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A B S T R A C T

The Triassic collision belt between the Yangtze Block and the Sino–Korean Craton, often considered the 
Dabie–Sulu Orogenic Belt, may extend to the Korean Peninsula. The precise boundary locations, particularly 
across the Yellow Sea and Korean Peninsula, are poorly constrained. This study uses an improved double- 
difference tomography method; 3-D P-wave velocity structures at depths up to 55 km are determined based 
on data from both Chinese and South Korean stations, achieving a resolution of less than 0.5◦. A potential 
collision front, characterized by high-velocity anomalies, is identified. It aligns with the Sulu Orogenic Belt, 
passing through the northern Yellow Sea, and extends to the western Korean Peninsula, including the Ongjin 
Basin, Imjingang Belt, and Hongseong area. Significant low-velocity anomalies extend from the crust of the 
southern Yellow Sea to the mantle beneath the southwestern Korean Peninsula, including the Okcheon Fold Belt 
and Jeju Island, suggesting the presence of relatively weak and/or hot material, possibly related to basin 
extension and mantle upwelling.

1. Introduction

The Triassic collision process between the Yangtze Block (YB) and 
the Sino–Korean Craton (SKC) is a significant and contentious topic in 
geological research. More than nine models have been proposed for the 
collision process in the Yellow Sea area, generally agreeing that the Sulu 
Orogenic Belt (SOB) and the Tanlu Fault Zone (TFZ) form part of the 
northern and western boundaries (Yin & Nie, 1993; Xu & Zhu, 1994; 
Zhang, 1997; Chang & Park, 2001; Xu et al., 2021). Key debates focus on 
whether the Sulu Orogenic Belt may extend into the Yellow Sea region 
and possibly further to the Korean Peninsula (KP) (Ree et al., 1996; Wan, 
2001). However, the proposed Sulu extension zone lies within the Yel
low Sea, at the border of China, South Korea, and North Korea, with 
average water depths of 55–100 m and an average Holocene sediment 
thickness of about 15 m (Qing et al., 1989; Yang et al., 2003). In this 
region, the seismic ray coverage is sparse in previous studies, and direct 
geological evidence is limited, making verification difficult (Fig. 1b). 
Significant crustal destruction throughout the entire region has 
complicated the recognition of the collision front (Zhu et al., 2008; Zhu 
et al., 2012b). Collecting local seismic event records from all countries 

surrounding the Yellow Sea region is challenging, resulting in low- 
resolution imaging. Thus, the collision process between the YB and the 
SKC requires further investigation and validation.

Several velocity tomography studies partially cover our research 
area, with findings relevant to this study. Higher crustal velocities are 
found in the KP, while lower velocities are observed in the southern 
Yellow Sea (Xu et al., 2009; Hao et al., 2013; Wang et al., 2017a; Huang 
et al., 2023). In the Bohai Sea, low velocities are present in the shallow 
crust, alternating with high velocities in the mantle, followed by low 
velocities at greater depths (Feng et al., 2022; Li et al., 2022). In the 
eastern SOB, low-velocity anomalies are noted, while high-velocity 
anomalies are observed in the Subei Basin and western SOB. The mid
dle crust of the SOB features thin, low-velocity anomalies, referred to as 
a “crocodile mouth” structure (Xu, 2001; Wang et al., 2013). Distinct 
velocity structures exist in the southeastern and northwestern parts of 
the KP, divided by the South Korea Tectonic Line (Li et al., 2007; Hong & 
Kang, 2009; Kim et al., 2017a). Beneath Jeju Island, a low-velocity 
anomaly is found at shallow crust and mantle depths (Song et al., 
2018). Additionally, a prominent mid-crustal detachment zone is iden
tified along the TFZ (Lü & Lei, 2022). Other studies, including 
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attenuation, gravity, and magnetotelluric (MT) research, indicate low 
attenuation in most regions of the KP, except the southeast, with high 
attenuation in the Bohai Sea and western southern Yellow Sea (Hong, 
2010; Zhao et al., 2013). High conductivity is observed in the YB and 
North China Craton (NCC), contrasting with low conductivity in the SOB 
(Xiao et al., 2009; Ye et al., 2021). Furthermore, low density in the Bohai 
Sea, Yellow Sea Basin, and eastern SOB is contrasted with high density 
along the TFZ (Xu et al., 2016b; Hao et al., 2023).

However, a high-resolution velocity structure around the southern 
Yellow Sea from local body wave arrival times is not yet available. Some 
ocean bottom seismometer (OBS) surveys with restricted availability 
have been conducted in parts of the Yellow Sea, providing insights into 
the crustal structure of certain local depth profiles (Xu et al., 2009; Zou 
et al., 2016; Kim et al., 2019; Zhang et al., 2021; Zhang et al., 2022; Zhao 
et al., 2024; Liu et al., 2025). Our local body-wave tomography, by 
contrast, resolves large-scale structures across the entire region. Local P- 
wave arrival times with lower picking errors, from densely distributed 
stations in both China and South Korea, are used. The seismic rays 
extensively cover both the Yellow Sea region and the eastern SKC, 
enabling clear and reliable velocity structures to be obtained. The 
inverted velocity model may constrain the structural boundaries in the 
region.

2. Geology

The Sino–Korean Craton (SKC) is a Precambrian craton that experi
enced the amalgamation of the West Block (WB) and East Block (EB) 
along the Central Orogenic Belt (COB) (Trumbull et al., 1992; Kusky & 
Li, 2003; Rogers & Santosh, 2006; Zheng et al., 2009; Zhao et al., 2012; 
Kusky et al., 2016). Following its formation, the craton collided with a 
northern arc terrane, leading to the development of the Central Asian 
Orogenic Belt (CAOB), also known as the Inner Mongolia Orogenic Belt 
(Fig. 1a) (Lu et al., 2006; Zhao et al., 2011; Liu et al., 2017). From the 
Mesoproterozoic to the mid-Ordovician, the craton experienced a series 
of extensional and accretionary events but remained relatively stable 
(Griffin et al., 1998; Kusky, 2011).

However, from the Paleozoic to the Cenozoic, the mantle root of the 
EB was delaminated, causing significant crustal deformation and litho
spheric thinning (Wu, 2011; Zhu et al., 2012b; Wang et al., 2023). 
Typically, a stable craton has a lithospheric thickness of greater than 
200 km, but in the EB, the lithosphere is significantly thinner, about 
60–100 km, with a Moho depth of around 30 km (Chen et al., 2006; Ge 
et al., 2011; Zhang et al., 2019; Zheng et al., 2020). It is suggested that 
mantle upwelling caused a prolonged and intense decratonization pro
cess in the EB (Niu, 2005; Wu et al., 2008; Zhu et al., 2011; Liu et al., 

