on the tectonic 
framework, several authors have proposed that the collision boundary 
between the North and South China blocks is located along the West 
Marginal Fault Zone (Chang and Zhao, 2012; Hao et al., 2007; Hu et al., 
2022; Kwon et al., 2009; Zhai et al., 2007) and/or along the Hongseong- 
Imjingang belt (Kim et al., 2013; Kwon et al., 2009; Sajeev et al., 2010) 
(Fig. 1a). Since fast axis orientations in this region are parallel to the 
Tan-Lu Fault in eastern China and are approximately perpendicular to 
the Sulu collision belt in the Shandong Peninsula (see Fig. 1a), we 
believe that they were produced in response to the northward migration 
of the South China Block when it collided against the North China Block. 
Furthermore, this N-S oriented trend broadly aligns with the location of 
a high-velocity anomaly and is delimited by the Hongseong-Imjingang 
belt, where a marked change in anisotropy parameters is observed 
while going westward into the Gyeonggi massif, as supported by 
piercing point and Fresnel zone analyses (Figs. 8 and 9). This lateral 
change is also consistent with a pronounced velocity contrast observed 
by Song et al. (2020) and Park and Hong (2024b) (Fig. 13). For these 
reasons, we strongly believe that the Hongseong-Imjingang belt consti
tutes a segment of the collision boundary between the North and South 
China blocks and that the Gyeonggi and Nangrim massifs should be 
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correlated to the North China Block. This explains high-pressure meta
morphic rocks that have been found in the Hongseong Complex with 
ages similar to the eclogite facies observed along the Qinling-Dabie-Sulu 
belt to the west (Hu et al., 2022). It is worth noting that this anisotropy 
pattern suggests a strong coupling between the lithosphere and the 
sublithospheric mantle and that no post-collisional events (such as the 
possible Jurassic subduction of the paleo-Pacific plate and the Cenozoic 
openings of the East and Yellow Seas) have been capable of removing the 
Permo-Triassic anisotropy signature in this region.

North-central region. – The north-central region coincides with the 
western Gyeonggi massif and exhibits an overall fast axis oriented in the 
NNE-SSW direction, which is rotated ~ 20◦ clockwise relative to the 
trend observed to the west. We believe that our anisotropy fast axes in 
this region reveal the direction of motion of the North China Block when 
it collided against the South China Block, since they are consistent with 
the inferred migration of the North China Block (including the Shandong 
and Korean peninsulas) during the Triassic (e.g., Chough et al., 2013; 
Oh, 2006). However, there is a possibility that the fossil anisotropy 
within the lithospheric mantle corresponding to the Gyeonggi massif, 
which has been defined as an ancient craton that consists of Precambrian 
metamorphic rocks and Mesozoic granitoids (Lee et al., 2003), has been 
affected by a more recent tectonic episode since a low-velocity anomaly 
is observed in this region (Fig. 13). It is worth mentioning that the 
estimated depth of the lithosphere-asthenosphere boundary beneath the 
Gyeonggi massif is around 95 km (Lee, 2016), which is why fossil fabrics 
within the lithospheric mantle may have an important contribution to 
the accrued SK(K)S anisotropy measured at surface.

The anisotropy patterns of the northwestern and north-central re
gions agree with those previous models that identified the Hongseong- 
Imjingang belt as a potential collision boundary between the North 
and South China blocks (e.g., Kim et al., 2013; Kwon et al., 2009; Sajeev 
et al., 2010), but they also suggest that models proposing the collision 
boundary to be offshore in the Yellow Sea, far from the Hongseong- 
Imjingang belt (e.g., Chang and Zhao, 2012; Hao et al., 2007; Hu 
et al., 2022), should be revisited, and those wherein the Gyeonggi massif 
is correlated with the South China Block (e.g., Chough et al., 2006, 2000; 
Yin and Nie, 1993) should be discarded.

Northeastern region. – Farther east in the northern part of the region, 
we observe fast axes oriented in the NE-SW direction that exhibit 
another clockwise rotation (~20◦) relative to those observed in the 
north-central region. These observations coincide with the Taebaeksan 
basin and with the eastern Gyeonggi massif (Figs. 1b and 10b), and align 
with the location of a low-velocity anomaly (Fig. 13). We interpret them 
to respond to a local effect in the upper mantle that occurred after the 
collision. This local effect is likely related to the opening of the East Sea 
(Sea of Japan), since this extensional tectonic episode could have 
strongly affected the upper mantle structure along the eastern coast of 
the Korean Peninsula (Park and Hong, 2024b; Song et al., 2020). Park 
and Hong (2024b) interpret the low-velocity structure as a solidified 
magma underplating beneath Moho and a Moho uplift both in response 
to continental rifting linked to the opening of the East Sea. On the other 
hand, Song et al. (2020) interpret it as a thermally elevated upper 
mantle that caused the reactivation of the cratonic margin by its inter
action with convective mantle flow, which is also related to the same 
opening mechanism. Since our shear-wave fast axes are approximately 
parallel to the NE-SW extensional direction (and perpendicular to the 
rift axis) responsible for the opening of the East Sea, we suggest that 
these orientations are a direct consequence of this Cenozoic tectonic 
event. We believe that they are specifically related to the strain induced 
by magma underplating resulting from the interaction between the 
cratonic margin and an uplifted mantle, as evidenced by a strong low- 
velocity anomaly at around 120 km depth (Park and Hong, 2024b).

