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 A B S T R A C T

The eastern proto-Eurasian passive margin, currently around the southeastern Korean Peninsula, experienced 
complex tectonic episodes of paleo-Pacific plate subduction, mantle upwelling, plutonic intrusion, continental 
rifting, and rotational separation of continental fragments. These multi-stage processes imprint composite 
tectonic signatures in the crust and upper mantle. We construct a high-resolution, three-dimensional shear-wave 
velocity model extending into the upper mantle by integrating ambient-noise tomography and earthquake-
based Eikonal tomography. The velocity structures reveal strong low-velocity anomalies in sediment-filled 
basins underlain by high-velocity plutonic bodies and substantial basement relief, indicating extensive arc-
related magmatism and magma underplating in the Cretaceous. Low-velocity anomalies in the upper mantle 
along the western margin of the Gyeongsang basin suggest thermally modified lithosphere influenced by 
northwestward mantle-wedge flow linked to paleo-Pacific subduction. These characteristics together with 
subdued mountain topography near volcanic basins suggest lithospheric extension associated with slab retreat. 
Along the eastern and southern coasts, strong high-velocity anomalies in the lower crust reflect mantle uplift 
and lithospheric thinning related to continental rifting prior to the opening of the East Sea (Sea of Japan). 
Low velocity perturbations along the east coast at depths of ∼50–100 km suggest elevated thermal conditions 
produced by asthenospheric upwelling beneath the extensional margin. The spatially variable structures suggest 
continental rifting through multiple processes. Seismic anisotropy provides additional constraints on the 
deformation history, supporting clockwise rotational deformation around a pivot located near the southwestern 
East Sea.
1. Introduction

The East Sea (Sea of Japan) is a key area that connects the eastern 
margin of the Eurasian Plate with Japanese islands (Choi et al., 2012; 
Hong et al., 2024; Park and Hong, 2024a) (Fig.  1). Continent-scale 
complex tectonic evolution including plate reorganization, subduction 
change and slab rollback may be associated with the region (Chough 
and Sohn, 2010; Choi et al., 2012; Kim et al., 2015; Park and Hong, 
2024a; Celis et al., 2025). There remain unresolved issues such as deep 
slab geometry, remanent paleo plate (Izanagi Plate) and linkage to 
intraplate volcanism (Kim et al., 2015; Tang et al., 2018; Ma and Xu, 
2021; Celis et al., 2025).

The East Sea developed through continental rifting in the Oligocene 
to mid-Miocene, which resulted in the separation of the Japanese 
islands from the Eurasian continent (Choi et al., 2012; Kim et al., 2018, 
2022; Hong et al., 2024; Park and Hong, 2024a; J. Lee et al., 2025). 
The high-relief bathymetry and diamond-shaped coastline was formed 
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from multiple tectonic processes with intermittent rifting and seafloor 
spreading (Kim et al., 2018; Yang et al., 2022; Celis et al., 2025). The 
rotational opening in the East Sea made the southwestern Japanese 
islands rotate clockwise, while the northeastern Japanese islands coun-
terclockwise (Martin, 2011; Yang et al., 2022). The opening process 
may provide information on plate reorganization, mantle convection, 
and regional stress evolution (Otofuji et al., 1985; Choi et al., 2012; 
Yang et al., 2022). However, the structural signatures have been poorly 
identified (Otofuji et al., 1985, 1999; Jolivet et al., 1994; Martin, 2011; 
Choi et al., 2012; Yang et al., 2022).

The southeastern Korean Peninsula faces the southwestern East Sea 
where the rotational opening occurred (Martin, 2011; Yang et al., 
2022). High seismicity is observed in the reversely reactivated rift-
ing system (Choi et al., 2012). In addition, the rotation pole for 
the fan-shaped opening may be located in the southwestern margin 
of the East Sea. The lithospheric structures around the continental-
opening pivot may provide the information on lithospheric response in 
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Fig. 1. (a) Geological and tectonic structures around the eastern margin of the Eurasian Plate. Major geological provinces are indicated (thick solid lines): Nangrim 
massif (NM), Gyeonggi massif (GM), Yeongnam massif (YM), Hongseong-Imjingang belt (HIB), Okcheon belt (OB), Pyeongnam basin (PB), Taebaeksan basin (TB), 
Okcheon basin (CB), Gyeongsang basin (GB), and Yeonil basin (YB). Major faults (thin solid lines) and ambient stress fields (arrows) are marked. The Ulleung 
fault (UF) and Hupo fault (HF) are indicated. The paleo-continental-rifting center in the western East Sea and paleo-continental-collision zone in the Yellow Sea 
are marked (shaded regions). The study area is indicated (box). Tectonic setting around the Korean Peninsula is presented (inset). (b) Topography map of the 
study region. Sobaek Mountain Range, Jinan basin, and Yeongdong basin are indicated. Subbasins in the Gyeongsang basin are indicated: Yeongyang (YYB), 
Euiseong (ESB), and Jinju (JJB). Volcanic-extrusion areas are marked (dotted lines). (c) Instrumental seismicity in the study region. Focal depths and magnitudes 
are presented. The 12 September 2016 𝑀𝐿5.8 earthquake and the 15 November 2017 𝑀𝐿5.4 earthquake are marked (stars). (d) Instrumental seismicity density. 
Focal mechanism solutions of the earthquakes are presented (Hong and Choi, 2012; Choi et al., 2012; Lee et al., 2017).
the rotational continent-opening system. The region also contains the 
Gyeongsang basin, a Cretaceous sedimentary basin in the southeastern 
Korean Peninsula. The relationship between continental rifting and 
the Gyeongsang basin provides constraints on the processes governing 
continental rift evolution. The rifting and opening of the East Sea ac-
company lithospheric thinning, asthenospheric upwelling, and thermal 
elevation, which may leave structural imprints (Choi et al., 2012; Yang 
et al., 2022; Park and Hong, 2024a; Celis et al., 2025; J. Lee et al., 
2025).

Seismic tomography provides constraints on the lithospheric struc-
tures associated with tectonic evolution (Van van der Hilst et al., 1997; 
Hafkenscheid et al., 2006; Replumaz et al., 2010; Kil et al., 2021; 
Park and Hong, 2024a). This study investigates crust-to-upper-mantle 
structures around the southeastern Korean Peninsula using a combined 
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analysis of ambient-noise tomography and earthquake-based Eikonal 
tomography (Park and Hong, 2024a). We examine the lithospheric and 
thermal structures from the seismic velocity structures, with a particu-
lar focus on identifying signatures of continental-rifting and rotational 
opening processes. Geological and seismological observations are inte-
grated to constrain the tectonic evolution and rifting mechanisms in the 
East Sea.

