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S U M M A R Y
The Korean Peninsula (KP), located along the eastern margin of the Eurasian and Amurian
plates, has experienced continual earthquakes from small to moderate magnitudes. Various
models to explain these earthquakes have been proposed, but the origins of the stress responsi-
ble for this region’s seismicity remain unclear and debated. This study aims to understand the
stress field of this region in terms of the contributions from crustal and upper-mantle hetero-
geneities imaged via seismic tomography using a series of numerical simulations. A crustal
seismic velocity model can determine the crustal thickness and density. Upper-mantle seismic
velocity anomalies from a regional tomography model were converted to a temperature field,
which can determine the structures (e.g. lithospheric thickness, subducting slabs, their gaps,
and stagnant features) and density. The heterogeneities in the crustal and upper mantle governed
the buoyancy forces and rheology in our models. The modelled surface topography, mantle
flow stress, and orientation of maximum horizontal stress, derived from the variations in the
crustal thickness, suggest that model with the lithospheric and upper-mantle heterogeneities is
required to improve these modelled quantities. The model with upper-mantle thermal anoma-
lies and east–west compression of approximately 50 MPa developed a stress field consistent
with the observed seismicity in the KP. However, the modelled and observed orientations of
the maximum horizontal stress agree in the western KP but they are inconsistent in the eastern
KP. Our analysis, based on the modelled quantities, suggested that compressional stress and
mantle heterogeneities may mainly control the seismicity in the western area. In contrast, we
found a clear correlation of the relatively thin lithosphere and strong upper-mantle upwelling
with the observed seismicity in the Eastern KP, but it is unclear whether stress, driven by these
heterogeneities, directly affects the seismicity of the upper crust.

Key words: Numerical modelling; Seismic tomography; Dynamics: seismotectonics; Intra-
plate processes; Rheology: crust and lithosphere; Rheology: mantle.

1 . I N T RO D U C T I O N

The Korean Peninsula (KP) is located along the eastern margin of
the Eurasian and Amurian plates. Although it is located far from
active tectonic boundaries (Fig. 1a), it has experienced moderate-
sized earthquakes, which have resulted in significant structural dam-
age and numerous fatalities (Houng & Hong 2013). According to
instrument-recorded activity since 1978, the largest earthquake was
the Gyeongju earthquake (ML 5.8), which occurred in Gyeongju
on the southeastern KP on 12 September 2016 (Kim et al. 2016;
Fig. 1b). The ground shaking generated by this earthquake was felt
throughout the country, and the earthquake was followed by numer-

ous aftershocks (Woo et al. 2019). The occurrence of the Gyeongju
earthquake surprised the inhabitants of South Korea, as the KP is
generally considered a stable tectonic region with a low seismic
hazard (Kim et al. 2016).

The origin of KP seismicity is obscure because the KP shows low
and distributed geodetic strain rates on the order of 10−9 yr–1 (Jin et
al. 2006) and a negligible association with known tectonic fabrics
and crustal thickness variations, as observed in previous studies
(Figs 1b and c). According to Lee & Yang (2006), seismicity in the
KP exhibits a diffuse seismic zone lacking a concentration of earth-
quakes, along with weaknesses such as surface lineaments, which
dominantly show an NNE direction (Fig. 1b). Noting the continent-
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Figure 1. (a) Map of Northeast Asia. Solid red lines denote plate boundaries while red saw-toothed lines indicate convergent plate boundaries (Bird 2003).
The green solid box indicates the numerical model. Red triangles indicate Cenozoic volcanism (Global Volcanism Program 2013). AM: Amurian Plate; ES:
East Sea (Sea of Japan); EU: Eurasian Plate; KP: Korean Peninsula; NT: Nankai Trough; OK: Okhotsk Plate; PA: Pacific Plate; PS: Philippine Sea Plate; RT:
Ryukyu Trench; YS: Yellow Sea; and YZ: Yangtze Plate. (b) Earthquake epicentres from the Korea Meteorological Administration (KMA) catalogue between
1978 and 2020. Grey circles and a red star respectively indicate the ML ≥ 3 events and Gyeongju earthquake (ML 5.8). Orange lines indicate surface lineaments.
(c) Depth distribution of the hypocentres and the earthquake frequency (ML ≥ 3) across an area of 1.0◦ × 5 km. Dark red and blue lines indicate the moho
depth (Mohorovičić discontinuity) along 36◦N and 38◦N, respectively.

to-ocean transition (COT) across the eastern margin of the KP, Soh
et al. (2018) utilized numerical models to show that the maximum
horizontal stress is eastwards, as accumulated by the lateral discon-
tinuity in the elastic moduli at the COT. However, there is a lack
of distinct evidence for a trend of eastwards increasing seismicity
(Fig. 1c). Moreover, the earthquake frequency near 126◦E is high
even with the weak variations in the crustal thickness (Fig. 1c),
implying that we do not understand the contribution from varying
crustal thicknesses to this region’s seismicity. Lee & Yang (2006)

speculated that the diffuse seismicity may be a response to the litho-
sphere modified by Mesozoic orogenies (e.g. Park et al. 2018), thus
altering the regional stress field.