Fig. 1. (a) Main tectonic setting of the Sino–Korean Craton and its surrounding areas. The major blocks of the Sino–Korean Craton include the West Block (WB), East 
Block (EB), Central Orogenic Belt (COB), and the Central Asian Orogenic Belt (CAOB). The colored regions highlight the subregions used for 1-D velocity inversion, 
approximately corresponding to the East Block, Korean Peninsula, southern Yellow Sea, and the remaining zones grouped as the ‘Excluded Region’. The study area is 
marked (square box), with craton boundaries (dotted lines) and the subregions for 1-D velocity model inversion are presented. (b) Tectonic map of our study. 
Geological province boundaries (dashed lines), major faults (solid lines), and deduced faults (dotted lines) are presented. Historical events (M ≥ 6) recorded in China 
since 800 BCE (stars) (Gu, 1983), historical events (M ≥ 6) recorded in Korea (stars) (KMA, 2012), quaternary volcanoes (volcano symbols) (Lee et al., 2011), and the 
distribution of eclogites (diamonds) are marked (Yin et al., 2016). The major geological provinces of Korea include the Nangrim Massif (NM), Gyeonggi Massif (GM), 
Yeongnam Massif (YM), Pyeongnam Basin (PB), Ongjin Basin(OJB), Taebaeksan Basin (TB), Gyeongsang Basin (GB), Yeonil Basin (YB), Okcheon Fold Belt (OFB), and 
Imjingang Belt (IB) (Lee, 1987; Chough et al., 2000; Park et al., 2023). Some major geological provinces in China include the North China Basin (NCB), Jiaodong 
Uplift (JU), Luxi Uplift (LU), and Subei Basin (SB). Some major tectonic structures include the Zhangjiakou–Bohai Seismic Belt (ZBSB), Tanlu Fault Zone (TFZ), Sulu 
Orogenic Belt (SOB), and Tsushima Fault System (TFS). Some existing or deduced faults include the Wulian Fault (WLF), Jiashan–Xiangshui Fault (JSXSF), Yellow 
Sea Transform Fault (YSTF), and West Marginal Fault (WMF) (Zhang et al., 2003; Xu et al., 2016a). (c) Location of the study area on a global map. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2019). Consequently, Mesozoic and Cenozoic volcanic activity in this 
region was particularly intense, leading to the widespread distribution 
of various types of igneous rock (Chen et al., 2007; Zhu et al., 2008; Pang 
et al., 2017b; Yang et al., 2019). Geophysical research indicates the 
presence of low-velocity, high-attenuation, high-conductivity and high 
heat flow anomalies in the EB’s crust (Fang et al., 2013; Zhao et al., 
2013; Chen et al., 2014; Zhao et al., 2018; Jiang et al., 2019; Ma et al., 
2022). Most studies suggest that this deformation may have been driven 
by the subduction of the Paleo–Pacific Ocean plate, with the collision 
between the SKC and the South China Craton (SCC) potentially exac
erbating this process (Li, 1994; Shen et al., 2023; Wong, 1929).

It is widely accepted that a paleo-ocean once existed between the 
SKC and the SCC, commonly referred to as the Mianlue Ocean, with 
substantial geological evidence supporting its existence (Meng et al., 
1999; Xu et al., 2008; Yang et al., 2015; Li et al., 2023). The observation 
of a large-scale high-velocity body in the north of the Dabie Orogen is 
commonly interpreted as a remnant of the subducted Mianlue Ocean (Xu 
et al., 2000a; Xu, 2001; Xu & Zhao, 2009; Ye et al., 2021; Luo et al., 
2022). By the Triassic period, the closure of the Mianlue Ocean led to the 
collision between the northern part of the SCC, namely the Yangtze 
Block (YB), and the SKC (Xu et al., 2000b; Wang & Lin, 2002; Hacker 
et al., 2004). This collision resulted in the formation of the Qinling- 
Dabie-Sulu Orogenic Belt. Geological evidence suggests that the ultra- 
high-pressure metamorphic rocks in this belt originated from a sub
duction and exhumation process (Li et al., 2000; Chen & Zheng, 2013; 
Yin et al., 2016). This feature is strong evidence for subduction pre
ceding the collision. Subsequently, the Tanlu Fault Zone was developed, 
resulting in the separation of the Dabie and Sulu orogenic belts (Yin & 
Nie, 1993; Qiao & Zhang, 2002; Zhu et al., 2010). The effects of 
decratonization were much more severe during this period, primarily 
affecting the EB (Zhu et al., 2012a).

As a constituent of the SKC, the tectonic evolution of the Korean 
Peninsula (KP) exhibits broad similarities to that of the North China 

Craton (NCC) (Chough et al., 2000; Zhai et al., 2019). From the Neo
proterozoic through the Middle Paleozoic, evidence of arc-related 
magmatism preserved in KP’s Archean–Paleoproterozoic gneiss base
ment aligns with records on the NCC (Oh et al., 2006; Zhai, 2016; Kim 
et al., 2017b). Late Ordovician rift volcanism in the Taebaeksan Basin 
corresponds to similar rifting-related volcanism in the NCC (Choi, 2014; 
Lee et al., 2021). Cambro–Silurian arc complexes and Middle Paleozoic 
amphibolite–granulite P–T paths in KP correspond to metamorphic ep
isodes recorded in the Northern Qinling–Dabie Orogen (Kim et al., 
2017b; Song et al., 2020; Lee et al., 2024). In the Triassic, high-pressure 
metamorphism in the Imjingang–Hongseong area is comparable to that 
in the Dabie–Sulu Orogenic Belt (Ree et al., 1996; Oh et al., 2005; Sajeev 
et al., 2010). Amphibolite- to granulite-facies overprints, granitoids, and 
mixed-Hf zircon plutons testify to synchronous convergence and 
magmatic pulses (Zhai et al., 2007; Chang & Zhao, 2012; Cheong et al., 
2018). During the Mesozoic, right-lateral ductile shearing of the Honam 
Shear Zone parallels contemporaneous ductile deformation in the NCC 
(Uno et al., 2004; Cheong et al., 2006; Kim et al., 2009). Cretaceous 
rifting of the Gyeongsang Rift and pull-apart basins in KP corresponds to 
back-arc extension in NCC arc systems (Chough et al., 2000; Kim et al., 
2012). Studies indicate that widespread lithospheric thinning and 
delamination, recorded by high-temperature spinel peridotite xenoliths, 
also occurred in KP, accompanying rejuvenation, renewed magmatism, 
and basin development (Yang et al., 2010; Zhai, 2016).

3. Data

We collect seismic records of 680 permanent seismic stations in 
China, provided by the China Earthquake Administration (CEA) from 
2008 to 2023, and records from 480 permanent seismic stations in South 
Korea, provided by the Korea Meteorological Administration (KMA) 
from 2017 to 2023 (Fig. 2a). The CEA network covers mainland China 
and surrounding areas, including the Yellow Sea region and several 

Fig. 2. (a) Ray paths of seismic records used in this study. Earthquakes (crosses) and stations (triangles) are marked. Rays 1 (blue lines) indicate ray paths of events 
recorded by CEA; Rays 2 (yellow lines) indicate local events recorded by KMA; Rays 3 (green lines) indicate events around Korea recorded by KMA. (b) Temporal 
magnitude variation of events recorded by CEA. (c) Epicentral distance of events recorded by CEA. (d) Temporal magnitude variation of events recorded by KMA. (e) 
Epicentral distance of events recorded by KMA. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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large earthquakes on the Korean Peninsula, whereas the KMA network 
primarily covers the Korean Peninsula and adjacent regions. A total of 
900 local events with local magnitudes greater than 2 recorded by the 
dense Korean stations are selected, and 63,253 events with local mag
nitudes greater than 1 in China are used to enhance ray path density. For 
the Yellow Sea region, located between the two networks, 1,580 events 
with local magnitudes greater than 2 are used in this study as they 
generate relatively clear seismic phases. The epicentral distances are less 
than 2000 km (Fig. 2b).

We perform a two-step relocation, with both steps relying on P-wave 
first arrivals from local events. In tomographic analyses, we include Pg, 
Pn, and later Pg arrivals. For CEA data, phase reports are used, whereas 
for the KMA waveform data, arrival times are manually selected with the 
assistance of a machine learning algorithm, PhaseNet (Zhu & Beroza, 
2019). We used the original PhaseNet model trained on the Northern 
California earthquake dataset to pick arrival times from KMA data, then 
applied transfer learning using our manually picked arrival times to 
further optimize the model. PhaseNet typically selects the component 
with the highest probability of three components of an event, which may 
not always correspond to the first arrival. To address this, some minor 
improvements are made to prioritize selecting the first arrival among the 
three components. After testing, the final picking error (difference be
tween PhaseNet picks and manual picks) is within 0.5 s. However, 
manual selection is indispensable to obtain arrival times with lower 
error. While the machine learning-based PhaseNet algorithm is trained, 
optimized, and tested in this study, all final arrival times are manually 
picked.