2. Geological settings

The Pacific Plate and Philippine Sea Plate subduct beneath the 
Japanese islands that lie on the edges of the Eurasian Plate and the 
North American Plate. This plate subduction system generates complex 
stress fields and mantle flow patterns along the eastern Eurasian margin 
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Huang and Zhao (2006), Nakajima et al. (2006), Zhao et al. (2012), Lee 
et al. (2017), S. Lee et al. (2025). Mantle dynamics of the overlying big 
mantle wedge modulates the regional tectonics (Lei and Zhao, 2005; 
Zhao et al., 2007, 2009; Ma and Xu, 2021). The region has experienced 
complex tectonic episodes including continental collision (Hong and 
Choi, 2012; Hong et al., 2016; Celis et al., 2025; Hong et al., 2025; Liu 
et al., 2026), plate subduction (Chough et al., 2000; Kim et al., 2015; 
Celis et al., 2025), and continental rifting (Choi et al., 2012; Kim et al., 
2018, 2022; Park and Hong, 2024a; Hong et al., 2024).

The southeastern Korean Peninsula consists of complex geologi-
cal units, including two Precambrian massifs (Gyeonggi and Yeong-
nam massifs), a metamorphic fold-thrust belt (Okcheon belt) with 
Neoproterozoic and Paleozoic metasedimentary basins (Okcheon and 
Taebaeksan basins), and Cretaceous and Cenozoic sedimentary basins 
(Gyeongsang and Yeonil basins) (Fig.  1) (supplementary materials).

The East Sea is located in a back-arc region between the Eurasian 
continent and the Japanese islands. The East Sea was formed by the 
continental rifting during the Oligocene to mid-Miocene (Choi et al., 
2012; Kim et al., 2022; Hong et al., 2024) (Fig.  1). Multiple rifting 
episodes occurred at distinct centers, forming major deep-sea basins 
including the Ulleung, Japan, and Yamato basins (Choi et al., 2012; Kim 
et al., 2018, 2022; Hong et al., 2024). The southwestern East Sea was 
a principal locus of the rifting with sequential east–west continental 
extension and breakup from north to south (Kim et al., 2018; Yang 
et al., 2022; J. Lee et al., 2025).

Systematic mantle uplift, asthenospheric upwelling, magma un-
derplating, seafloor spreading occurred during the tectonic evolution 
(Hirata et al., 1992; Choi et al., 2012; Yang et al., 2022; Hong et al., 
2024; Park and Hong, 2024a; J. Lee et al., 2025). Then, clockwise 
rotation of the southwestern Japanese islands relative to the Korean 
Peninsula led to the formation of wedge-shaped southwestern margin, 
fostering fan-shaped rotational opening of the southwestern East Sea 
(Kim et al., 2022; Yang et al., 2022; J. Lee et al., 2025). Paleomagnetic 
data suggest ∼50–60◦ clockwise rotation of the southern Japanese 
islands with respect to the southern Korean Peninsula (Otofuji et al., 
1985, 1999; Hayashida et al., 1991; Yang et al., 2022). Rotational 
continent opening may be driven by trench-perpendicular mantle flow 
(Long and van der Hilst, 2005; Lü et al., 2019; Yang et al., 2022; Celis 
et al., 2025).

The southeastern Korean Peninsula and the southwestern Japanese 
islands experienced arc-related volcanism associated with the sub-
duction of the paleo-Pacific plate, resulting in widespread volcano-
sedimentary sequences (Chough and Sohn, 2010; Kim et al., 2012; Y.I. 
Lee et al., 2023; S.H. Lee et al., 2023). The Gyeongsang basin, char-
acterized by ∼150–200 km-wide volcano-sedimentary strata largely 
occupying the southeastern peninsula, is interpreted as a back-arc 
basin formed during paleo-subduction (Okada, 2000; Chough and 
Sohn, 2010). The basin is subdivided into distinct subbasins (Euiseong, 
Yeongyang, and Jinju subbasins) (Chough and Sohn, 2010) (Fig.  1).

The crustal thickness decreases eastward from ∼36 km in the Yeong-
nam massif to ∼28 km near the coast, consistent with the transi-
tion from continental to oceanic crust. High surface heat flow up to 
∼100 mW/m2 appears in the eastern Gyeongsang basin (Fig.  2(a), (b)). 
Positive Bouguer gravity anomalies of >∼20 mGal are pronounced in 
the Gyeongsang basin, suggesting a high-density basement or uplifted 
structures (Ryu et al., 2006; Kim et al., 2017) (Fig.  2(c)). The crustally 
guided shear-wave attenuation (Lg 𝑄−1

0 ) reaches up to ∼0.003 in the 
Gyeongsang and Yeonil basins, likely due to thick sedimentary layers 
(Hong, 2010) (Fig.  2(d)). Similarly, the crustal P-wave is amplified in 
basin areas (Fig.  2(e)).

Coast-parallel high Pn velocities up to ∼8.2 km/s are observed along 
the western East Sea in both the local and regional tomography models, 
which is related to solidified underplated magma formed by the paleo-
rifting (Choi et al., 2012; Du et al., 2022) (Fig.  2(f)). Comparable high 
𝑃𝑛 velocities are also present around the western Gyeongsang basin, 
indicating locally perturbed upper-mantle medium. The upper-crustal 
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shear-wave velocities are distinctly low in the Gyeongsang and Yeonil 
basins, consistent with thick sedimentary layers (Fig.  2(g)). Similarly, 
the shear-wave velocities in the uppermost 30 m, 𝑉𝑆30, appear low in 
the Yeonil basin (Fig.  2(h)). High crustal 𝑉𝑃 /𝑉𝑆 ratios up to ∼1.78 
appear along the east coast, which may be associated with mafic 
magma intrusion accompanied by the paleo-rifting (Fig.  2(i)) (Jo and 
Hong, 2013; Song et al., 2020; Park and Hong, 2024a).

The ambient stress field is composed of ENE-WSW compression and 
NNW-SSE tension (Fig.  1). The southeastern Korean Peninsula presents 
relatively high seismicity with M4-5 earthquakes (Hong et al., 2017, 
2018; Park et al., 2021; Hong et al., 2022). The seismicity is dominated 
by strike-slip events with focal depths of ∼5–20 km. The southwestern 
East Sea presents high seismicity with reverse-faulting and strike-slip 
events (Fig.  1(c), (d)) (Choi et al., 2012; Hong et al., 2024). The 
high seismicity is largely attributed to the seismic reactivation of the 
paleo-tectonic structures (Choi et al., 2012; Hong et al., 2024).

3. Data

Seismic networks of permanent and temporary stations are densely 
deployed in the Korean Peninsula (Fig.  3). We collect continuous 
seismic records from 476 permanent stations from the Korea Mete-
orological Administration (KMA), Korea Institute of Geoscience and 
Mineral Resources (KIGAM), Korea Hydro and Nuclear Power (KHNP), 
Korea Electric Power Corporation (KEPCO), Korea Water Resources 
Corporation (K-water), and the Yonsei Earth Observatory. Also, we 
obtain seismic records from 388 temporary stations. The total number 
of stations is 864. The stations are equipped with three-component 
broadband seismometers, short-period sensors, and accelerometers. The 
sampling rates differ by network, ranging from 20 to 200 Hz.