The stress field can be significantly influenced by lateral varia-
tions in the mantle (e.g. Lithgow-Bertelloni & Guynn 2004). Recent
seismic tomographic models consistently show sharp and strong
lateral variations in the upper-mantle velocities beneath the KP
(Tao et al. 2018; Song et al. 2020). Tao et al. (2018) imaged the
upper-mantle structures beneath northeast Asia (NE Asia) with a
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Crustal seismicity as affected by mantle heterogeneities 1177

full-waveform inversion tomography model. Images at depths of
100 and 200 km show the variation from a relatively high-velocity
S-wave structure in the Yellow Sea (YS) to a low-velocity struc-
ture in the East Sea (ES, Fig. 2a and b). These characteristics are
consistent with other images resolved by Song et al. (2020). They
imaged the upper-mantle structures beneath the southern Korean
Peninsula (SKP) using teleseismic relative arrival time data from
dense local seismic arrays. Sharp and strong lateral variations in the
upper-mantle velocities (dVp of –4.23 to 3.46 per cent; dVs of –5.87
to 5.13 per cent) were observed beneath the SKP, which were inter-
preted as a contrast between the cold thick cratonic lithosphere root
in the southwestern SKP and the modified thin continental margin
lithosphere. Although the lithospheric and upper-mantle hetero-
geneities are known to have significant effects on crustal seismicity
(e.g. Craig et al. 2011; Mazzotti 2007; Sloan et al. 2011; Mooney et
al. 2012; Saxena et al. 2021), no studies have considered the hetero-
geneous lithosphere and upper mantle to understand the seismicity
of the KP.

This study investigates the contributions from the lithospheric
structures and upper-mantle heterogeneities with respect to the seis-
micity of the KP using numerical models. Geodynamic numerical
modelling is useful for linking stress sources to crustal seismicity
owing to its capability of computing stress fields based on one or
more selected contributing factors, such as lithospheric structures
and mantle heterogeneities. For instance, this capability enabled
Saxena et al. (2021) to find a reasonable correlation among the
foundering lithospheric root, as revealed by seismic tomography, the
modelled quantities, including the stress field and seismicity in the
central and eastern United States (CEUS), and a region analogous
to the KP, in terms of the large distance from the plate boundaries
and low tectonic strain rates. Following the modelling procedure ap-
plied to the CEUS by Saxena et al. (2021), we inverted the regional
tomography reported in Tao et al. (2018) to obtain a temperature
field to determine the density and viscosity of the assumed com-
positions. Far-field tectonic stresses and crustal thickness were also
considered.

In the following sections, we first introduce the procedure used
to invert the seismic velocity anomalies into those of temperature
under geochemical constraints, and then describe how the numer-
ical models were constructed (Section 2). Then, the model results
are presented in terms of the spatial distributions of the modelled
quantities (i.e. velocity, viscosity, temperature, surface topography
and mantle flow stress), a statistical analysis, and orientation of the
maximum horizontal stress (Section 3). Next, we discuss the results
by comparing the model predictions with geophysical observations
(Section 4). Finally, we address the contribution from the heteroge-
neous lithosphere and mantle to the upper crustal seismicity in the
KP.

2 . M O D E L L I N G M E T H O D

2.1. Inverting seismic velocity for temperature

A key step in inverting velocity anomalies in a seismic tomography
model for temperature is to determine the derivatives of the P- and
S-wave velocities (i.e. Vp and Vs, respectively) with respect to the
temperature (T). Following Goes et al. (2000), we expressed the
velocity derivative (∂V/∂T) as the sum of the anharmonic (anh) and
anelastic (ane) terms:
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where K and G are the bulk and shear moduli, respectively, ρ is
the mass density, Qp and Qs are the quality factors for the P and
S waves, respectively, a is an exponent describing the frequency
dependence of the attenuation, E is the activation energy and R is
the gas constant. On the right-hand sides of eqs (2) and (3), the first
and second terms are relevant to the anharmonicity while the other
is relevant to the anelasticity. Appendix A presents the derivation
of the partial derivatives on the right-hand side of eqs (2) and (3).
Again, following Goes et al. (2000), we used the following forms
of the quality factors:
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where Qk is the bulk attenuation constant, A is the scaling factor,
ω is the seismic frequency, P is the pressure and V is the activation
volume.