After meticulous selection and removal of outliers, the final dataset 
includes 678,579 Pg arrival times and 82,234 Pn arrival times from CEA 
records, and 55,813 Pg arrival times and 34,047 Pn arrival times from 
local event records of KMA. Additionally, for events around the eastern 
SKC recorded by KMA, there are 3,893 Pg arrival times and 8,994 Pn 
arrival times. The traveltime curves of these six datasets are presented 
(Fig. 3). It is noteworthy that when traveltime curves are used to screen 
the data, the selection of cutting thresholds is crucial. The L-curve 
method is employed to determine the best cutting thresholds. For each of 
the six datasets, L-curve calculations with the decrease in the number of 
arrival times as the independent variable and the cutting range as the 
dependent variable were performed to determine their optimal cutting 
thresholds (Fig. S1 in the Supplementary Materials). The results of the L- 

curve analysis indicate that the manually picked phase arrival times 
from the South Korean data set have higher accuracy, and most arrival 
times are retained.

4. Methods

One-dimensional (1-D) velocity models are commonly used to 
construct initial models for relocation and tomography. Well-established 
1-D global average models, such as CRUST1.0 and IASP91 (Kennett & 
Engdahl, 1991; Laske et al., 2013), and the regional three-dimensional 
(3-D) lithospheric model USTClitho2.0 for continental China and adja
cent areas (Han et al., 2021) can be referenced, although their accuracy 
may be limited at local scales. Alternatively, seismic profiles or receiver 
function results from past research may not fully match the study area. A 
more optimal approach is to extract the 1-D model from the given data. 
VELEST (Kissling, 1988; Kissling et al., 1994) allows for joint inversion 
of earthquake locations and velocity models using layered ray tracing to 
obtain the best-fit 1-D model (Crosson, 1976), which can be used for 
initial models in event relocation and traveltime tomography (Thurber, 
1981; Kissling & Lahr, 1991). The underlying principles are presented in 
Section S2 in Supplementary Materials.

Achieving a global minimum requires iterative inversions of large 
datasets. This study enhances the program capacity to process large 
datasets. We introduce a multiple inversion and residual comparison 
workflow to ensure that the final inverted velocity model converges to a 
stable global minimum (see, Section S3 and Fig. S2 in Supplementary 
Materials).

We apply the double-difference method to conduct event relocation 
and traveltime tomography. The residual between the observed trav
eltime and the theoretical traveltime can be expressed as (Waldhauser & 
Ellsworth, 2000), 

ri
k =

∑3

l=1

∂ti
k

∂Xi
l
ΔXi

l + Δto +
∫ k

i
δuds, (1) 

where, ri
k is the residual from events i to station k, u is the slowness, X 

represents the location of event (x, y, z), for the same station k, and the 
difference in residuals between two events i and j, known as the double- 
difference Drij

k is 

Fig. 3. Traveltime curves of all six datasets. The cutting thresholds (dashed lines) and the linear fitting lines (solid lines) are presented, the Pg and Pn arrival times 
(points) are marked. (a) Arrival times recorded by CEA. (b) Arrival times of local events recorded by KMA. (c) Arrival times near Korea recorded by KMA.
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When the distance between these two events is sufficiently small, 
their raypaths to common stations are approximately the same. Equation 
(2) can be simplified to be 

Drij
k = ri

k − rj
k =

∑3

l=1

∂ti
k

∂Xi
l
ΔXi

l + Δti
o −

∑3

l=1

∂tj
k

∂Xj
l

ΔXj
l + Δtj

o (3) 

The double-difference method (TomoDD) determines both relative 
and absolute positions and velocity structures (Zhang & Thurber, 2006). 
In this study, we separate event relocation and traveltime tomography 
into two stages. In the relocation stage, we first use VELEST with high- 
precision P-wave first-arrival times from local events to invert 1-D ve
locity models and perform an initial relocation of hypocenters. We then 
interpolate the VELEST-generated 1-D models to build the 3-D initial 

model for the TomoDD relocation. Next, we apply TomoDD’s standard 
algorithm using the VELEST-derived 3-D initial model and those same 
high-quality first arrivals to further refine hypocenter positions. The 
resulting 3-D velocity model from the TomoDD relocation step then 
serves as the initial 3-D model for tomography. In the tomography stage, 
we fix the well-relocated hypocenters and incorporate all reliable Pg and 
Pn traveltime data, including later Pg arrivals. The standard TomoDD 
implementation processes only first arrivals and thus cannot exploit 
later Pg phases (Sun, 2019). Our ray tracing in the tomography step 
follows TomoDD’s pseudo-bending approach with the TomoDD-SR 
enhancement, which constrains later-Pg raypaths to remain within the 
crust, thereby preventing their mis-tracking as Pn waves, by prescribing 
a constant mantle velocity below the Moho during the later-Pg ray- 
tracing (Sun et al., 2021a; Sun et al., 2021b). Further information on the 
TomoDD-SR method is provided (see, Section S6 in the Supplementary 
Materials).

The flow chart for relocation and tomography is shown (Fig. S3 in 
Supplementary Materials). Statistical characteristics of traveltime re
sidual histograms at different inversion stages are provided (Fig. S21). 

Fig. 4. 1-D velocity models. (a) Seven initial models used for inversion in each region. (b) The final 1-D Pg models of different regions. (c) The final 1-D Pn models of 
different regions. (d)–(g) The inverted 1-D Pg models with different initial models in different regions. (h)–(k) The inverted 1-D Pn models with different initial 
models in different regions.
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The VELEST-inverted 1-D models used to create the 3-D models for the 
TomoDD relocation step are presented (Table S1 in Supplementary 
Materials). A schematic illustration of the theoretical ray paths in the 
tomography step is shown (Fig. S4 in Supplementary Materials). The 
appropriate damping value and weighting parameters for the tomogra
phy inversion are determined using the L-curve method (see, Section S5 
and Fig. S5 in Supplementary Materials).

We assess the cell-hit counts using the derivative weighted sum 
(DWS), which is the sum of the partial derivatives of traveltimes with 
respect to slowness (see, Section S4 in Supplementary Materials) 
(Thurber & Eberhart-Phillips, 1999). The DWS distribution maps for 
each depth assess ray density through grid nodes (Fig. S6 in Supple
mentary Materials). In most regions, DWS values exceed 100, while 
areas with DWS values below 10 are excluded from the tomography 
analysis. Additionally, we select seismic events that are recorded in at 
least eight stations. Each station records a minimum of five events with 
traveltime residuals less than 3 s.

5. Average 1-D velocity models, event relocation and seismicity

5.1. Average 1-D velocity models

The eastern Sino–Korean Craton (SKC) is divided into four sub- 
regions: East Block (EB), southern Yellow Sea (SYS), Korean Peninsula 
(KP), and an excluded region (ER) (Fig. 1a). These areas display distinct 
geological backgrounds, significant velocity variations, and different 
Moho depths, necessitating separate 1-D velocity model inversions and 
event relocations.

Seven initial models, including CRUST1.0, IASP91, and USTCli
tho2.0, yield consistent 1-D models for Pg and Pn waves across the sub- 
regions (Fig. 4). To assess the robustness of the 1-D velocity model, we 
perform a bootstrap test based on 100 datasets, following the non- 
parametric approach (Efron & Tibshirani, 1991). Each dataset is 
compiled from the original catalog, with events resampled allowing for 
multiple selections. The number of events is the same as in the original 
catalog. All associated phase arrivals for each selected event are 
retained, and the inversion parameters are fixed across iterations. The 
100 resulting velocity models are used to estimate the median and 95 % 
confidence interval at each depth. Bootstrap tests confirm inversion 
stability, with all tests showing consistent results within a 95 % confi
dence interval (Lamarre et al., 1992; Hong & Menke, 2008). The 
inversion presents velocity variations of ± 0.03 km/s for depths less 
than 25 km and ± 0.05 km/s for greater depths (Fig. S7 in Supple
mentary Materials).