We analyze continuous vertical-component records for the ambient-
noise tomography. We use continuous records of 526 stations in the 
southeastern Korean Peninsula for a two-year-long period from January 
2022 to December 2023. The interstation distances are < 20 km in 
inland regions, which are shortest in Gyeongju area (∼3 km) (Heo et al., 
2024) (Fig.  3) (supplementary materials).

Also, for the earthquake-based Eikonal tomography, we analyze 
vertical seismic records for 468 earthquakes with magnitudes of 𝑀𝑊
5.5–7.9 and focal depths of < 150 km in epicentral distances of < 90◦ in 
2022–2023. We collect 270129 vertical waveforms in total, presenting 
prominent Rayleigh wavetrains (Fig.  3). The earthquake information 
is collected from the International Seismological Centre (ISC). These 
events present wide azimuthal coverage over the Korean Peninsula.

4. Method

Ambient noise is dominated by high-frequency energy originat-
ing from anthropogenic, oceanic, and atmospheric processes (Hong 
et al., 2020; Park and Hong, 2020; Park et al., 2022; Park and Hong, 
2024b, 2026). On the other hand, earthquake-generated seismic waves 
are rich at relatively low frequencies (Park and Hong, 2024a,b). A 
combined analysis of ambient-noise tomography and earthquake-based 
tomography may provide wide-frequency imaging to constrain the 
crust-to-upper-mantle structures (Park and Hong, 2024a).

The ambient-noise tomography analysis is based on interstation 
ambient-noise crosscorrelation function that yields the Green’s function 
along the path between the stations (Shapiro and Campillo, 2004; 
Shapiro et al., 2005; Bensen et al., 2007; Yang et al., 2007; Lin et al., 
2013; Kil et al., 2021; Park and Hong, 2024a). The crosscorrelation 
function is given by Lin et al. (2013), Goutorbe et al. (2015), Kil et al. 
(2021), Park and Hong (2024a), 

𝐶𝑖𝑗 (𝑡) =
∫ 𝑢𝑖(𝑡 + 𝜏)𝑢𝑗 (𝜏)𝑑𝜏

√

[ ]2
√

[ ]2
, (1)
∫ 𝑢𝑖(𝑡 + 𝜏) 𝑑𝜏 ∫ 𝑢𝑗 (𝜏) 𝑑𝜏
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Fig. 2. Lateral variations in geophysical and seismic properties: (a) crustal thickness (Hong et al., 2008), (b) Bouguer gravity anomaly (Cho et al., 1997; Choi 
et al., 2021a,b, 2022), (c) mantle-lid P-wave velocity (Hong and Kang, 2009), (d) surface heat flow (Lee et al., 2010), (e) S-wave velocity at a depth of 6.75 km 
(Choi et al., 2009), (f) 𝑉𝑃 ∕𝑉𝑆 ratio (Jo and Hong, 2013), (g) crustal P amplification (Hong and Lee, 2012), (h) average S-wave velocity up to a depth of 30 m 
(𝑉𝑆30) (Kim and Hong, 2022), and (i) crustally-guided shear-wave attenuation (Lg 𝑄−1

0 ) (Hong, 2010). Geological boundaries (thick solid lines) and major faults 
(thin solid lines) are denoted.
where 𝑡 is the delay time, 𝐶𝑖𝑗 is the waveform crosscorrelation function 
between stations 𝑖 and 𝑗, and 𝑢𝑖(𝜏) and 𝑢𝑗 (𝜏) are the waveform records 
at stations 𝑖 and 𝑗 for time 𝜏.

The retrieved Green’s function is generally dominated by
fundamental-mode Rayleigh waves (Bensen et al., 2007; Kil et al., 2021; 
Park et al., 2021). We measure the traveltimes of Rayleigh waves using 
a multiple filter technique with a Gaussian filter that is given by Bensen 
et al. (2007), Cho et al. (2007), Goutorbe et al. (2015), Kil et al. (2021),

𝐻(𝑓 ) = exp

[

−𝛼
(

𝑓 − 𝑓0
𝑓0

)2
]

, (2)

where 𝐻(𝑓 ) is the Gaussian filter for frequency 𝑓 and 𝛼 is the filter-
width parameter. Parameter 𝛼 is scaled to the interstation distance, 
controlling the compromise between time and frequency resolution in 
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the analysis (Levshin et al., 1989; Bensen et al., 2007; Kil et al., 2021; 
Park and Hong, 2024a).

The tomographic inversion of Rayleigh-wave group velocities deter-
mines a velocity model 𝑚 to minimize the objective function 𝑅(𝐦),

𝑅(𝐦) =
[

𝐩(𝐦) − 𝐝
]𝑇 𝐂−1

𝑑

[

𝐩(𝐦) − 𝐝
]

+𝜖
[

𝐦 −𝐦𝟎
]𝑇 𝐂−1

𝑚

[

𝐦 −𝐦𝟎
]

+𝜂𝐦𝑇𝐃𝑇𝐃𝐦, (3)

where 𝐩(𝐦) is the theoretical traveltimes for model 𝐦, 𝐝 is the observed 
traveltimes, 𝐦𝟎 is the reference model, 𝐂𝑑 is the data covariance matrix, 
𝐂𝑚 is the model covariance matrix, 𝜖 is the damping parameter, 𝜂
is the smoothing parameter, and 𝐃 is the second derivative operator 
(Rawlinson and Sambridge, 2003; Goutorbe et al., 2015; Kil et al., 
2021; Park and Hong, 2024a). The inversion parameters (𝜖, 𝜂) control 
the tradeoff between the traveltime misfit, model roughness, and model 
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Fig. 3. (a) Seismic stations in the Korean Peninsula. The seismic stations are densely deployed in the study region (box). (b) Enlarged map of seismic stations. 
Interstation raypaths are presented (solid lines). (c) Locations of earthquakes for Eikonal tomography analysis. Focal depths and magnitudes of the earthquakes 
are indicated. Histograms for (d) focal depths, (e) epicentral distances and (f) back azimuths of earthquakes are presented. The events are distributed in wide 
backazimuths. The focal depths are less than 150 km, mostly less than 40 km.
variance. The parameters are determined through a sensitivity analysis 
(Kil et al., 2021; Park and Hong, 2024a).

We conduct Rayleigh-wave phase-velocity tomography analysis us-
ing the Eikonal method based on earthquake records (Lin and Ritz-
woller, 2011b; Jin and Gaherty, 2015; Kang et al., 2016; Hao et al., 
2021; Park and Hong, 2024a; Park et al., 2024). We measure the 
relative arrival times of Rayleigh waves at stations using a waveform 
crosscorrelation technique (Park and Hong, 2024a). The apparent phase 
velocity of Rayleigh waves is determined from the Eikonal equation 
(Lin and Ritzwoller, 2011a; Jin and Gaherty, 2015; Park and Hong, 
2024a), 

1
|

|

|

𝑐′
(

𝐫
)

|

|

|

2
= |

|

|

∇𝑇
(

𝐫
)

|

|

|

2
, (4)

where 𝑐′ (𝐫) is the apparent Rayleigh-wave phase velocity at location ⃗𝐫, 
and 𝑇 (

𝐫
) is the Rayleigh-wave traveltime at location 𝐫. The apparent 

phase velocities are affected by scattering, anisotropy, and multipath 
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effects, exhibiting earthquake-dependent variations and spurious ar-
tifacts (Lehujeur and Chevrot, 2020). In practice, a representative 
phase velocity model is determined by stacking the apparent phase 
velocity models over earthquakes (Jin and Gaherty, 2015; Lehujeur and 
Chevrot, 2020; Hao et al., 2021; Park and Hong, 2024a).