The anharmonic terms in eqs (2) and (3) were evaluated based
on the mineral composition of the mantle xenoliths found in the KP
while the anelastic term was evaluated with parameters for olivine, a
major constituent mineral of the upper mantle. Peridotite xenoliths
hosted by alkali basalts are lherzolite and magnesian harzburgite
(Choi 2012). The constituent minerals include forsterite-rich olivine
(Oliv), enstatite-rich orthopyroxene (Opx), diopside-rich clinopy-
roxene (Cpx) and spinel (Spi). The modal proportions of peridotite
show that Oliv is 40–83 per cent, Opx is 14–32 per cent, Cpx is 2–23
per cent and Spi is 0.4–6 per cent (Choi 2012). Based on these data,
we selected the average compositions of lherzolite and harzburgite
for upper-mantle rocks, which are composed of four minerals (i.e.
Oliv, Opx, Cpx and Spi): Lherzolite (Oliv: 62 per cent, Opx: 24 per
cent, Cpx: 12 per cent and Spi: 2 per cent) and harzburgite (Oliv:
81.0 per cent, Opx: 14 per cent, Cpx: 2 per cent and Spi: 3 per cent,
McDonough & Rudnick 1998). Table S1 lists the elastic parameters
of the minerals. The anelastic parameters for olivine are as follows:
A = 1.48 × 10−1, E = 500 × 103 J mol–1, V = 20 × 10−6 m3 mol–1,
a = 0.15, R = 8.314 J k–1 mol–1 and ω = 1 Hz (Goes et al. 2000).

The Newton–Raphson method was applied to R = ∂Vanh +
∂Vane − ∂Vobv to find temperature anomalies that minimize the
residual R. In this study, we only inverted the perturbation of the
S-wave velocity because it is more sensitive to temperature than
the P-wave velocity (Priestley & McKenzie 2006). The obtained
temperature anomalies were added to an averaged geotherm of the
continental and oceanic upper mantle (Fig. S1; Turcotte & Schu-
bert 2002). The final temperature field was used as input for the
numerical models described later.

Our numerical models used the temperature field inverted from
the regional tomographic model of Tao et al. (2018) to consider the
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1178 S. Lee et al.

Figure 2. S-wave anomalies from Tao et al. (2018) at depths of (a) 100, (b) 200, (c) 300, (d) 400, (e) 500 and (f) 600 km. The depths of the subducting oceanic
slabs are indicated by solid magenta contours at 100-km intervals based on the Slab2.0 model (Hayes et al. 2018). Yellow triangles in (a) indicate Cenozoic
volcanism (Global Volcanism Program 2013). Refer to Fig. 1(a) for abbreviation definitions.

heterogeneous lithosphere and upper mantle. This model had a spa-
tial extent of 90◦–150◦E, 10◦–60◦N and 0–800 km, and a resolution
of 0.25◦ × 0.25◦ × 10 km. The tomography showed subducting
slabs, where the slab geometry is consistent with Slab2.0 (Hayes
et al. 2018). We conducted temperature inversion for a smaller do-
main focusing on the KP and its surroundings [115◦–140◦E and
25◦–45◦N (green box in Fig. 1a) and 0–660 km] using the Voigt

average isotropic S-wave speed,
√

(V 2
SV + 2V 2

SH )

3 (Figs 2 and 3). To
promote the reproducibility of our study, we have made the in-
version script available online (Lee et al. 2020). The script was
implemented into the Python programming language and stored as
a Jupyter Notebook.

2.2. Numerical modelling

2.2.1 Governing equations and modelling software

We created a series of numerical models using ASPECT Version
2.2.0 (Kronbichler et al. 2012; Glerum et al. 2017; Heister et al.
2017; Rose et al. 2017; Fraters et al. 2019; Bangerth et al. 2020;
Heister et al. 2020), which is an open-source finite element code;
we used it to model lithospheric deformation and thermochemical

convection in the mantle. We chose the following set of governing
equations under the Boussinesq approximation:

− ∇ · τ (u) + ∇ P = ρg, (6)

− ∇ · u = 0, (7)

ρCp

(
∂T

∂t
+ u · ∇T

)
= k∇2 T, (8)

∂Ci

∂t
+ u · ∇ Ci = qi , (9)

where τ (u) is the deviatoric stress tensor (Pa), u is the velocity
vector (m s–1), P is pressure (Pa), ρ is density (kg m–3), g is the
gravity vector (m s–2), Cp is heat capacity (J kg–1K–1), T is tem-
perature (K), t is time (s), k is heat conductivity (W m–1 K–1), Ci is
the composition, qi is the compositional source term, τ is the devi-
atoric stress tensor, defined as τ (u) = 2η(ε(u) − 1

3 (∇ · u)I ), ε is
the strain rate tensor, given as ε (u) = 1

2 (∇u + (∇u)T ) and η is the
viscosity (Pa·s). Eqs (6)–(9) describe the linear momentum balance,
continuity, advection-diffusion of heat energy, and advection of the
composition field. We did not consider heat production processes,
such as shear heating and heat production, due to radioactive de-
cay. Heat capacity and conductivity were assumed to be constant.
Diffusion and dislocation creep, with plastic yield, were assumed
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Crustal seismicity as affected by mantle heterogeneities 1179

Figure 3. Inverted temperature anomalies at depths of (a) 100, (b) 200, (c) 300, (d) 400, (e) 500 and (f) 600 km. The depths of the subducting oceanic slabs are
indicated by solid magenta contours at 100-km intervals based on the Slab2.0 model (Hayes et al. 2018). Yellow triangles in (a) indicate Cenozoic volcanism
(Global Volcanism Program 2013). Refer to Fig. 1(a) for abbreviation definitions.

such that an effective viscosity was determined as a harmonic aver-
age of the viscosities resulting from the two creeping mechanisms
and plastic yield. Glerum et al. (2017) provide more details on the
formulations of the viscoplasticity in ASPECT.