Fitting travel-time curves across the study area suggests average Pg 
and Pn velocities of 6.13 and 7.04 km/s, respectively. Below, we present 
absolute velocities and their deviations from the VELEST-inverted 1-D 
model. Pg deviations are referenced to the regional average Pg veloc
ity (6.13 km/s), and Pn deviations to the regional average Pn velocity 
(7.04 km/s).

For inverted Pg models, the SYS region exhibits velocities of 
5.85–6.21 km/s at depths of 0–25 km, deviating − 4.6 % to + 1.3 %, and 
6.79 km/s at 30–35 km, deviating + 10.8 %. The KP region shows 
5.85–5.92 km/s at 0–5 km (− 4.6 % to − 3.4 %), 6.20–6.44 km/s at 5–25 
km (+1.1 % to + 5.1 %), and 6.46 km/s at 30–35 km (+5.4 %). The Pn 
model for the KP region presents velocities of 7.36–7.73 km/s at 30–40 
km (+4.6 % to + 9.8 %) and 7.77–7.79 km/s at 40–50 km (+10.4 % to +
10.6 %). The SYS region shows 7.15–7.39 km/s at 30–40 km (+1.6 % to 
+ 5.0 %) and 8.15–8.23 km/s at 40–50 km (+15.8 % to + 16.9 %).

Comparatively, the SYS region exhibits the lowest Pg velocities at 
0–25 km and the highest at 30–35 km. The KP region shows relatively 
low Pg velocities at 0–5 km, the highest at 5–25 km, and lower values 
than SYS at 30–35 km. KP exhibits the highest Pn velocities at 30–40 km, 
with slightly lower values at 40–50 km compared to its shallower layer. 
SYS shows intermediate velocities at 30–40 km, lower than KP but 
higher than other regions, and the highest velocities among all regions at 

40–50 km.

5.2. Event relocation and seismicity

We refine event locations using the VELEST method with high- 
quality near-field P-wave first arrivals. Subsequently, the TomoDD 
method is applied for secondary relocation, ensuring that all events, 
including those removed during event pairing, are relocated. This pro
cess produces a complete catalog, with only a few events not relocated. 
The distribution of relocated and historical events is shown in Fig. 5.

To better illustrate the relocation results, we add supplementary 
information on six representative examples in the Supplementary Ma
terials (Figs. S8–S14). Fig. S8 shows the RMS reduction during the 
iteration process, while Figs. S9–S14 display the relocated seismic 
clusters. The hypocentral locations are well constrained through relo
cation, and the relocated events show good spatial correlation with 
geological structures, with most earthquakes concentrated along fault 
zones.

The seismicity density map shows the distribution of relocated 
events (Fig. 6b). Two main active zones are identified. One is the 
aftershock region of the 1975 Ms7.3 Haicheng earthquake. It trends 
northeast along major faults. The other is the Zhangjiakou–Bohai 
Seismic Belt (ZBSB), which includes significant historical events such as 
the 1976 Ms7.8 Tangshan earthquake. Two moderately active zones are 
also apparent. One is in the southern Yellow Sea, where more than 15 
earthquakes of Ms ≥ 6 have been recorded, along with one Ms7.0 event. 
The other is on the southeastern Korean Peninsula, which has experi
enced more than six events of Ms ≥ 6, including one Ms7.0 event (the 
1681 Jumunjin earthquake). The current seismicity-active region is 
mainly concentrated around these Ms ≥ 6 events (Huang et al., 1996; 
Lee & Kim, 2002; Liu et al., 2013; Shen et al., 2014; Park et al., 2021).

The southern segment of the Tanlu Fault and the west coast of the 
Korean Peninsula, while historically prone to large earthquakes, now 
exhibit low seismicity. The Tanlu Fault Zone is a discordogenic fault 
zone formed during the collision between the Yangtze Block and the 
Sino-Korean Craton. Initially a dextral strike-slip fault, it later incorpo
rated reverse and sinistral strike-slip components (Peng et al., 2022). 
The Tanlu Fault experienced multiple Ms7 events before the 1800s 
(Events 1, 4, and 3 in Fig. 6b), but is currently quiet, with major events 
now only occur at its intersection with the ZBSB (Zhang et al., 1985; Zhu 
et al., 2018). A similar situation is observed along the west coast of the 
Korean Peninsula, which some suggest may serve as a structural 
boundary during collision (Hao et al., 2002; Chang, 2015; Hu et al., 
2022a). However, current seismicity levels are moderate to low, ques
tioning this classification. Despite a history of numerous earthquakes of 
Ms ≥ 6, the western margin has been notably quiet since the 1800s, 
similar to the Tanlu Fault Zone.

6. Resolution test

The checkerboard resolution tests are conducted to examine the 
resolution of the inverted P wave models (Lévěque et al., 1993; Raw
linson & Spakman, 2016). The input model covers the region from 117◦E 
to 130◦E and 32◦N to 42◦N, with a vertical extent down to 60 km, 
consistent with the model space used in our tomography inversion. Since 
the earthquake locations were already accurately determined during the 
TomoDD relocation step using high-quality near-field P-wave first ar
rivals, we fixed the event locations during the tomography inversion. 
Accordingly, the checkerboard resolution tests were also conducted with 
fixed event locations.

The synthetic model generates theoretical arrival times by imposing 
checkerboard velocity anomalies with a uniform size of 0.5◦ × 0.5◦ × 4 
km (Fig. 7), aligning with the inversion grid. The theoretical arrival 
times share the same event-station distribution as the real data, with 
relative velocity perturbations of ±8 %. The same inversion strategy and 
parameters apply, incorporating Gaussian white noise of approximately 
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15 % of the signal to simulate higher traveltime picking errors. Hori
zontal profiles within the depth range of 5–45 km demonstrate good 
resolution in most areas, while resolution is low in eastern North Korea 
and near Japan due to sparse ray coverage. At a depth of 55 km, reso
lution weakens at the edges of the study area but remains good in the 
center.

To assess the potential influence of event location uncertainty, an 
additional test introduces random Gaussian perturbations (±0.2◦) to the 
original hypocenter coordinates, followed by full inversion. The result
ing resolution pattern remains largely unchanged, with only slight 
smearing observed in regions of limited ray coverage (Fig. S15). A 
coarser checkerboard pattern (1◦ × 1◦ × 8 km) is also tested to evaluate 
large-scale resolving ability. The results indicate that major velocity 
anomalies discussed in the main text remain well resolved, further 
supporting the robustness of the inversion (Fig. S16).

The second set of synthetic tests evaluates the resolution and stability 
of the inversion results for vertical and dipping velocity anomalies 

(Zhang & Thurber, 2005). The input model simulates four types of 
laterally extensive low-velocity zones, positioned along latitudes 33.5◦, 
34.5◦, 35.5◦, and 36.5◦ (Fig. S17). Among them, the anomaly at 34.5◦ is 
designed to simulate the influence of sedimentary layers in the Yellow 
Sea. Those models are used to generate synthetic arrival times, with 15 
% Gaussian white noise added to simulate traveltime picking errors. 
Using the same inversion strategy and parameters as in the real-data 
inversion, the results show that the low-velocity anomalies are well 
recovered in shape, width, and dip angle across all profiles. In areas with 
good ray coverage, the inversion has adequate capability to distinguish 
between the high- and low-velocity structures. This demonstrates 
effective recovery of the synthetic velocity structures. Vertical smearing 
remains limited within the depth range of the study.