5. Process

The study region (34.0◦N-37.5◦N, 127.0◦E-129.625◦E) is divided 
into 0.1◦-by-0.125◦ cells. Seismic records are converted to displacement 
waveforms after correction for instrument responses. Also, the records 
are downsampled to 20 Hz. We calculate the ambient-noise crosscorre-
lation function every 2-hour-long record segment. The crosscorrelation 
functions are stacked over all segments to determine the representative 
Green’s functions. We apply time-domain normalization and spectral 
whitening to suppress transient high energy and equalize spectral am-
plitudes. The Green’s functions present prominent fundamental-mode 
Rayleigh wave energy with apparent group velocities around 3 km/s 
(Fig.  4).
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Fig. 4. (a) Examples of Green’s functions retrieved from interstation ambient-noise crosscorrelation analysis. The station pairs and interstation distances are 
indicated. Prominent Rayleigh waves are observed. The station locations and interstation raypaths are indicated on the maps. (b) Collective Green’s functions 
with increasing interstation distances. Robust Rayleigh wave energy appears in distances over 300 km. Theoretical Rayleigh-wave traveltime curves for group 
velocities (𝑈) of 2.5 km/s and 3.5 km/s are marked (dotted lines). The dominant energy exhibits group velocities around 3 km/s. (c) Example of Rayleigh-wave 
dispersion analysis for station pair YNDB-U034. The station locations and interstation raypath are indicated on the map (inset). The Rayleigh-wave group-velocity 
dispersion curve is marked (dotted line). (d) Collective Rayleigh-wave group-velocity dispersion curves for all station pairs. The average group velocities are 
indicated (dotted line). (e) Raypath-dependent Rayleigh-wave group velocities at a period of 7 s, and (f) cell-hit counts at a period of 7 s. The group velocities 
vary by region. The group velocities vary regionally, and the raypaths densely cover the study area.
We measure the fundamental-mode Rayleigh-wave group velocities 
at 1–20 s from the Green’s functions using the multiple filter technique 
(Fig.  4). We analyze the Green’s functions with signal-to-noise ratios of 
> 3 and interstation distances of > 3 wavelengths. We set the bandwidth 
parameter (𝛼) to be 3–25 that is scaled with interstation distance. 
We measure the group velocities from fold-averaged Green’s functions 
for stable measurement. We only assess the group velocities when 
the differences of individual estimates between causal and acausal 
components are less than 5% (Park and Hong, 2024a). We finally obtain 
the group-velocity measurements for 11829–95268 raypaths depending 
on the frequency. Raypath coverage is high in most regions, with cell-
hit counts of > 200 (Figs.  3, 4(d)). We apply the smoothing parameter of 
50 and damping parameter of 200–500 (see, supplementary materials).

For Eikonal tomography, we prepare the earthquake waveform 
records that are Gaussian-filtered for periods of 20–80 s. We collect 
Rayleigh wavetrains using time windows with length of 8 periods 
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around the peak Rayleigh-wave amplitudes. We analyze the Rayleigh 
waveforms with signal-to-noise ratios of > 5. We measure the inter-
station phase delay times using waveform crosscorrelations. Only the 
estimates with correlation coefficients of > 0.9 are analyzed (Park and 
Hong, 2024a). The phase arrival times at stations are reconstructed 
from these interstation delays (Park and Hong, 2024a) (Fig.  5). The 
phase velocities are estimated using the Eikonal equation (Jin and 
Gaherty, 2015; Hao et al., 2021; Park and Hong, 2024a) (Fig.  5).

Rayleigh-wave dispersion curves at periods of 1–80 s are con-
structed from group and phase velocities (Figs.  6, 7). We derive the 
shear-wave velocity models from the dispersion curves using a lin-
earized iterative inversion method (Herrmann and Ammon, 2004). 
Layered velocity models down to a depth of 200 km are inverted. The
P-wave velocities and densities are determined from the inverted S-
wave velocities using empirical relationships (Nafe and Drake, 1963; 
Brocher, 2005). Considering the depth sensitivity of Rayleigh-wave 
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Fig. 5. (a) Vertical seismic records for the 10 September 2022 𝑀𝑊  7.4 earthquake. A Gaussian filter at a period of 50 s is applied. Time windows for the Rayleigh 
wave analysis are indicated (shaded). Map of earthquake (star), stations (circles), and raypaths (solid lines) is presented (inset). (b) Differential traveltimes (𝛥𝑇 ) 
of Rayleigh waves at period of 50 s. The station locations are marked (triangles). Planar wavefronts with local undulations are observed. (c) Map of average 
Rayleigh-wave phase velocities at period of 50 s is presented. The average phase velocities smoothly change over the region with minimized event-dependent 
artifacts. Maps of apparent Rayleigh-wave phase velocities (𝑐′) at period of 50 s for (d) the 10 September 2022 𝑀𝑊  7.4 Papua New Guinea earthquake, (e) the 
22 November 2022 𝑀𝑊  7.0 Solomon Islands earthquake, and (f) the 23 February 2023 𝑀𝑊  6.7 Tajikistan earthquake. The apparent phase velocities present 
local variations.
dispersion curves, the layer thickness is set to increase with depth, from 
∼1 km near the surface to ∼50 km at depths greater than 100 km. 
Consequently, the vertical resolution of the model varies with depth.

6. Validation test

We verify the tomography analyses using synthetic recovery tests 
(Cho et al., 2007; Hong and Kang, 2009; Jia and Clayton, 2021; Kil 
et al., 2021). We consider Rayleigh-wave group-velocity perturbations 
of ±10% in checkerboard pattern with checker sizes of 0.3◦-by-0.38◦, 
0.4◦-by-0.5◦, and 0.6◦-by-0.75◦ in the ambient-noise tomography anal-
ysis (see, supplementary materials). We produce synthetic traveltimes 
with random Gaussian errors of standard deviations 0.5–1.7 s. We 
invert velocity models from the synthetic data (see, supplementary 
materials). The checkerboard patterns with checker sizes down to 
0.4◦-by-0.5◦ (equivalently, lateral resolution of approximately 44 km-
by-45 km) are well recovered at periods of 1–20 s. In particular, 
smaller perturbations of 0.3◦-by-0.38◦ are reasonably recovered in 
periods ≤ 15 s, suggesting higher spatial resolution for shallow depths 
(supplementary materials).