2.2.2 Numerical model setup

The model domain was defined as a spherical cap with dimensions
of 115◦–140◦E, 25◦–45◦N and 0–660 km (Fig. 4a). It was discretized
into 0.25◦ × 0.25◦ × 10 km for the entire numerical domain, but
the elements within the top 50 km were further refined to 0.125◦

× 0.125◦ × 5 km such that the crustal thickness variation was
adequately resolved (Fig. 4a).

The domain was composed of three layers: upper crust, lower
crust and mantle. The upper and lower crustal thicknesses and den-
sities were obtained from the CRUST1.0 model (Laske et al. 2013;
Fig. 5). The upper crustal density was 2608 kg m–3, consisting of the
thickness-weighted average of water, sediment, and upper crust. The
lower crust in our models, corresponding to the middle and lower
crust of CRUST1.0, had a thickness-weighted average density of
2915 kg m–3. The rheological parameters and equation of state for
the different lithologies considered in our model were based on pre-
vious studies (Table 1). Specifically, for the upper crust, lower crust
and mantle we used laboratory-derived viscous flow laws of the
assumed predominant mineral phase (wet quartzite, wet anorthite

and dry olivine, respectively). This study used a volumetric thermal
expansivity (α) of 3 × 10–5 K–1 for mantle (Turcotte & Schubert
2002), but a value of zero for the crust (Table 1). We modelled two
buoyancy effects driven by the crust and mantle. One is associated
with the crustal thickness, as defined by CRUST1.0 (Laske et al.
2013). We then imposed a zero value to exclude the thermal effect.
The other was associated with the mantle structure, as defined by
temperature; we used α with the non-zero value. Table 1 lists the
remaining thermal properties considered in our model.

The bottom boundary and most of the side walls have free-slip
boundary conditions. The temperature was fixed at initially inverted
values at the bottom, and the zero heat flux conditions were assumed
on the closed sides.

Compressional boundary tractions were applied to the litho-
spheric portion of the domain’s western side wall while the rest
of the boundary was open (Fig. 4b). To construct this boundary
condition, the compressional boundary tractions were the sum of
the uniform compressional traction and normal tractions extracted
from the western wall of case x-1. This boundary condition was
introduced because the KP is characterized by mostly east–west
compression, at least at crustal depths, based on previous studies
(Jin et al. 2006; Rhie & Kim 2011; Soh et al. 2018), including the
World Stress Map (Heidbach et al. 2018). The east–west compres-
sion of the region is attributed to the India–Asia collision and the
subduction of the Pacific and Philippine Sea plates (Jolivet et al.
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1180 S. Lee et al.

Figure 4. (a) Model domain with dimensions. The actual computational mesh is shown on a vertical section along 35◦N. Coastlines of the region are drawn
on the top in blue. (b) Boundary conditions annotated on the model domain. Black arrows next to the west boundary represent the direction of traction for
east–west compression. Tractions were applied only on the dark red area of the west boundary while the green area is an open boundary.

Figure 5. Thickness of the (a) upper crust, (b) lower crust and (c) total crust from CRUST1.0 (Laske et al. 2013). Refer to Fig. 1(a) for abbreviation definitions.

Table 1. Material properties of the crustal layers and upper mantle.

Property Symbol Upper crusta Lower crustb Mantlec

Density [kg m–3] P 2608 2915 3300

Specific heat [J kg–1 K–1] Cp 800 800 1250

Thermal expansion coefficient [1 K–1] α 0 0 3.0 × 10–5

Thermal conductivity [W m–1 K–1] k 2.5 2.5 3.3

Rheological parameters for diffusion creep

Grain size [m] M 1.0 × 10–3 1.0 × 10–3 1.0 × 10–3

Pre-exponential factor [Pa–nmmdiff s–1] A 5.00 × 10–51 5.00 × 10–51 2.37 × 10–15

Grain size exponent mdiff 3.0 3.0 3.0

Activation energy [J mol–1] E 0 0 375 × 103

Activation volume [m3 mol–1] V 0 0 10.0 × 10–6

Rheological parameters for dislocation creep

Pre-exponential factor [Pa–n s–1] A 8.57 × 10–28 7.13 × 10–28 6.52 × 10–16

Stress exponent n 4.0 3.0 3.5

Activation energy [J mol–1] E 223 × 103 345 × 103 530 × 103

Activation volume [m3 mol–1] V 0 0 18.0 × 10–6

Angle of internal friction φ 30.0 30.0 30.0

Cohesion [MPa] c 20.0 20.0 20.0

Values taken from a: Rutter & Brodie (2004), b: Rybacki & Dresen (2000) and c: Hirth & Kohlstedf (2003).
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Crustal seismicity as affected by mantle heterogeneities 1181