7. Inverted P velocity models

Horizontal profiles at different depths of the inverted P-wave relative 

Fig. 5. Distribution of relocated events since 2008 and historical events (M ≥ 6) recorded in China since 800 BCE (stars) (Gu, 1983), historical events (M ≥ 6) 
recorded in Korea (stars) (KMA, 2012).
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velocity model are presented (Fig. 8). The Moho depth in the study area 
ranges from depth 27 to 35 km (Chang & Baag, 2007; Choi et al., 2015; 
Xu et al., 2016b; Zhang et al., 2019). Depth slices from 5 to 25 km mainly 
represent crustal structures, whereas those between 35 and 45 km are 
primarily associated with upper mantle features. The 30 km depth 
profile lies within the estimated Moho depth range, and the observed 
velocity anomalies at this depth may reflect both crust–mantle transi
tional structures and lateral variations in Moho topography. The color 
scale range was set to ±8 %, as over 95 % of the grid nodes exhibit 
velocity perturbations within this interval (see, Section.S7 and Fig. S18 
in Supplementary Materials).

The mantle velocity structure significantly contrasts with the crustal 
structure. In the crust, the eastern area, including the Korean Peninsula 
and northern Yellow Sea, exhibits relatively high velocities, while the 
Bohai Sea and southern Yellow Sea to the west show lower velocities. 
This trend reverses at mantle depths. Most historical events of Ms7 or 
higher occurred at the boundaries between high and low-velocity zones 
at seismogenic depths (5–20 km). Additionally, all Quaternary vol
canoes display low-velocity anomalies at both crustal and mantle 
depths. Below, we describe the velocity anomalies observed in the major 
tectonic domains, including the Sulu Orogenic Belt, the Tanlu Fault 
Zone, the Yellow Sea and the Korean Peninsula.

Both the crust and upper mantle beneath the western Sulu Orogenic 
Belt (SOB) primarily exhibit high P-wave velocities. This structural 
feature aligns well with the typical characteristics of continental colli
sion zones (Xu et al., 2001; Bai et al., 2007; Zhao et al., 2024). The high- 
velocity patterns also correspond to the distribution of ultrahigh- 
pressure metamorphic rocks identified in this region (Zhai et al., 
2007; Zhang et al., 2009). The eastern part of the crust, connected to the 
southern Yellow Sea, exhibits low velocities, which may be related to the 
extension of the southern Yellow Sea Basin (Pang et al., 2017a). Some 
localized low-velocity anomalies in the crust have been interpreted as 
zones of partial melting (Chen & Zheng, 2013; Li et al., 2018).

The northern segment of Tanlu Fault Zone (TFZ) crosses the Bohai 
Sea Basin and the Zhangjiakou–Bohai Seismic Belt (ZBSB), showing 
pronounced low velocities in the crust and high velocities in the mantle. 

This zone is highly seismically active, with more than eight earthquakes 
of Ms7 or greater. Previous studies have suggested that the low-velocity 
anomalies are likely linked to basin extension, mantle upwelling, and 
intense seismic activity (Chen et al., 2006; Huang et al., 2023; Jia et al., 
2014; Li, 1994; Li et al., 2022; Ma et al., 2022; Xu et al., 2021). The 
southern segment crosses the Luxi Uplift and the Subei Basin near the 
Sulu region, and exhibits high velocities.

The Yellow Sea comprises the northern (NYS) and southern (SYS) 
subregions, each with distinct geological structures and evolutionary 
histories (Zheng et al., 2005; Wang et al., 2014). In the NYS, the crust 
shows high P-wave velocities, while low-velocity anomalies appear in 
the eastern upper mantle (35–45 km depth; Region C), possibly related 
to regional magmatic activity (Wang et al., 2017b). The SYS displays a 
more complex velocity pattern: the western SYS, adjacent to the Chinese 
mainland, has low crustal velocities and relatively high mantle veloc
ities, while the eastern SYS exhibits the opposite. Shallow low-velocity 
anomalies in the SYS may reflect thick sedimentary layers (Qing et al., 
1989; Yang et al., 2003; Straume et al., 2019), whereas mantle low- 
velocity anomalies may result from widespread igneous activity and 
normal and strike-slip faulting related to basin extension (Liang et al., 
2003; Zheng et al., 2005; Pang et al., 2017b; Petrishchevsky, 2022). 
Historical events of magnitude Ms ≥ 6 in the NYS align with the 
boundaries between high- and low-velocity anomalies at seismogenic 
depths (10–15 km) (KMA, 2012).

The Korean Peninsula displays contrasting P-wave velocity struc
tures in the crust and mantle. High velocities dominate the crust. Low 
velocities are prominent in the upper mantle. The Imjingang Belt and 
Gyeonggi Bay exhibit consistently high velocities in both layers, likely 
reflecting dense lithologies and strong metamorphism (Zhang, 1997). 
The Gyeonggi Massif contains distinct low-velocity anomalies at ~10 
km depth and in the uppermost mantle (Region A). In this area, two 
Quaternary volcanoes (Chugaryong and Kilchu-Myongchon), and Late 
Triassic potassic plutons are present (Whitford-Stark, 1987; Cheong 
et al., 2018). These anomalies may reflect localized upwelling or the 
effects of magmatism and back-arc extension (Chough et al., 2018; Song 
et al., 2020; Hong et al., 2024). The Okcheon Fold Belt (OFB) shows high 

Fig. 6. (a) Earthquake distribution map since 2008 with events larger than local ML 2.0; (b) Seismicity density map corresponding to (a). Historical events are 
numbered by their occurrence time, Event 1 to Event 12 represent the following historical earthquakes: Event 1. 70BC Zhucheng Ms7.0, Event 2. 1548 Bohai Ms7.0, 
Event 3. 1597 Bohai Ms7.0, Event 4. 1668 Tancheng Ms8.5, Event 5. 1679 Sanhe-Pinggu Ms8.0, Event 6. 1681 Jumunjin Ms7.0, Event 7. 1846 southern Yellow Sea 
Ms7.0, Event 8. 1888 Bohai Ms7.5, Event 9. 1969 Bohai Ms7.4, Event 10. 1975 Haicheng Ms7.3, Event 11. 1976 Tangshan Ms7.8, Event 12. 1976 Tangshan Ms7.1 
(Gu, 1983). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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velocities in the upper to middle crust, with low-velocity anomalies at 
25 km and 35–40 km depths, suggesting complex deformation and 
tectonic stress near the South Korean Tectonic Line (Cho et al., 2008; 
Choi et al., 2012). The Yeongnam Massif and Gyeongsang Basin share 
similar patterns of crustal high and mantle low velocities. Jeju Island 
exhibits shallow (5 km) and deep (35–40 km) low-velocity anomalies 
(Region B), which may indicate Quaternary volcanism (Brenna et al., 
2015; Song et al., 2018). The Nangrim Massif and eastern Pyeongnam 
Basin display localized low-velocity anomalies in both the crust and the 
mantle.

8. Vertical cross sections

Vertical profiles of the inverted differential velocity model, along 
with the absolute velocity model, are presented (Figs. 9 and 10). The 
range of relative velocity perturbations is consistent with the horizontal 
profiles and the checkerboard tests. The specific locations of these pro
files are presented on the models (Figs. 9a and 10a). The N-S 

longitudinal profiles (Fig. 9) and the W-E latitudinal profiles intersect 
the major tectonic units (Fig. 10).

The profiles can be divided into several subregions based on the 
relative velocity variations along each section. A lateral sliding-window 
scanning technique is applied along each profile, with a fixed window 
width of 1◦ (Liu & Pei, 2017). Within each window, the average relative 
velocity is calculated over the entire depth range to capture the overall 
velocity characteristics, as shown in Fig. S12. Zones with average rela
tive velocity values below 0 % are classified as low-velocity regions, and 
those above 0 % as high-velocity regions. Specifically, values between 0 
% and 1 % are defined as weakly low-velocity, and values exceeding the 
mean of all positive relative velocities across the profile are classified as 
strongly high-velocity. Accordingly, we apply a unified color scheme in 
the topographic profile segments of Figs. 9 and 10: light red for weak 
low-velocity region, red for strong low-velocity, light blue for weak 
high-velocity, and blue for strong high-velocity.