For the validation test of earthquake-based Eikonal tomography 
analysis, we consider Rayleigh-wave phase-velocity perturbations of 
10% with checker sizes of 0.4◦-by-0.5◦ and 0.6◦-by-0.75◦. We add ran-
dom Gaussian errors with standard deviations of 0.07–0.21 km/s to the 
theoretical traveltimes. The checker size of 0.6◦-by-0.75◦ (equivalently, 
spatial resolution of approximately 66 km-by-67 km) is reasonably 
resolved in periods of 20 s to 80 s. The inversion at shorter periods 
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of ≤ 40 s recovers the 0.4◦-by-0.50◦ checkers, suggesting higher spatial 
resolution of approximately 0.44 km-by-0.45 km.

We also examine the stability of 3-D shear-wave velocity inversion 
(supplementary materials). We consider a synthetic shear-wave velocity 
model based on a checkerboard pattern with a checker size of 0.6◦-
by-0.75◦ and velocity perturbations of ±10% relative to a reference 
one-dimensional model. To assess the vertical resolution of the inver-
sion, we introduce depth-dependent perturbations in which the sign 
of the velocity perturbation alternates at depths of 10 km, 30 km, 
60 km, and 100 km (supplementary materials). Synthetic Rayleigh-
wave traveltime data are generated for the synthetic input velocity 
model, incorporating random Gaussian errors. We sequentially perform 
Rayleigh-wave group-velocity inversion, Rayleigh-wave phase-velocity 
inversion, and shear-wave velocity inversion using the synthetic data. 
The lateral and vertical shear-wave velocity perturbations are well 
recovered up to 200 km depth at most regions.

7. Shear-wave velocity model inversion

Rayleigh waves at periods of 1–80 s are sensitive to the shear-wave 
velocities at depths of 0–200 km (Fig.  7). We invert the Rayleigh-
wave group-velocity models at periods of 1–20 s and phase-velocity 
models at periods of 20–80 s (Fig.  6) (supplementary materials). The 
average Rayleigh-wave group velocities increase from ∼2.69 km/s to 
∼3.10 km/s at periods 1 s to 8 s. The velocities are ∼3.03 km/s at peri-
ods of 9–15 s, and reach ∼3.09 km/s at the period of 20 s. The average 
phase velocities increase gradually from ∼3.62 km/s to ∼4.03 km/s 
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Fig. 6. Ambient-noise Rayleigh-wave group-velocity tomography at periods of (a) 2 s, (b) 7 s, and (c) 15 s, together with earthquake-based Rayleigh-wave 
phase-velocity tomography at periods of (d) 20 s, (e) 40 s, and (f) 80 s. Velocity perturbations (𝛥𝑈 , 𝛥𝑐) relative to the average velocities (𝑈avg, 𝑐avg) are presented. 
Geological boundaries (thick solid lines) and major faults (thin solid lines) are marked.
at periods of 20 s to 80 s. These period-dependent variations reflect 
vertical changes in the seismic velocities.

The lateral perturbations in Rayleigh-wave group velocity are as 
strong as -12% to 11% at the period of 1 s (Fig.  6) (supplementary 
materials). The perturbation strength decreases with increasing period, 
being -5% to 3% at the period of 20 s. The Rayleigh-wave phase veloc-
ities similarly exhibit substantial lateral perturbations exceeding ±3% 
over periods of 20–80 s. The lateral variations are strongly correlated 
with geological features. At periods of 1–6 s, the group velocities are 
low in Gyeongsang and Yeonil basins, and high in Yeongnam massif 
and Okcheon belt. The velocity perturbations are reversed at longer 
periods (> 6 s) with high velocities in Gyeongsang basin and low 
velocities elsewhere. Sharp velocity contrasts appear at periods of >
30 s along the geological boundaries between Yeongnam massif and 
Gyeongsang basin, distinguishing the geological properties distinctly 
(Fig.  6) (supplementary materials).

We invert the shear-wave velocity model from Rayleigh-wave dis-
persion curves using a linearized iterative inversion based on a two-step 
approach to update the initial models. In this approach, the updated 
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1-D initial model is derived from a regional average Rayleigh-wave dis-
persion curve, which is obtained through inversion using a previously 
reported 1-D model (Fig.  7). The reference model at shallow depths 
of <∼5 km presents low velocities that may be attributed to the thick 
sedimentary cover in the Gyeongsang and Yeonil basins. The velocities 
increase abruptly at depths of ∼25–35 km, which corresponds to the 
Moho discontinuity. The mild velocity decrease at depths of ∼60–80 km 
forms a low-velocity zone that may correspond to the lithosphere-
asthenosphere boundary (LAB) (Pasyanos et al., 2014; Lee et al., 2022; 
S. Lee et al., 2025). At depths greater than about 80 km, shear-wave 
velocities turn to increase with depth.

A one-dimensional shear-wave velocity model is determined for 
each grid point (see supplementary materials). We evaluate the uncer-
tainty of the inverted models using Markov chain Monte Carlo analysis, 
confirming the robustness of the inversion results (see supplementary 
materials). The Gyeongsang and Yeonil basins present strong low ve-
locities at shallow depths due to the sedimentary cover, and mild 
low velocities around the lithosphere-asthenosphere boundary. On the 
other hand, the Yeongnam massif presents relatively high velocities at 
shallow depths and mild velocity decreases in the upper mantle (Song 
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Fig. 7. (a) Reference Rayleigh-wave velocity dispersion curves for the study region. The observed dispersion curves (open symbols) are compared with the 
theoretical dispersion curves (solid and dotted lines), presenting good agreement at periods of 1–80 s. Sensitivity kernels of Rayleigh-wave (b) group velocities 
(𝑈) and (c) phase velocities (𝑐) as a function of depth for different periods. (d) Inverted 1-D shear-wave velocity model. S-wave velocity models for the global-
average Earth (ak135) (Kennett et al., 1995), entire Korean Peninsula (Chang and Baag, 2006), Gyeongsang basin Kim et al. (2011), central-western Korean 
Peninsula (Kil et al., 2021), and central Korean Peninsula (Park and Hong, 2024a) are compared.
et al., 2020; Park and Hong, 2024a). A 3-D shear-wave velocity model 
is compiled from the 1-D models at grid points (Figs.  8, 9). The model 
is consistent with the velocity models of previous studies (Song et al., 
2020; Park and Hong, 2024a) (Fig.  10(a)) (see, supplementary mate-
rials). The inverted 3-D model presents high resolution on small-scale 
structures.

8. Shear-wave velocity model

At shallow depths (<∼ 6 km), the velocity models present strong 
correspondence to the surface geology. We observe pronounced low-
velocity anomalies of around −7% in Gyeongsang basin (L1-L4 in Fig. 
8). Notably, we observe low-velocity anomalies that align with basins 
(Euiseong, Yeongyang, and Jinju) (L1, L2, L3 in Fig.  8). The low 
velocity anomalies are distinct in Euiseong basin (L1a, L1b, and L1c 
in Fig.  8). On the other hand, we observe high-velocity anomalies in 
the southern Gyeongsang basin with extrusive volcanic rocks (H1 in 
Fig.  8). Similarly, Yeonil basin presents low-velocity anomalies down 
to around −13% (L4 in Fig.  8). The low velocities may reflect lower 
degrees of sediment consolidation of young strata (S. Lee et al., 2023). 
Also, relatively mild low-velocity anomalies of >∼ −3 % appear near 
Yeongdong basin (L5 in Fig.  8). On the other hand, high velocities 
appear in Yeongnam massif, Okcheon belt, and Okcheon basin.