2018). The applied tractions have magnitudes of 50 and 100 MPa.
These values correspond to deviatoric stress magnitudes for strain
rates of 2.5 × 10–17 and 5 × 10–17 (1 s–1), respectively and a litho-
spheric viscosity of 1024 Pa·s. The assumed strain rate magnitudes
were derived from the changes in the east–west velocity of 1.09
and 2.18 mm yr–1 over an angular distance of 25◦, which is approx-
imately 2775 km. These velocities are on the same order of magni-
tude as the relative plate velocities estimated at 0.27 to 2.78 mm yr–1

around the KP (Jin et al. 2006). The thickness of the lithosphere was
set to 120 km based on the high viscosity (≥1023 Pa·s) mantle (Fig.
S2) under the averaged reference geotherm (Fig. S1). The zero-heat
flux condition was assumed on the western sidewall.

The top boundary was treated as a free surface because this is
more realistic than applying the free-slip condition (Rose et al.
2017; Heister et al. 2020). In practice, several numerical time steps
can be used until an initially flat top surface reaches a quasi-isostatic
state as the top surface deforms in response to vertical tractions in
ASPECT’s Arbitrary Lagrangian-Eulerian framework (Rose et al.
2017). Surface topography arrives at a near-isostatic equilibrium
within 200 kyr in our models (Fig. S3). However, this forward time-
stepping must not be mistaken as a process of predicting the state of
the region after 200 kyr from the present. In addition, topography
on a deforming free surface should be distinguished from dynamic
topography (i.e. −σzz

ρg ) conventionally used in a geodynamic model
with a free-slip top boundary (e.g. Saxena et al. 2021). The temper-
ature was fixed at 273 K on this boundary.

Six models were constructed (Table 2) to systematically explore
the effects of heterogeneities in the crust and upper mantle, as well
as far-field tectonic stresses. The models were labelled as case x–
y (x = 1 or 2 and y = 1, 2 or 3). Case 1–y had variations in
its crustal thickness and mantle temperature field following the
averaged reference geotherm, instead of a tomography-based non-
uniform temperature field. Case 2–y differed from case 1–y in that it
had an inverted heterogeneous temperature field in the upper mantle.
The second index in the model label indicates one of three kinematic
boundary conditions. In case x–1, all of the sidewalls and bottom
surface had free-slip boundary conditions while the top boundary
was a free surface. Cases x–2 and x–3 differed from case x–1 in
that they had the compressional traction boundary condition on the
western sidewall. The magnitude of the traction was 50 MPa for
case x–2 and 100 MPa for case x–3. The Supporting Information
(Text S1) provide more details on our numerical models. Table 2
lists all of the models presented in this study with their defining
characteristics. The model input files are made available through a
data repository for the reproducibility of our work (Lee 2021).

2.3. Quantification of spatial correlation for modelled
results with seismicity

As the square root of the second invariant of the deviatoric stress
(
√

σII, ‘second invariant of stress’ hereafter) represents the ‘mantle
flow stress’ (Becker et al. 2015), we analysed this quantity using
our numerical models to investigate its spatial correlation with the
upper crustal seismicity of the KP. We took the average of

√
σII over

a depth range of 0–20 km to represent the crustal seismicity.
To quantify the spatial correlations between the modelled quan-

tities and seismicity of the KP, Molchan curves (Molchan & Kagan
1992) and their skills (Becker et al. 2015; Saxena et al. 2021) were
used. A model-derived quantity (e.g.

√
σII) was normalized via

min-max normalization and expressed as a fraction of ‘occupied’
space. The fraction of earthquakes (ML ≥ 3) that occurred outside

the space occupied by a predictor of less than a certain value was
computed and referred to as the fraction of missed earthquakes.
A Molchan curve is a plot of the fractions of missed earthquakes
as a function of the fractions of occupied space. The skill (S) of
a Molchan curve is defined as 0.5 subtracted from the area under
a Molchan curve (Becker et al. 2015; Saxena et al. 2021). The
minimum of a predictor has a zero fraction of occupied space. As
the minimum will ‘miss’ all of the earthquakes, the corresponding
fraction of missed earthquakes must be 1. The occupied space frac-
tion of the predictor’s maximum is 1. As the occupied space will
include all earthquakes, the fraction of missed earthquakes must
be 0. For this reason, a Molchan curve is bounded by [0, 1] × [0,
1]. For a Molchan curve with a spatially uniform distribution of
earthquakes, S will be equal to zero. The theoretical maximum and
minimum of S are 0.5 and −0.5. Generally, a greater magnitude for
S represents a better spatial correlation between a predictor and a
given earthquake distribution.