The region identified as the Triassic collision boundary (BD) gener
ally shows consistent features. In most profiles, it displays high 

Fig. 7. Resolution test. All images share the same color bar, with P-wave relative velocity perturbations between − 8 % and 8 %. (a)− (f) Horizontal resolution test in 
different depth (5 km, 15 km, 25 km, 35 km, 45 km, 55 km) with cell size of 0.5◦. (g)–(k) Vertical resolution test of different latitudinal profiles (33.5◦, 35◦, 36.5◦, 
38◦, 39.5◦) with cell size of 0.5◦×4 km.
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velocities, over 3 % above the average, across the entire crust and up
permost mantle. The only exception is the 36◦ profile, where the BD 
shows a very weak low-velocity anomaly, with a maximum deviation of 
about –0.3 %. In these profiles, the BD contrasts sharply with the sur
rounding zones that are primarily characterized by low velocities, 
including the North China Craton (NCC), the Yangtze Block (YZ), and 
the northern Korean Peninsula, making its northwestern boundary 
relatively easy to identify. However, in the southern Korean Peninsula, 
high velocities are also present, making it difficult to determine whether 
the BD lies within the peninsula or extends into the Yellow Sea. Profile 
126◦ shows a thin low-velocity band at ~10 km depth, resembling the 

“crocodile mouth” structure noted in previous studies on the Dabie–Sulu 
Orogenic Belt and possibly caused by partial melting, but its existence 
requires further validation. (Xu et al., 2000b; Chen & Zheng, 2013; Li 
et al., 2018).

The velocity profiles reveal significant extensional deformation in 
the Yellow Sea region. In the longitudinal profile at 123◦ and the lat
itudinal profiles from 33◦ to 36◦, the upper and middle crusts exhibit 
widespread low-velocity anomalies in the southwestern Yellow Sea 
(Region E). These anomalies extend both laterally and vertically, 
reaching into the upper mantle beneath the Jeju Volcanic Island, the 
southern Yeongnam Massif (YM), and the Gyeongsang Basin (GB). A 

Fig. 8. Differential P-wave velocity maps at different depths. Major geological provinces are marked, with abbreviations consistent with those in Fig. 1. Regions with 
poor resolution have been removed. Crustal depths: (a)–(e) correspond to 5 km, 10 km, 15 km, 20 km, and 25 km, respectively. Mantle depths: (g)–(i) correspond to 
35 km, 40 km, and 45 km, respectively. The average velocity v‾ at each depth is indicated in the corresponding panel. Historical events (M ≥ 6) recorded in China 
since 800 BCE (stars) (Gu, 1983), historical events (M ≥ 6) recorded in Korea (stars) (KMA, 2012), quaternary volcanoes (volcano symbols) (Lee et al., 2011), and 
eclogite sites (diamonds) are marked (Yin et al., 2016). The relatively well-constrained collision boundary (Line A) and two possible structural boundaries (Lines B 
and C), as proposed in Fig. 12, are shown in panel (i).
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similar low-velocity zone is also observed in the Bohai region, as shown 
in the longitudinal profiles at 118.5◦ and 120◦ and the latitudinal pro
files at 39◦ and 40◦ (Region D). However, the low-velocity anomalies in 
the Bohai region appear less laterally extensive compared to those in the 
Yellow Sea.

In the longitudinal profile at 127.5◦ (Fig. 9h), the southern part of the 
Korean Peninsula (south of ~37◦) exhibits consistently high velocities, 
in contrast to the relatively lower velocities in the north. This north- 
south structural contrast has been noted in previous studies (Li et al., 
2007; Hong & Kang, 2009), suggesting a possible structural boundary 
within the peninsula. High-velocity features observed beneath the 
Hongseong area, the Imjingang Belt, and the Sulu region appear struc
turally coherent at different depths, indicating that these regions may 
share a common tectonic origin related to the Triassic collision.

9. Tectonic implications

By mapping the subdivisions of the longitudinal and latitudinal 
profiles onto a plane, the northwestern segment of the Triassic collision 
boundary (BD) can be delineated as Line A in Fig. 11. Line A follows a 
consistent high–low velocity contrast observed in both horizontal and 
vertical sections, marking the boundary between the relatively low- 
velocity NCC and the high-velocity BD region. It generally coincides 
with the present-day trace of the Sulu Orogenic Belt (SOB), extending 
northwestward across the central Yellow Sea, into the northern Yellow 
Sea, and reaching the western coast of the Korean Peninsula (KP).

In the eastern part of the study area, our results suggest two possible 
structural boundaries. The southern Korean Peninsula exhibits promi
nent high-velocity anomalies, while lower velocities dominate the 

Fig. 9. Longitudinal profiles of relative and absolute velocities. Longitudinal profile locations are shown in (a). Each longitudinal profile includes the topography at 
the top, relative velocity in the middle, and absolute velocity at the bottom, with color bars provided. Panels (b) to (h) show profiles at 118.5◦, 120◦, 121.5◦, 123◦, 
124.5◦, 126◦, and 127.5◦, respectively. Profiles are divided into subregions based on relative velocity, with red (low) and blue (high) indicating anomaly strength 
from light (weak) to dark (strong) (see, Fig. S19). Geological units are labeled, including the North China Craton (NCC), northern Korean Peninsula (KP1), southern 
Korean Peninsula (KP2), high-velocity collision boundary (BD), and southern Yangtze Craton (YZ). The Moho is projected as a gray dashed line (Chang & Baag, 2007; 
Choi et al., 2015; Xu et al., 2016b; Zhang et al., 2019). Earthquakes of ML 3.0 and above are marked with white stars, and historical ones of ML 6.0 and above with red 
stars. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Latitudinal profiles of relative and absolute velocities. Latitudinal profile locations are shown in (a). Each latitudinal profile includes the topography at the 
top, relative velocity in the middle, and absolute velocity at the bottom, with color bars provided. Panels (b) to (h) show profiles at 33◦, 34◦, 35◦, 36◦, 37◦, 38◦, 39◦, 
and 40◦ respectively. Profiles are divided into subregions based on relative velocity, with red (low) and blue (high) indicating anomaly strength from light (weak) to 
dark (strong) (see, Fig. S20). Geological units are labeled, including the North China Craton (NCC), northern Korean Peninsula (KP1), southern Korean Peninsula 
(KP2), high-velocity collision boundary (BD), and southern Yangtze Craton (YZ). The Moho is projected as a gray dashed line (Chang & Baag, 2007; Choi et al., 2015; 
Xu et al., 2016b; Zhang et al., 2019). Earthquakes of ML 3.0 and above are marked with white stars, and historical ones of ML 6.0 and above with red stars. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Y. Liu et al.                                                                                                                                                                                                                                      Gondwana Research 151 (2026) 390–408 

401 



northern peninsula and the southern Yellow Sea. We assume that the 
high-velocity pattern in the KP appears somewhat different from that in 
the Sulu orogen: in the KP, the upper mantle shows relatively low ve
locities whereas the crust is characterized by high velocities, while in the 
Sulu region both the crust and mantle exhibit overall high velocities. The 
weak crustal low-velocity anomaly of the Sulu in the 36◦ profile could be 
related to the influence of Yellow Sea extension. Based on these con
trasts, we delineate two candidate boundaries: Line B and Line C in 
Fig. 11. Line B traces the velocity contrast between the southern Yellow 
Sea and the southern Korean Peninsula. It branches off from Line A and 
internally includes the Ongjin Basin (OJB), Imjingang Belt (IB), and the 
Hongseong area in the Gyeonggi Massif (GM), which correspond to the 

strongest high-velocity zone observed in Profile 126◦. The boundary 
then continues southeastward, roughly following the West Marginal 
Fault (WMF), and may indicate a strike-slip boundary developed during 
the Triassic collision. Both the WMF and the Tanlu Fault Zone (TFZ) 
coincide with zones of Moho depression in the latitudinal absolute ve
locity profiles, supporting the possibility that the WMF, like the TFZ, is a 
deep-penetrating structure formed during the collision. Line C, on the 
other hand, traces the contrast between the northern and southern 
Korean Peninsula. It also branches from Line A, beginning at the Ongjin 
Basin (OJB) and Imjingang Belt (IB), crossing the Gyeonggi Massif (GM), 
and reaching the Taebaeksan Basin (TB).