The low velocity anomalies at shallow depths in the basin regions 
diminish with increasing depth. The vertical extent of the low-velocity 
anomalies may suggest the thickness of sedimentary fills (Braeuer and 
Bauer, 2015; Hidayat et al., 2021; Cho et al., 2025). The low velocity 
anomalies terminate at depths of ∼4 km in Yeongyang basin, ∼6 km in 
Jinju basin, ∼7 km in Euiseong basin, ∼11 km in the northern Yeonil 
basin, and ∼5 km in Yeongdong basin (L1, L2, L3, L4, L5, L6 in Fig. 
8). The strong low-velocity anomalies in the northern Yeonil basin 
agree with high heat flows (Figs.  2, 8). Also, it is noteworthy that the 
observation is consistent with gravity surveys (Ryu et al., 2006).
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High-velocity anomalies appear at the upper crust (depths of
∼6–20 km) in Gyeongsang basin (H2 in Fig.  8). The high velocities 
are consistent with previous local tomography studies (Kim et al., 
2017). These high-velocity anomalies are encompassed by low-velocity 
anomalies in surrounding regions (Yeongnam massif, Okcheon belt, 
Gyeonggi massif). Notably, the shear-wave velocities reach ∼3.7 km/s 
at depths of ∼10 km in Gyeongsang basin. Comparable velocities 
appear at depths of > 20 km in adjacent regions (H2 in Fig.  8).

We observe westward-dipping high-velocity structures at the lower 
crust (depths of ∼20–30 km) along the east coast (H3 in Figs.  8, 9). The 
coast-parallel Moho uplift is consistent with receiver function studies 
(Chang and Baag, 2006; Hwang and Chang, 2023; J. Lee et al., 2025). 
The coastal high-velocity anomalies extend to the depths of ∼40 km. 
However, the middle region around latitude of 36.5◦ presents a velocity 
transition (high-velocity anomalies to low-velocity anomalies) at depths 
of ∼30–40 km, separating two high-velocity bodies (H3a and H3b in 
Fig.  8).

At depths of > 50 km, the shear-wave velocities are generally low 
in the eastern regions and high in the western regions (Fig.  8). We 
find small-scale anomalies (L7-L10, H4, and H5 in Fig.  8). We identify 
low-velocity anomalies with widths of ∼50 km along the northern and 
southern coastal areas (L7 and L8 in Fig.  8). The northern low-velocity 
anomalies (L7 in Fig.  8) extend to the north, being connected to strong 
low-velocity anomalies along the east coast that are associated with 
mantle uplift (Park and Hong, 2024a) (Fig.  10(a)).

Notable low velocity anomalies elongated in NNE-SSW (length of 
∼150 km and width of ∼50 km) appear at depths of ∼50–150 km along 
the western boundary of Gyeongsang basin (L10 in Figs.  8, 9). Also, 
high-velocity anomalies broadly extend across the southwestern Korean 
Peninsula (H5 in Figs.  8, 9). We observe distinct velocity contrasts along 
the boundary between Gyeongsang basin and Yeongnam massif.

We also identify asthenospheric low-velocity anomalies spanning 
from the southern Gyeonggi massif to the southern Taebaeksan basin 
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Fig. 8. Shear-wave velocity tomography at depths of (a) 0.5 km, (b) 3.5 km, (c) 5.5 km, (d) 9.5 km, (e) 23 km, (f) 35 km, (g) 58 km, (h) 75 km, and (i) 125 km. 
Differential velocities (𝛥𝑉𝑆 ) relative to the average velocities (𝑉𝑆,avg) are presented. Geological boundaries (thick solid lines) and major faults (thin solid lines) 
are indicated. Seismicity at corresponding depths is marked (open circles). Apparent low- and high-velocity structures are indicated (L1-L10 and H1-H5).
through the central Okcheon belt (L9 in Fig.  8). The anomalies extend 
northward to the low-velocity anomalies across the central to eastern 
Gyeonggi massif (Song et al., 2020; Park and Hong, 2024a). The low-
velocity anomalies are spatially correlated with Cenozoic volcanism 
(Kim et al., 2015; Song et al., 2020; Kim et al., 2024).

9. Discussion

Seismic velocities reflect the combined effects of rock composi-
tion, crystal and structural orientation, temperature, and stress within 
the medium. We interpret the inverted seismic velocity models in 
conjunction with geological context, geochemical observations, and 
other geophysical and seismological constraints to infer lithospheric 
structures and tectonic evolution.
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9.1. Structures and properties

Lateral variation in equi-velocity depths for 3.9–4.1 km/s may 
provide a first-order proxy of Moho undulation (Fig.  11) (Li et al., 2013; 
Park and Hong, 2024a). The depths for the velocities are the largest 
beneath Yeongnam massif, decreasing progressively toward the east 
coast. The Moho geometry broadly agrees with the receiver function 
studies (Chang and Baag, 2006; J. Lee et al., 2025). The mantle uplifts 
in the northern and southern coastal regions (> 5 km) are larger than 
those in the central coastal region (∼2–3 km) (Figs.  11, 12). The Sobaek 
Mountain Range develops in a thick-crust region.

The Moho uplift is observed along the east coast (Park and Hong, 
2024a). The Moho uplift may be associated with the crustal thinning 
and mantle upwelling during the continental rifting in the East Sea 
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Fig. 9. Cross-sections of shear-wave velocity structures: (a) map of profiles, and shear-wave velocity models along profiles (b) AA’, (c) BB’, (d) CC’, (e) DD’, (f) 
EE’, (g) FF’, (h) GG’, (i) HH’, (j) II’, (k) JJ’, (l) KK’, (m) LL’, and (n) MM’. Shear-wave velocities at depths of < 50 km and differential shear-wave velocities 
at depths of 50–100 km are presented. The uppermost 5 km are vertically exaggerated. The seismicity is presented (open circles). The surface topography is 
displayed on the top. Noticeable low- and high-velocity structures are indicated (L1-L10 and H1-H5).
(Choi et al., 2012; Hong et al., 2024; Park and Hong, 2024a; J. Lee 
et al., 2025). We observe the coast-parallel rift structures consistently 
in the crust to upper mantle. We observe upper-mantle low-velocity 
anomalies in the northern and southern coastal regions which may be 
associated with mantle uplift (R1 and R2 in Fig.  12). The feature is mild 
in the intervening region (R3 in Fig.  12).

The upper-mantle low-velocity anomalies along the east coast may 
be associated with elevated temperatures related to asthenospheric 
upwelling, which is supported by observations of mantle gas emissions 
(Song et al., 2020; Kim et al., 2024; S. Lee et al., 2023) (Fig.  13). In 
contrast, the high-velocity anomalies in the intervening region (H4 in 
Fig.  8) may indicate a localized, relatively cold lithospheric fragment 
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(Song et al., 2020; S. Lee et al., 2023) (Fig.  13). The observations are 
supported by positive Pn velocity anomalies and high crustal 𝑉𝑃 ∕𝑉𝑆
ratios in the northern and southern regions, which may be indicative 
of mafic magma intrusion and magma underplating (Hong and Kang, 
2009; Jo and Hong, 2013) (Fig.  12).