6.5. Tectonic model: Collision boundary

Our core-refracted shear-wave anisotropy model offers insights that 

can selectively support or challenge previously proposed tectonic 
models for the collision boundary between the North and South China 
blocks. Based on the previous discussion, we propose two possible 
collision boundaries that are illustrated in Fig. 14. Both models include 
the Hongseong-Imjingang belt as the continuation of the Sulu collisional 
belt in the Shandong Peninsula, since it is clear from our results. As 
mentioned above, some authors have identified the Hongseong- 
Imjingang belt as a part of the collision boundary (e.g., Kim et al., 
2013; Kwon et al., 2009; Sajeev et al., 2010), although they interpret the 
entire Gyeonggi massif as belonging to the collision belt.

Beyond the Hongseong-Imjingang belt, the first scenario that we 
propose consists of a southward continuation of the collision boundary 
perhaps along the West Marginal Fault Zone (Fig. 14), which agrees with 
models proposed by Chang and Zhao (2012), Hao et al. (2007), Hong 
and Choi (2012), Hu et al. (2022), Kwon et al. (2009), and Zhai et al. 
(2007). This scenario implies that the whole Korean Peninsula should be 
correlated with the North China Block and that the differences that we 
observe from core-refracted shear-wave anisotropy would be due to 
post-collisional tectonic episodes, such as thermally elevated upper 
mantle in the northern part, paleo-Pacific subduction in the southern 
part, or effects caused by extensional episodes that led to the opening of 
the lateral basins. Furthermore, the post-collisional extension that 
opened the Yellow Sea may have removed the anisotropy produced by 
the northward migration of the South China Block in the southwestern 
part of the Korean Peninsula. On the other hand, the second scenario 
that we interpret from our results consists of a collision boundary within 
the Korean Peninsula approximately coinciding with the southern limit 
of the Gyeonggi massif (Fig. 14). This scenario can be clearly interpreted 
from our estimates since they can be divided into two main regions 
based on two different patterns: the NE-SW fast orientation to the north, 
and the NW-SE fast orientation to the south. This possibility implies that 
the Gyeonggi and Yeongnam massifs should be correlated with the 
North and South China blocks, respectively. The fast axis orientations 
observed for the former may reveal the overall direction of motion of the 
tectonic block, while those observed for the latter may have been 
affected by post-collisional effects, including paleo-subdcution and/or 
the extensional episodes that gave rise to the Yellow and East Seas. It is 
worth noting that probably the collision boundary in this second sce
nario coincides with the Okcheon Belt, but it is somewhat complicated 
to define it based on our technique due to resolution limitations.

The model that we propose is summarized in Fig. 14. This figure 
presents the two proposed scenarios for the Late Permian-Triassic 
collision, along with the Cenozoic rifting and spreading that opened 
the East Sea, and the Cenozoic post-collisional extension that was 
responsible for the opening of the Yellow Sea. The hypothesized location 
of SW Japanese Islands in the Late Oligocene is drew based on Hisada 
et al. (2008), Kim et al. (2007), Otofuji and Matsuda (1987), and Vaes 
et al. (2019).

7. Conclusions

We have presented core-refracted shear-wave anisotropy measure
ments to provide insights into upper mantle dynamics and lithospheric 
deformation beneath the Korean Peninsula. Our results reveal a strong 
coupling between the lithosphere and the sublithospheric mantle, both 
characterized by the presence of A-type olivine fabric. The observed 
complexity in anisotropy patterns strongly suggests that anisotropy 
resulting from past tectonic episodes has been preserved. This indicates 
that no recent significant tectonic event has been capable of completely 
overprinting or removing the pre-existing anisotropy.

The model presented herein is consistent with a collision boundary 
along the Hongseong-Imjingang belt, which represents the eastward 
continuation of the Qinling-Dabie-Sulu collisional belt in China. Based 
on our observations, we delineate two possible scenarios for its further 
extension: it might continue further south along the West Marginal Fault 
Zone, wherein the whole Korean Peninsula corresponds to the North 
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China Block, or it might continue further east along the southern limit of 
the Gyeonggi massif.

We observe anisotropy patterns that we attribute to post-collisional 
tectonic episodes such as the opening of the Yellow and East Seas. Our 
model indicates that the Yellow Sea’s opening is attributable to an 
approximately E-W extensional episode within the South China Block, 
while the East Sea’s opening is linked to a clockwise rotation of the 
Japanese Islands away from the Korean Peninsula. This rotation likely 
began with an initial rifting episode that caused their breakup and 
continuous separation from the Korean Peninsula. Subsequently, a 
spreading episode may have caused their southeastward migration and 
the opening of the Ulleung basin in the East Sea.

The anisotropy patterns that we observe in the region corresponding 
to the Yeongnam and Gyeonggi massifs seem to respond to fossil 
anisotropy within remnant lithospheric cratons amalgamated before the 
collision. The observations in the western and central Gyeonggi massif 
probably reveal the true direction of motion of the North China Block 

when it collided with the South China Block, since it is consistent with 
previous studies. However, the fossil anisotropy that we observe in the 
Yeongnam massif does not align with the inferred direction of motion of 
either the North or South China blocks, which makes it hard to correlate 
this region with one of the two tectonic blocks. We believe that this 
anisotropy originates from a fossil fabric within the lithospheric craton 
dating from the time of its formation, although there is a possibility that 
it has been affected by post-collisional episodes involving subduction or 
rotation.
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