3 . RESULTS

3.1. Velocity, temperature and viscosity fields

The surface velocity field of case 1–1 reflects the variations in the
crustal thickness (Fig. 5), converging in the relatively thin-crust
area, such as the ES (Fig. 6a), and showing small (<1 mm yr–1)
magnitudes in thick-crust areas, such as the KP and YS. In cases
1–2 and 1–3, the eastwards component of velocity was stronger
at the top surface than in case 1–1 due to traction on the western
sidewall (Figs 6b and c). Moreover, the north–south variations in
the flow along the western sidewall were driven by the gradually
decreasing gravitational potential energy (GPE) along the latitude
at the sidewall because the crust continues to thicken (Figs 6a–c).

A 36◦N transection of the viscosity field of case 1–1 (Fig. 6d)
showed that the lithosphere has a viscosity ranging from 1023 to
1024 Pa·s from the top surface to 120 km, where temperatures are
<1300 K, whereas the asthenosphere ranged from 1020 to 1021 Pa·s
at depths from 120 to 400 km. Below 400 km to the bottom bound-
ary, the viscosity increased to approximately 1022 Pa·s. Velocity
magnitudes were <0.5 mm yr–1 (Fig. 6d). The traction-supported
open western boundary in cases 1–2 and 1–3 allowed for vigorous
inwards flows on the lower part of the western side due to vol-
ume conservation and heterogeneous variations in the GPE driven
by variations in the crustal thickness (Figs 5 and 6e and f). West-
wards and eastwards components were dominant in the modelled
asthenosphere (i.e. 120–270 km) and beneath the asthenosphere,
respectively (Figs 6e and f).

Convergent flows in the Okinawa Trough dominated at the surface
of case 2–1, with heterogeneities in the upper mantle (Fig. 7a). At a
depth of 100 km, lateral flows were strong in the northeastern part
of the domain; these flows were associated with the positive buoy-
ancy and relatively hot bodies present in the upper mantle (Figs 3a
and 7b). Furthermore, we observed a correlation among the upper
mantle low-velocity anomalies, high-temperature anomalies, rela-
tively low density, and areas characterized by Cenozoic volcanism
(Figs 2a, 3a and 7b). In contrast, lateral flows were significantly
weaker in the negative buoyancy and relatively cold lithosphere to
the west of the KP at the same depth (Figs 3a and 7b).

High-viscosity features in the vertical transections of case 2–1
(Figs 7c–f) corresponded to variable thicknesses in the lithosphere,
subducting slabs, gaps in the subducting slabs and stagnant slabs
at the 660-km discontinuity. Latitudinal transections AA and BB
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Table 2. Case descriptions for numerical simulations.

Model Crust thickness Temperature B.C.
Chemical

composition of
mantle

Case 1–1 CRUST1.0 Laterally uniform Free kinematic -

Case 1–2 CRUST1.0 Laterally uniform 50 MPa traction -

Case 1–3 CRUST1.0 Laterally uniform 100 MPa traction -

Case 2–1 CRUST1.0
Inverted from Tao et al.

(2018)
Free kinematic Average

Case 2–2 CRUST1.0
Inverted from Tao et al.

(2018)
50 MPa traction Average

Case 2–3 CRUST1.0
Inverted from Tao et al.

(2018)
100 MPa traction Average

Figure 6. Spatial distribution of the velocity and crustal thickness for (a–c) case 1–y (y = 1, 2 and 3) at the surface, viscosity in (d–f) for case 1–y (y = 1, 2
and 3) for transections (c) along 36◦N. Plate boundaries are shown with white dashed lines (Bird 2003). Blue and orange contours represent temperatures of
1300 and 1600 K, respectively.

showed multiple convection cells. A particularly strong convec-
tion cell existed at a depth of 200–300 km and at approximately
130◦E, which is associated with a high-temperature body present
beneath the eastern KP (indicated by the red contours in Figs 7c–d).
In longitudinal transection CC (Fig. 7e), mantle flows were mostly
associated with slabs, hot anomalies, and lithosphere thickness. Vig-
orous upwelling in the eastern KP, as observed in transections AA
and BB, was also present in longitudinal transection DD (Fig. 7f).
These upwellings, as shown in several transections, are also asso-
ciated with areas characterized by Cenozoic volcanism (Figs 7b–f).
This finding is consistent with previous results; a steep gradient in
the lithospheric thickness can induce and maintain localized mantle
upwelling and decompressional melting along the margins of the
relatively thick lithosphere (King & Anderson 1998; Song et al.
2020).

Fig. 8 shows the velocity, temperature, and viscosity fields in
case 2–2. At the surface, the velocity fields in case 2–2 showed
flows parallel to the plate boundary in the western KP and the

northeastwards and eastwards flows in the eastern KP (Fig. 8a),
whereas the velocity fields were similar to those in case 2–1 at a
depth of 100 km (Figs 7b and 8b). The viscosity structures in case
2–2 were almost identical to those in case 2–1 (Figs 7c–f and 8c–f).
Transections AA to DD showed velocity fields that were similar to
those in case 2–1 because flows driven by applied tractions were not
higher than those driven by buoyancy force in the entire depth
range (Figs 8c–f). The temperature and viscosity fields in case
2–3 resembled those in case 2–2, but the velocity fields showed
overall eastwards flow components because the magnitude of the
compressional traction was 100 MPa, which was two-fold higher
than 50 MPa in case 2–2 (Fig. S4).