The lateral variations in crustal shear-wave velocities present con-
trasts between the western and eastern Gyeongsang basin, which is also 
supported by the crustal 𝑉𝑃 ∕𝑉𝑆 ratios (Fig.  2). The 𝑉𝑃 ∕𝑉𝑆 ratios are 
∼1.65–1.70 in the western area, which may be associated with felsic-
to-andesitic intrusion from arc magmatism (Fig.  2) (Chough and Sohn, 
2010; Y.I. Lee et al., 2023; S.H. Lee et al., 2023). On the other hand, the 
eastern area presents relatively high 𝑉 ∕𝑉  ratios (∼1.70–1.75), which 
𝑃 𝑆
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Fig. 10. (a) Comparison of shear-wave velocity models between this study and a previous study for the central-eastern Korean Peninsula (Park and Hong, 2024a). 
The seismic velocities for the overlapped region are matched, supporting the inversion results. (b) Comparison between shear-wave velocities at a depth of 95 km 
and upper-mantle fast S-wave orientations (Celis et al., 2025). The fast shear-wave direction varies by region.
Fig. 11. Maps of equivelocity depths for shear-wave velocities of (a) 4.0 km/s and (b) 4.1 km/s. Profile XX’ is indicated. The equivelocity depths are shallow 
along the east coast, and relatively large around the Yeongnam massif. (c) Variations of equivelocity depths for shear-wave velocities of 3.95–4.1 km/s along 
profile XX’. The surface topography is presented. The equivelocity depths gradually decrease to the east.
may be associated with mafic intrusion due to the continental-rifting 
in the East Sea (Fig.  2) (Choi et al., 2012; Yang et al., 2022; Park and 
Hong, 2024a; J. Lee et al., 2025).

The southwestern East Sea was formed through multi-stage rifting 
sequences that occurred from the north to the south (Kim et al., 2007, 
2022; Celis et al., 2025). The consistent parallel geometry between 
the coastline, uplifted mantle, and upper-mantle low-velocity anomalies 
may indicate the rift-axis geometry along NW-SE direction in the north-
ern region (R1 in Fig.  12) and N-S to NNE-SSW direction in the southern 
region (R3 in Fig.  12). The presence of intervening area between the 
northern and southern regions may suggest fragmented rift structures 
(R3 in Fig.  12), implying rotation of southern segment with respect to 
the northern segment.
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The upper-mantle low-velocity anomalies along the western mar-
gin of the Gyeongsang basin spatially coincide with high Pn velocity 
anomalies (R4 in Fig.  12), which may be associated with magma 
underplating structures (Hong and Kang, 2009) (Fig.  13). The low-
to-moderate crustal 𝑉𝑃 ∕𝑉𝑆 ratios (∼1.65–1.70) at Gyeongsang basin 
suggest that the mantle-derived Moho-underplated magma might rarely 
ascend into the crust (Fig.  12).

9.2. Tectonic implications

The southeastern Korean Peninsula experienced a series of multiple 
tectonic evolutions including mantle upwelling by subducting slab, 
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Fig. 12. Comparison among seismic properties around continental-rifting and rotational-opening regions: shear-wave velocities at depths of (a) 33 km and (b) 
75 km, (c) equivelocity depths for shear-wave velocity of 4.0 km/s, (d) upper-crustal 𝑉𝑃 ∕𝑉𝑆 ratios, (e) mantle-lid P-wave (Pn) velocities, and (f) fast shear-wave 
directions in the upper mantle (Celis et al., 2025). Continental-rifting signatures are pronounced along the east coast. Fragmented rift structures (R1 and R2) 
suggest successive episodes of continental rifting and rotational opening.
continental rifting, continental breakup, and rotational oceanic open-
ing. Such complex tectonic evolutions are hardly distinguishable from 
single seismic observations. Further, these tectonic episodes are partly 
imprinted in the continental structures.

Before the Cretaceous, the Korean Peninsula and the proto-Japanese 
islands were contiguous. The paleo-Pacific plate (Izanagi Plate) sub-
ducted northwestward beneath the proto-Japanese islands and south-
eastern Korean Peninsula that lay along a volcanic arc (Chough and 
Sohn, 2010; Kim et al., 2015). The plutonic intrusions and mantle 
wedge flow elevated the temperature, leading to thermal weakening of 
lithosphere around the southeastern proto-Korean Peninsula (Syracuse 
et al., 2010; Kim et al., 2015; S. Lee et al., 2023). On the other hand, 
beneath the southwestern Korean Peninsula, we identify high-velocity 
anomalies in the upper mantle, which may suggest the presence of 
a relatively strong remnant lithospheric root (Figs.  8, 9). Further, 
we observe a coherent pattern of upper-mantle seismic anisotropy 
derived from shear-wave splitting analysis of core-refracted phases, 
which supports northwestward mantle flow (Celis et al., 2025) (Fig. 
10(b)). These observations are consistent with the expected features of 
northwestward mantle-wedge flow and westward decrease in thermal 
modification (Song et al., 2020; Celis et al., 2025).

Such mantle dynamics may reflect a long-lived tectonic imprint 
associated with paleo-Pacific plate subduction, in which paleo-Pacific 
slab rollback may have induced WNW-ESE lithospheric stretching and 
asthenospheric upwelling during the early to late Cretaceous, leading 
to the development of the proto-Gyeongsang basin in the southeastern 
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Korean Peninsula (Chough and Sohn, 2010; S.H. Lee et al., 2023). 
The extrusive rocks attest to paleo-volcanism in the Gyeongsang basin 
(Chough and Sohn, 2010; Y.I. Lee et al., 2023; S.H. Lee et al., 2023; 
Song et al., 2020). The volcanism accompanied intrusion of the magma, 
forming pronounced basement relief and felsic to andesitic plutons 
in the crust (Chough and Sohn, 2010; Y.I. Lee et al., 2023). These 
features may make the Gyeongsang basin be imaged distinctively as 
a low velocity region at shallow depths (< 4 km), while high at the 
lower crust (5–23 km). The observation suggests magma underplating 
under the Moho in the Gyeongsang basin (Figs.  8, 9). The velocity 
anomalies delineate the NNE-SSW-trending geometry, suggesting that 
the Gyeongsang basin was formed in WNW-ESE direction.

The consecutive velocity structures in the upper mantle suggest that 
the thermal processes during the Gyeongsang basin formation might 
extend to the asthenosphere (Fig.  13). Also, the upper-mantle seismic 
anisotropy is consistent with the lithospheric stretching direction. The 
seismic velocity anomalies and seismic anisotropy support the slab-
rollback episode. The difference in fast shear-wave directions between 
the Yeongnam massif and Gyeongsang basin may suggest that the 
thick lithosphere of the Yeongnam massif might induce edge-driven 
mantle flows along the boundary (King and Anderson, 1998; Song et al., 
2020; Sun and Liu, 2023; Kim et al., 2024). Also, the observations 
suggest basin-wide emplacement of plutons and underlying extensive 
paleo-magmatism (Fig.  13).

