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Margins of old con�nental lithosphere are likely prone to ongoing modifica�on processes. Therefore,
constraining detailed structures beneath the margin can be essen�al in understanding the evolu�on of the
con�nental lithosphere. . The eastern margin of the Eurasian plate is a natural laboratory that allows us to
study the strong effects from mul�ple episodes of con�nental collision and subduc�on of different oceanic
plates since their forma�on. To reveal the detailed evolu�on of cratons at their margins, we describe, for
the first �me in detail, 3-D upper mantle velocity structure beneath the southern Korean Peninsula (SKP)
by teleseismic travel�me tomography. We used seismic data recorded by 254 permanent sta�ons
deployed in and around SKP, which allowed us to obtain high-resolu�on P and S wave velocity structures
from the uppermost mantle to a depth of ~360 km. We found a prominent velocity contrast within the
peninsula showing rela�vely low velocity in the east and northeast while rela�vely high velocity in the
west and southwest. We imaged a thick (~150 km) high-velocity anomaly mainly beneath the Proterozoic
Yeongnam massif with large velocity contrasts (dlnVp ≈ 4.0% and dlnVs ≈ 6.0%) at its boundaries,
sugges�ng the presence of a long-las�ng cratonic root in the southwestern SKP. On the other hand, low-
velocity anomalies were found beneath the Proterozoic Gyeonggi Massif, Gyeongsang arc-back-arc basin,
and along the eastern margin of the SKP, indica�ng significantly modified regions. The possible existence
of a remnant cratonic root beneath the SKP and contras�ng lithospheric structures across the different
Precambrian massifs suggests the highly heterogeneous modifica�on of cratonic lithosphere at the
eastern Eurasian plate margin. Strong velocity reduc�ons, which indicate a thermally elevated upper
mantle with poten�al par�al melts, clearly correspond to areas of Cenozoic basalts, high surface heat flow,
and high topography along the eastern KP margin. We interpret this coincidence as a result of recent
reac�va�on of a craton margin, which is controlled by intense interac�on between the convec�ve upper
mantle and heterogeneous con�nental lithosphere.

We used teleseismic body wave (direct P, S) to measure
rela�ve arrival �me residuals. The seismic sta�ons consist of
accelerometers, short-period, and broadband sta�ons
operated by Korea Meteorological Administra�on (KMA),
Korea Ins�tute of Geoscience and Mineral Resources (KIGAM),
Korea Ins�tute of Nuclear Safety (KINS), Japan Meteorological
Agency (JMA), F-net of Na�onal Research Ins�tute for Earth
Science and Disaster Resilience (NIED), and Global Seismic
Network (GSN) (le�, Fig. a). Loca�ons of sta�ons and events
are shown in the le�. We selected teleseismic events
occurred between 2013 to 2018 with magnitudes larger than
mb 5.4 in epicentral distances 30°–95°. Total 684 and 274
sources were used for P and S wave arrivals, respec�vely (le�,
Fig. b).

Rela�ve arrival �me residuals were accurately measured using the adap�ve stacking method (Rawlinson et al., 2004). Examples of waveforms and calculated
rela�ve residuals are shown below. We observed P and S waveforms in a ver�cal component with bandpass filtered between 0.1-5.0 Hz and in a transverse
component with bandpass filtered between 0.1-1.0 Hz, respec�vely. We applied Fast Marching Tomography (FMTOMO, Rawlinson & Urvoy, 2006) to invert
residual dataset to 3-D velocity perturba�ons. The method applies Fast Marching method (FMM, Rawlinson & Sambridge, 2004), which is a grid-based eikonal
solver for calcula�ng wave propaga�on in a 3-D local model space, and a subspace inversion technique (Kenne� et al., 1988) for an inversion. Forward
travel�me predic�on and inversion procedures were itera�vely applied to solve a non-linear tomography inversion. To account for crustal effects, we
simultaneously inverted the model for crustal and upper mantle structures with fixed Moho depths. Instead of using local crustal models in the SKP, a global
crustal model (Crust1.0; Laske et al., 2013) was adopted to cover regions beneath not only the SKP but also its margins and off-coasts.

The Korean Peninsula (KP) is located in the eastern margin
of the Eurasian plate (Fig. a). The basement of the KP
consists of late Archean to early Proterozoic massifs: from
north to south, the Nangrim (NM), Gyeonggi (GM), and
Yeongnam (YM) (Fig. b). As in China, each of the massifs in
the KP were subject to different tectonic processes during
amalgama�ons and breakups of supercon�nents (Columbia,
Rodinia, Gondwana, and Pangea) before the forma�on of
the current se�ng since the late Paleozoic to early Triassic.
Two fold-and-thrust belts, i.e., the Paleozoic Imjingang belt
(IB) and late Precambrian-Paleozoic Okcheon belt (OB),
separate the GM from the NM and YM, indica�ng collisional
and accre�onal processes during their forma�on. Extensive
Mesozoic-to-early Cenozoic plutonic emplacements
followed in a post-collisional and subduc�on tectonic se�ng.
Subsequent oblique subduc�on and rollback of the oceanic
plates affected the Precambrian lithosphere from eastern
China to the YM, forming the Gyeongsang arc-back-arc basin
(GB) at the southeastern margin of the YM and ri�ed
structures in the East Sea to the east of the KP, respec�vely.
Spa�ally non-uniform and complex tectonic structures
indicate that the cratonic lithosphere in the KP has been
exposed to intensive, complicated modifica�on processes at
the con�nental margin during the Phanerozoic period
(Chough et al., 2000).