3.2. Surface topography

The surface topographies of case 1s exhibited a correlation with
the crustal thickness (Fig. 5c) through isostasy based on Airy’s
assumption (Figs 9a–c). The eastern margin of the KP and ES,
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Crustal seismicity as affected by mantle heterogeneities 1183

Figure 7. Spatial distribution of the velocity, density, and viscosity in case 2–1 at (a) the surface; (b) a depth of 100 km and on transections (c) AA along
36◦N, (d) BB along 38◦N, (e) CC along 125.5◦N and (f) DD along 129.5◦N. Plate boundaries are shown with red dashed lines (Bird 2003). Yellow triangles
in (b) indicate Cenozoic volcanism (Global Volcanism Program 2013). Blue, orange, and red contours represent temperatures of 1300, 1600 and 1900 K,
respectively. Yellow stars indicate epicentres, which are ±1◦ adjacent to the transections and ≥ ML 4.0. Note that the depth of the earthquakes was fixed
at 20 km for visualization, and the velocity fields were resampled by taking the average velocity in 1◦ × 1◦ bins in map view and 1◦ × 30 km for vertical
transections. Refer to Fig. 1(a) for abbreviation definitions.

which have a thin crust, is below sea level while the broad region
to the west of the KP has a thicker crust and is higher than the
eastern region. The root mean square errors (RMSEs) between the
observation and modelled topography of cases 1–1 to 1–3 were
1015, 416 and 425 m, respectively.

The surface topography of case 2s had smaller differences in
the observed topography (Fig. 1a) than that of case 1 s. The RM-
SEs between the observation and modelled topographies were 352
and 360 m in cases 2–2 and 2–3, respectively, which were 416
and 425 m in cases 1–2 and 1–3, respectively. The traction-free
models, that is cases 1–1 and 2–1, had overall greater RMSEs,
at 1015 and 694 m, respectively, than those with traction, but the

surface topography of case 2–1 was more similar to the observed
topography.

The mean elevation was 750 m higher in the models without the
traction boundary conditions, that is cases 1–1 and 2–1 (Fig. 9a and
d), than in those with them (Figs 9b, c, e and f). When all sides
were closed to outwards flows in cases 1–1 and 2–1, the surface
topography received greater dynamic support.

3.3. Second invariant of the deviatoric stress

The spatial distributions of
√

σII in case 1s did not correlate well with
the seismicity (Figs 10a–c). Specifically, the three models showed
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1184 S. Lee et al.

Figure 8. Spatial distribution of the velocity, density, and viscosity in case 2–2 at (a) the surface; (b) a depth of 100 km; and on transections (c) AA along
36◦N, (d) BB along 38◦N, (e) CC along 125.5◦N and (f) DD along 129.5◦N. Plate boundaries are shown with red dashed lines (Bird 2003). Yellow triangles
in (b) indicate Cenozoic volcanism (Global Volcanism Program 2013). Blue, orange, and red contours represent temperatures of 1300, 1600 and 1900 K,
respectively. Yellow stars indicate epicentres, which are ±1◦ adjacent to the transections and ≥ ML 4.0. Note that the depth of the earthquakes was fixed
at 20 km for visualization, and the velocity fields were resampled by taking the average velocity in 1◦ × 1◦ bins in map view and 1◦ × 30 km for vertical
transections. Refer to Fig. 1(a) for abbreviation definitions.

100–120 MPa for
√

σII in the ES and around Ulleung volcanic Island
(UI), but the seismicity was relatively low in these areas (Figs 10a–
c). Additionally, the magnitudes were consistently low or moderate
inside the KP (Figs 10a–c).

The
√

σII for case 2–1 showed western and eastern highs of 140–
160 MPa and a central low of 40 MPa throughout the geologic
provinces of Pyeongnam Basin (PB) and Gyeonggi Massif (GM,
Fig. 10d). The distribution yielded 100 MPa for

√
σII on Jeju vol-

canic Island (JI, Fig. 10d).

The boundary tractions applied in cases 2–2 and 2–3 increased√
σII in the western KP and YS while

√
σII decreased in the east-

ern KP and ES (Figs 10e and f). Particularly, case 1s showed low
(10–70 MPa) stress in the YS, whereas case 2s showed relatively
high stress (90–240 MPa) in the YS but low stress in the ES
around the UI, where seismic activity is low. Additionally, cases
2–1 and 2–2 showed high stress along the eastern margin of the
KP, which also follows the distribution of ML ≥ 4 earthquakes
(Figs 10d and e).
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Crustal seismicity as affected by mantle heterogeneities 1185

Figure 9. Surface topography of (a–c) case 1–y (y = 1, 2 and 3) and (d–f) case 2–y (y = 1, 2 and 3). The root mean square errors (RMSEs) between
the observations (Tozer et al. 2019) and model predictions are included. Refer to Fig. 1(a) for abbreviation definitions. Dynamic support in (e) means that
topography isostatically supported through crustal thickness variations is not included (Steinberger 2016).