The continental rifting in the Oligocene to mid-Miocene opened the 
East Sea, being accompanied by asthenospheric upwelling (Kim et al., 
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Fig. 13. Schematic model of paleotectonic structures: (a) map of shear-wave velocity profiles, and schematic models for profiles (b) MM’, (c) NN’, and (d) OO’. 
Topography along the profiles is presented. Major geological provinces are indicated: Gyeonggi massif (GM), Okcheon belt (OB), Taebaeksan basin (TB), Okcheon 
basin (CB), Yeongnam massif (YM), and Gyeongsang basin (GB). Sedimentary strata cover the basin areas. The crustal thicknesses are ∼33–35 km beneath the 
Sobaek Mountain Range, decreasing eastward to ∼28–32 km near the east coast. High-velocity plutonic bodies are emplaced beneath the Gyeongsang basin. At 
depths of > 50 km, low velocity anomalies linked to elevated temperatures are prominent.
2018, 2022). This tectonic evolution led to axis-perpendicular litho-
spheric thinning and stretching, potentially associated with the dynam-
ics of the big mantle wedge (Park and Hong, 2024a; J. Lee et al., 2025; 
Celis et al., 2025; Lei and Zhao, 2005; Zhao et al., 2007, 2009). This 
geodynamic imprint is effectively preserved along the coast of the east-
ern Korean Peninsula. We find a decrease in crustal thickness toward 
the east and high-velocity anomalies along the coast at depths around 
23 km, suggesting Moho uplift and continental rifting (Figs.  8, 11).

The southwestern East Sea was opened through multiple rifting 
episodes including east–west opening and clockwise rotation, which 
may be partly imprinted in the southeastern margin of the Korean 
Peninsula (Kim et al., 2018, 2022). We find high velocity anomalies 
along the east coast to the south coast at depths of 23 km (Fig.  8). 
Further, the fast-wave directions change along the coast, presenting 
NW-SE in the northern east coast, N-S in the southern east coast, 
and NE-SW in the south coast (Fig.  10(b)). The feature suggests that 
continental-side rift structures are curvilinear along the coast. These 
observations are consistent with regional seismic tomography mod-
els and paleomagnetic observations (Otofuji et al., 1985, 1999; Yang 
et al., 2022), supporting a multi-stage tectonic evolution involving 
continental rifting and clockwise rotation about a pole located off the 
south coast (Fig.  14). These sequential rifting stages, with their shifting 
orientations, altered the sea opening direction (Kim et al., 2018, 2022).
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10. Conclusions

The eastern margin of the Eurasian Plate experienced a series of tec-
tonic processes associated with paleo-plate subduction, mantle dynam-
ics, and subsequent continental rifting and rotation. The lithospheric 
architecture and its seismic imprints have been partially constrained 
for the prolonged and multi-stage tectonic events. In particular, the 
relationships between crust-mantle deformation and sequential tec-
tonic drivers have not been fully resolved. This study elucidates the 
successive tectonic episodes preserved in the present-day crustal and 
upper-mantle structures. We integrated ambient-noise tomography and 
earthquake-based Eikonal tomography, yielding a high-resolution 3-
D shear-wave velocity model that presents the hereditary tectonic 
signatures.

The seismic observations demonstrate that the southeastern Korean 
Peninsula preserves a composite record of long-term tectonic evolution. 
The constructed shear-wave velocity model is broadly consistent with 
reported geological features and tectonic history. The sedimentary 
fills in basins are characterized by prominent low-velocity anomalies, 
illuminating complex basin architectures with high basement relief. 
High-velocity signatures characterize the volcanic edifices in the south-
ern Gyeongsang basin. In addition, high-velocity features are identified 
in plutonic bodies within the mid-crust beneath the Gyeongsang basin. 
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Fig. 14. Tectonic evolution model in the eastern proto-Eurasian plate with 
major geological structures including Sobaek Mountain Range (SBR), Taebaek 
Mountain Range (TBR), Gyeongsang basin (GB), Ulleung basin (UB), and 
Yeonil basin (YB): (a) paleo-Pacific plate subduction in the early to late 
Cretaceous, (b) continental rifting in the Oligocene to early Miocene, and (c) 
clockwise continental rotation in the early to middle Miocene. The locations of 
crosssection profiles (XX’, YY’) are marked. Gyeongsang basin is formed during 
the paleo-Pacific subduction. Sobaek Mountain Range develops at the northern 
outskirts of Gyeongsang basin. The continental rifting separates the Korean 
Peninsula and Japanese islands, developing Ulleung basin. The clockwise 
continental rotation forms the current geological setting.

In contrast, low-velocity zones occur at upper-mantle depths along the 
western margin of the Gyeongsang basin.

These features suggest massive arc magmatism associated with the 
paleo-Pacific plate subduction. High-velocity perturbations in the lower 
crust support magma underplating and plutonic intrusion during basin 
development. The observed anisotropy aligns with the extension direc-
tion, and the difference in fast-wave orientations between the Yeong-
nam massif and Gyeongsang basin indicates possible edge-driven man-
tle flow along the lithospheric thickness contrast. These observations 
collectively support that thermal and tectonic processes associated with 
Cretaceous basin formation extended from the crust into the upper 
mantle.

High shear-wave velocity anomalies in the upper mantle and co-
herent anisotropy patterns indicate the presence of a strong litho-
spheric root in the southwestern Korean Peninsula, consistent with 
pre-Cretaceous arc magmatism and northwestward mantle-wedge flow 
associated with subduction of the paleo-Pacific plate. These features 
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suggest that arc-related processes preceding the Cretaceous have left a 
lasting imprint on the present-day lithosphere.

Subsequent continental rifting in the Oligocene to mid-Miocene 
produced lithospheric thinning and Moho uplift along the eastern 
Korean Peninsula. Notable signatures of continental-rifting in the East 
Sea are identified along the east coast. Westward-dipping high-velocity 
structures develop in the lower crust, suggesting continent-side mantle 
uplift. Also, strong low velocity anomalies at upper-mantle depths are 
attributed to the elevated temperature due to asthenospheric upwelling. 
The rifting signatures are pronounced locally in the northern and 
southern regions, suggesting multiple segmented rifting episodes (Kim 
et al., 2007, 2022).

The coastal high-velocity anomalies near the Moho (at ∼23 km 
depth), together with curvilinear anisotropy patterns, reflect multi-
stage rifting involving both NW-SE-directed extension and clockwise 
rotation. These sequential and variably oriented deformation episodes 
significantly influenced the geometry and kinematics of the East Sea 
opening. Overall, the southeastern Korean Peninsula records the inte-
grated effects of subduction, continental rifting, and rotational oceanic 
opening, offering insights into the broader tectonic evolution around 
the East Asian margin.
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