Seismic profiles and drilling results from the southern Yellow Sea 
show three fault types: reverse faults, strike-slip faults, and listric normal 
faults (Chang, 2015; Zou et al., 2016; Xu et al., 2019; Xuan et al., 2020; 
Zhang et al., 2021; Hu et al., 2022a; Zhang et al., 2022; Ma et al., 2023; 
Zhao et al., 2024). Abundant seismic profiles, rock samples, magmatic 
data, gravity data, and basin modeling confirm that magmatic activity 
occurred in this area due to basin extension after the collision (Lee et al., 
2006; Hao et al., 2007; Li et al., 2009; Pang et al., 2017a; Pang et al., 
2017b; Wang et al., 2017b; Hu et al., 2022b). The dominant stress field is 
suggested to have changed with tectonic evolution (Liang et al., 2003; 
Zhang et al., 2007; Li et al., 2016; Lei et al., 2018; Petrishchevsky, 2022). 
During the collision phase, convergence is the main force, forming thrust 
faults (Fig. 12b). After the collision, mantle upwelling led to extensive 
volcanic activity in the southern Yellow Sea. Divergence then became 
the dominant force, creating a widespread low-velocity zone (LVZ) that 
extends beneath the southwestern Korean Peninsula (Fig. 12c).

The inverted velocity models reveal the possible Triassic collision 
boundary between the YB and the SKC, along with basin extension 
features in the SYS. We infer the collision zone fully overlaps with the 
Sulu Orogenic Belt (SOB) and extends eastward into the Yellow Sea. It 
covers the potential extension zone of the SOB and continues to the 
western coast of the KP. This zone encompasses the Ongjin Basin and the 
western side of the Imjingang Belt, then curves southward through the 
Hongseong area. Based on the two possible structural boundaries, two 
potential models are proposed (Fig. 12a). The first model is based on the 
structural boundary that corresponds to the WMF. Velocity 

Fig. 11. The subdivisions of the region based on vertical velocity cross sections. 
The observed collision boundary is indicated (Line A), and two other possible 
structural boundaries are marked (Line B and Line C).

Fig. 12. Collision belt, structural boundaries, and schematic tectonic models: (a) One Possible Collision model. Inferred collision belt, possible structural boundary A 
(WMF) and possible structural boundary B are marked; (b) Schematic diagram of the NNE-oriented collision process in the southern Yellow Sea; (c) Schematic 
diagram of the WE-oriented extension in the southern Yellow Sea and the formation of the low-velocity zone (LVZ). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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characteristics differ significantly between eastern and western regions. 
The second model focuses on the structural boundary crossing the 
middle of KP. Velocity characteristics sharply contrast between northern 
and southern regions. The first model suggests that, during the Triassic 
collision, the entire KP belong to the SKC. The second model implies the 
northern KP was part of the SKC, while the southern KP corresponded to 
the YB.

9.1. Sulu orogenic belt extension across the Yellow Sea

The Sulu Orogenic Belt (SOB) is widely recognized as the collision 
boundary between the Yangtze Block and the North China Craton (Xu 
et al., 2021; Hu et al., 2022a). Along the SOB, several eclogite samples 
have been reported in prior studies (Li et al., 2000; Zhang et al., 2009), 
with the westernmost sample found on Qialiyan Island, near the central 
Yellow Sea (Li et al., 2014). These eclogites represent exhumed frag
ments of a subducted paleo-oceanic plate, likely formed during the 
Yangtze–North China collision (Ye et al., 2021; Luo et al., 2022). Seismic 
studies have shown that the SOB is characterized by high-velocity 
anomalies, a typical feature of collision fronts (Xu, 2001; Bai et al., 
2007; Luo et al., 2022).

The possible offshore continuation of the SOB into the Yellow Sea has 
long been proposed (Ree et al., 1996). Our results indicate that this 
extension is significantly broader than previously recognized, with its 
northern margin reaching the northern Yellow Sea. Some studies based 
on seismic profiles, well data, magnetic reversal data, and field obser
vations also suggest that the extension of the SOB is likely significantly 
wider than previously thought and extends to Yellow Sea (Hu et al., 
2022a). Focal-mechanism solutions show predominantly strike-slip 
events in the central Yellow Sea, along with ENE–WSW-oriented 
normal faults that appear to mark the northern boundary of the colli
sion. This structural pattern suggests that the SOB extends across the 
Yellow Sea and may reach toward the western coast of the Korean 
Peninsula (Hong & Choi, 2012). In addition, crustal density modeling 
based on TRIDENT satellite gravity data reveals a high-gravity anomaly 
from the Sulu Belt into the Yellow Sea, closely matching the high- 
velocity collision zone identified in this study (Choi et al., 2015).

The SOB also appears to extend into the Korean Peninsula through 
connections with major tectonic belts. The Imjingang Belt has been 
considered a possible segment of the collision zone due to its deforma
tion and metamorphism during the same collisional event (Chough 
et al., 2000). Genetic links between the Imjingang and Sulu belts are 
supported by similarities in age, metamorphic characteristics, and post- 
orogenic magmatism (Cho et al., 2008). Furthermore, the collision belt 
inferred in our study passes through the Hongseong area, where high- 
pressure and high-temperature eclogites comparable to those in the 
SOB have been identified (Oh et al., 2005). Isotopic dating confirms a 
shared origin for the Hongseong and Sulu eclogites (Zhai et al., 2007), 
and interpretations of GRACE satellite gravity data suggest that both the 
Imjingang Belt and the Hongseong area form the eastern margin of the 
collision structure (Choi et al., 2006).

9.2. Eastern structural boundaries and possibilities of South China 
rotation

Our results infer two possible eastern structural boundaries: one is 
the West Marginal Fault (WMF) in the Yellow Sea, and the other is a 
boundary located in the Korean Peninsula (KP).

The WMF might represent a potential structural boundary. We find 
the west and east sides of the west marginal fault (WMF) exhibit 
different characteristics. The WMF region shows predominantly high 
velocities, with structural features that slightly differ from those of the 
Sulu Belt and its extensions. This suggests that the WMF may exist. 
Recent seismic profile studies have confirmed the existence of the WMF 
and identified its location, describing it as a typical strike-slip fault with 
reverse-faulting characteristics (Zhang et al., 2022; Zhao et al., 2024). 

Comprehensive analysis of geological and geophysical data from China’s 
marginal seas revealed the WMF could serve as a strike-slip boundary 
(Hao et al., 2002; Hou et al., 2022). Some models suggest the Yangtze 
Block (YB) was embedded within the South Korean Craton (SKC) to the 
north, with the Tanlu Fault Zone (TFZ) forming the western boundary, 
the WMF serves as the eastern boundary, the WMF exhibits both strike- 
slip and reverse faulting characteristics potentially resulting from the 
rotation of the Yangtze Block (Hao et al., 2007; Zhai et al., 2007; Chang 
& Zhao, 2012; Chang, 2015).