Op�mum values of regulariza�on factors (damping (ε) and
smoothing (η)) for the model were systema�cally
determined by evalua�ng the trade-offs between the data
misfit, model smoothness, and model variance (Rawlinson
et al., 2006)

The resolu�on of the velocity model was me�culously assessed by performing mul�ple synthe�c recovery tests. All synthe�c data were
generated using an iden�cal source-receiver combina�on as the actual data with Gaussian random noise, whose standard devia�on was
equivalent to the es�mated residual uncertain�es. First, we conducted conven�onal checkerboard tests using various scales (bo�om le�, ~60 km
(Fig. a) and ~120 km (Fig. b)). Second, a spike test was performed using discrete short-wavelength anomalies to be�er verify the effects due to
smearing (bo�om right, Fig a). Lastly, we tested the resolu�on with realis�c structural input models, which applied simplified block anomalies to
evaluate the ver�cal resolu�ons of the interfaces (bo�om right, Fig. b). The original shape of the input structures was well-recovered. We
interpret the resul�ng velocity anomalies in the following sec�on for the areas showing robust and reliable recovery in the resolu�on tests.

From the global tomography, upper mantle velocity beneath KP exhibits rela�vely slower than the normal
mantle (~-1% of dVp and dVs). Similar velocity pa�erns were observed in previous regional scale upper mantle
tomographic studies in northeast Asia (e.g., Kim et al., 2016; Tao et al., 2018), which were interpreted as velocity
contrast between con�nental lithosphere and asthenosphere (Kim et al., 2016). Based on our results and
previous geological and geophysical evidences, the observed velocity pa�ern is a�ributable to thickness changes
of lithosphere and convec�ve upper mantle. An anomalously thick high-velocity structure beneath the YM
suggests the presence of a cold, resistant cratonic lithosphere fragment at the eastern margin of the Eurasian
plate. In contrast, the absence of deeper lithosphere mostly occupied by high-temperature, buoyant upper
mantle beneath the GM, con�nental arc and back-arc system of the GB in the southeast, and along the eastern
margin indicate highly modified regions. Dis�nct lithospheric features of the different adjacent Precambrian
massifs indicate different responses of each lithosphere to recent marginal tectonic processes. A clear spa�al
coincidence between low veloci�es and recent tectono-magma�c ac�vity suggests persistent reac�va�on of a
cratonic margin by intensive interac�on between the prominent lithospheric structures and convec�ve upper
mantle.
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Upper mantle velocity structure beneath the Korean Peninsula by teleseismic traveltime tomography: 
evidence for heterogeneous modification and reactivation of a cratonic lithosphere margin
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Residual correc�on for lower upper mantle heterogeneity
Although the effect of velocity heterogenei�es outside the model space is less

significant due to similar ray trajectories (Aki et al., 1977), strong velocity
perturba�ons at rela�vely less-constrained bo�om depths can poten�ally bias
amplitudes and pa�erns of the es�mated anomalies above. In our study area,
regional tomography at depths of 400–800 km suggested velocity perturba�ons of
up to 5% in the Vp and 7% in the Vs, mainly due to the stagnant Pacific slab in the
mantle transi�on zone (Li and van der Hilst, 2010; Tao et al., 2018). We tested and
minimized the impacts that the deeper anomalies had on our results. We first
calculated synthe�c residuals from a recent 3-D upper mantle velocity model for
deeper depths (Tao et al., 2018) (le�) and compared them with our observa�ons.
As a result, a long-period pa�ern of similarity was observed as a func�on of the
back-azimuth between the observed and synthe�c residuals (right), confirming
that this pa�ern originates from deeper upper mantle structures. However, this
effect caused only a small decrease in amplitude (dlnVp < 0.3% and dlnVs < 0.5%)
in our images for shallower areas (< 300 km) based on an addi�onal inversion with
a corrected dataset generated by subtrac�ng the synthe�c data from the
observa�ons. As a conserva�ve choice, we determined the results by inversion
with the corrected dataset as our final model.

3-D lower upper mantle velocity model (Tao et al., 2018) 
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Vp/Vs model
We obtained a Vp/Vs model from a joint

inversion of P and S wave residuals through
the similar approach of Schmandt et al.,
2010. We composed cost func�ons simply
summing the individual cost func�ons of Vp
and Vs and applying addi�onal smoothing
regulariza�on for Vp/Vs perturba�ons by
simultaneously modifing smoothing
parameters of Vp and Vs based on the norm
of Vp/Vs perturba�ons.

(a) Regional tectonic map of northeast Asia. Major tectonic provinces are indicated by black dashed
lines. Convergent plate boundaries are shown with red saw-toothed lines. Depths of the subduc�ng
oceanic slabs are indicated by brown dashed contours at 100-km intervals. Cretaceous and Cenozoic
extensional basins are shaded in gray. Volcanoes are indicated by red triangles. A pink dashed
rectangular box shows the map boundary of Fig. 2. CNCC: central North China Craton; ENCC: eastern
North China Craton; KP: Korean Peninsula. (b) Map showing the geology of the Korean Peninsula (KP).
Black solid lines indicate the boundaries of the different geologic provinces. GB: Gyeongsang Basin; GM:
Gyeonggi Massif; IB: Imjingang Belt; JI: Jeju volcanic Island; NM: Nangrim Massif; OB: Okcheon Belt; UI:
Ulleung volcanic Island; YM: Yeongnam Massif.