A second possible eastern boundary is suggested by a significant 
velocity structure difference between the northern and southern KP. 
This boundary starts at the Ongjin Basin (OJB) and Imjingang Belt (IB), 
passes through the Gyeonggi Massif (GM), and reaches the Taebaeksan 
Basin (TB). Teleseismic traveltime tomography, local traveltime to
mography, ambient noise tomography, and attenuation tomography 
from previous studies confirm this difference (Hong, 2010; Kim et al., 
2017a; Wang et al., 2017a; Song et al., 2020). Petrographic studies 
suggest that the collision initially occurred in the eastern part of the 
South China Block (KP), and later in the Dabie–Sulu Orogenic Belt. 
During this process, relative clockwise rotation occurred between the 
Sino–Korean Craton and South China Block (Zhang, 1997; Oh, 2006). So 
the boundary in KP may be the position of initial collision, later the 
collision progressing to the Dabie–Sulu Orogenic Belt, possibly accom
panied by rotation of the South China Block.

Additionally, the collision belt broadens significantly from the cen
tral Yellow Sea to the western coast of the Korean Peninsula, potentially 
due to rotation. Several paleomagnetic studies suggest that the Yangtze 
Block, or South China Block, experienced significant rotation of 30◦ to 
70◦ relative to the South Korean Craton (Gilder et al., 1999; Zhao et al., 
1999; Huang et al., 2018; Peng et al., 2022). Some collision models 
effectively incorporate the rotation of the South China Block, suggesting 
that the rotation of the Yangtze Block led to subsequent thrust along the 
WMF, supporting the idea that the initial collision likely aligned with a 
NNE orientation, consistent with the strikes of both the Tanlu Fault and 
WMF (Chang & Zhao, 2012; Hu et al., 2022a). Thus, the rotation of the 
South China Block may have occurred during the collision.

9.3. Basin formation in the southern Yellow Sea

A broad low-velocity anomaly extends from the southern Yellow Sea 
to the southern Korean Peninsula, corresponding to widespread low 
velocities in the upper and middle crust along profiles 123◦–126◦ and 
33◦–36◦. This anomaly likely reflects basin-wide crustal thinning and 
magmatic activity. Multichannel seismic surveys have imaged abundant 
igneous features—including stocks, laccoliths, sills, dikes, and hydro
thermal vent systems—formed during basin extension (Lee et al., 2006). 
Interpretation of 2-D marine seismic profiles further reveals the coex
istence of normal, thrust, and strike-slip faults in the southern Yellow 
Sea, indicating a tectonic transition from compression to extension 
(Zhang et al., 2021).

The East Block (EB) experienced multiple extensional episodes dur
ing the late Mesozoic and Cenozoic (Ren et al., 2002; Kusky et al., 2007; 
Lin & Wei, 2020). Seismic profile data indicate three major deformation 
stages since the Indosinian orogeny: an initial foreland compression 
stage, a transitional phase, and the development of a Neo
gene–Quaternary depression associated with Late Creta
ceous–Paleogene drifting (Lei et al., 2018). Such tectonic evolution 
likely facilitated the observed crustal extension and its associated low- 
velocity structure. Comparable low-velocity anomalies in the EB have 
been linked to lithospheric upwelling, as indicated by ambient noise, 
surface-wave, and anisotropic tomography (Tian & Zhao, 2013; Chen 
et al., 2014; Ma et al., 2022), as well as receiver-function and seismic- 
imaging studies (He, 2020; Liu et al., 2022). Additional supporting ev
idence includes the occurrence of Mesozoic–Cenozoic mantle peridotites 
(Liu et al., 2019; Zhao et al., 2023) and dome-like crustal structures in 
the EB and southern Yellow Sea Basin (Jia et al., 2014; Ma et al., 2023; 
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Zhao et al., 2023). These results collectively indicate that the southern 
Yellow Sea Basin has undergone substantial extension and may still be 
actively deforming.

10. Discussion and conclusions

We conducted P-wave traveltime tomography across the eastern 
Sino–Korean Craton using dense seismic networks in both China and 
Korea. The inverted velocity model in the region reveals information 
about the Triassic collision and basin extension, refining structural 
boundaries and features related to these tectonic processes. The velocity 
results show relatively low-velocity anomalies in the North China 
Craton, the southern Yellow Sea, and the northern Korean Peninsula, 
contrasting with high-velocity zones in the southern Korean Peninsula 
and the Sulu Orogenic Belt.

We identify three principal boundaries in the study area. The first is a 
well-constrained collision boundary exhibiting a sharp velocity contrast: 
low velocities correspond to the North China Craton on one side, while 
comparatively higher velocities are associated with the collision belt on 
the other. The southern portion of this boundary coincides with the Sulu 
Orogenic Belt. Afterward, it extends eastward into the northern Yellow 
Sea and further reaches the western coast of the Korean Peninsula. In 
addition to this collision boundary, two significant structural boundaries 
marked by pronounced velocity contrasts are recognized. One is located 
in the southern Yellow Sea near the western Korean Peninsula and may 
correspond to the West Marginal Fault. The other traverses the Korean 
Peninsula, originating at the Ongjin Basin and the Imjingang Belt, 
passing through the Gyeonggi Massif, and extending to the Taebaeksan 
Basin. Based on these boundaries, two tectonic models are proposed for 
the Triassic collision period: one suggests that the entire Korean 
Peninsula is part of the Sino-Korean Craton, while the other argues that 
only the northern peninsula belongs to it.

We also identify a prominent low-velocity zone extending from the 
crust of the southern Yellow Sea to the mantle beneath the southern 
Korean Peninsula. This feature may be attributed to basin spreading and 
mantle upwelling, although the timing of this extension is unclear. 
Convergence during the collision likely caused thrust faulting in the 
southern Yellow Sea. Subsequently, mantle upwelling and extensional 
divergence may have driven the formation of listric normal faults and 
contributed to the development of the low-velocity zone.

Several limitations of this study should be acknowledged. Minor 
uncertainties may arise from factors such as origin-time errors and 
picking errors, although their impact is expected to be small. The reli
ance on P-wave data may not capture all relevant tectonic processes. The 
velocity structure does not reveal the direction of tectonic movements or 
rotation, limiting the interpretation of geodynamic processes. The 
spatial resolution may not be sufficient to detect smaller-scale features, 
such as confirming the West Marginal Fault. The shape of the collision 
zone may curve southeast in the central Yellow Sea, potentially due to 
South China Block rotation, though the extent of the rotation remains 
uncertain. The extensive low-velocity zone in the southern Yellow Sea 
likely results from basin extension, though other causes cannot be ruled 
out. Although the Moho beneath the region does not show significant 
topographic variation (generally within ~3 km), we cannot completely 
exclude the potential influence of crustal thickening on the observed 
low-velocity anomalies. Since the anomalies extend across the Moho 
into the upper mantle, additional mantle-scale processes such as partial 
melting or lithospheric modification may also be involved. The rela
tively thick sedimentary cover beneath the southwestern Yellow Sea 
near the China continent, as suggested by the GlobSed model, could 
contribute to a slight overestimation of the lateral or vertical extent of 
the low-velocity anomaly (Straume et al., 2019).

However, this study benefits from the inclusion of data from a 
comprehensive network of stations across both China and Korea. The 
dense ray coverage in the study area and the high quality local trav
eltime data provide strong constraints on the crust-to-upper mantle 

structure. This approach allows for more precise identification of key 
tectonic features, such as the potential location of the West Marginal 
Fault and the clear delineation of the velocity contrast boundary be
tween the northern and southern Korean Peninsula. Furthermore, we 
can clearly observe the Sulu collision belt stretching into the Yellow Sea 
and further toward the west coast of the Korean Peninsula, validating 
the hypothesis proposed by several studies regarding the Sulu belt. 
Additionally, the low-velocity zone extending from the southern Yellow 
Sea to the Korean Peninsula is clearly visible, a feature not previously 
observed in earlier studies. Future research could incorporate tomog
raphy results from other seismic phases and integrate additional 
methods, such as geodetic and geological studies, along with anisotropic 
analyses, to further enhance the understanding of the region’s complex 
tectonic evolution.
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