The Molchan curves for case 1s had S values of 0.10, 0.08 and
0.12 (Fig. 11a) while these values for case 2s were 0.21, 0.21 and
0.14 (Fig. 11b).

3.4 Orientation of compressive horizontal maximum stress

The orientation of the horizontal maximum compressive stress (ϕH )
in case 1–1 showed that the north–south components are domi-
nant in the KP (Fig. 12a). With the upper-mantle heterogeneities in
case 2–1, the east–west components are dominant in the western
KP, but the north–south components are dominant in the eastern
KP. The models with the 50 MPa traction (cases 1–2 and 2–2)
exhibited increased magnitudes in the east–west component in ϕH

relative to case x–1s (Figs 12b and e). The degree of east–west align-
ment was greater in the models with 100 MPa traction (Figs 12c
and f).

Case 1–1 yielded a value of 24.7◦–87.1◦ for ϕ, which is the
absolute deviation in ϕH from those inverted from earthquake focal
mechanisms by Soh et al. (2018) (ϕinv). The ϕ values of case 2–1
were 6.3◦–36.2◦ in the western KP and 21.2◦–83.5◦ in the eastern
KP. The mean ϕ value of case 2–1 was 18.9◦ smaller than that of
case 1–1.

The applied traction yielded a value for ϕH similar to ϕinv: ϕ was
0.3◦ and 46.7◦ in case 1–2 and 1–3, respectively, and 0.9◦ and 77.4◦

in cases 2–2 and 2–3, respectively. The ϕ values were smaller in
cases 1–2 and 1–3 than in their counterparts of case 2s because the
upper-mantle heterogeneities added non-uniform complexity to the
stress fields in the latter cases (Figs 12b, c, e and f).

4 . D I S C U S S I O N

4.1 Analysis of results

A comparison of the surface topographies of cases 1s and 2s con-
firms the dynamic contributions from the lithospheric and upper-
mantle heterogeneities. The YS region, which is below sea level in
cases 2–2 and 2–3, but not in cases 1–2 and 1–3 (Figs 9e and f),
indicates a mantle origin for the region’s relatively low topography.
Another indicator of the dynamic contribution to the surface topog-
raphy in cases 2–2 and 2–3 is a mountain belt along the eastern
coastline (Figs 9e and f), which is below sea level in cases 1–2 and
1–3 (Figs 9b and c). If the eastern mountain belt is solely supported
by crustal isostasy, as in case 1 s, the belt would require a thickness
of >40 km. However, the crustal models consistently indicate that
the crust thins eastwards from 35 to 25 km (Chang & Baag 2005;
Laske et al. 2013; Fig. 5c).

The
√

σII value in cases 2–1 and 2–2 shows eastern highs that
can be attributed to lithospheric and upper-mantle structures, rather
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1186 S. Lee et al.

Figure 10. Spatial distribution of the vertical averaged (surface to 20 km depth)
√

σ ′
II for (a–c) case 1–y (y = 1, 2 and 3) and (d–f) case 2-y (y = 1, 2 and

3), respectively. Events ≥ ML 3.0 and ML 4.0 are indicated by white dots and magenta stars, respectively. Non-shaded regions show the calculations of the
other Molchan curves. The black-dashed lines in panels (d–f) represent inferred lithospheric thickness of 97 and 139 km with the 1300 K isotherm. ES, East
Sea (Sea of Japan); GB, Gyeongsang Basin; GM, Gyeonggi Massif; JI, Jeju volcanic Island; OB, Okcheon Belt; PB, Pyeongnam Basin; UI, Ulleung volcanic
Island; YM, Yeongnam Massif and YS, Yellow Sea.

than variations in the crustal thickness (Figs 10d and e). The east-
ern regions, with relatively large magnitudes of

√
σII, are associated

with the particularly strong convection cell at depths of 200–300 km
and at approximately 130◦E in the ES (Figs 7f and 8f). Addition-
ally, the ML ≥ 4 events occurred above that structure (Fig. 8f).
Although the eastern highs of

√
σII coincide with the COT within

the crust (Fig. 5), which can contribute to crustal seismicity (e.g.
Soto-Cordero et al. 2018), the influence of the COT on the seismic-
ity of this region appears to be weak because case 1s, with crustal
thickness variations, consistently shows smaller S values for

√
σII

than case 2s with respect to the ML ≥ 3 earthquakes (Figs 10 and 11).
Becker et al. (2015) estimated a quantity self-evidently correlated
with an earthquake distribution in the western United States, which
yielded an S value of 0.42 as an upper bound for Molchan analysis.
Moreover, they conducted Monte Carlo simulations using spatial
fields of random numbers as a lower bound for Molchan analysis.
They then estimated S values of >0.13, allowing for correlations
of the earthquake distributions, and suggested the greatest S value,
which was approximately 0.13 greater than the lower bound, as a su-
perior correlation. In a similar approach, a Molchan analysis of the
seismic moment density (Fig. S5), which is a quantity self-evidently

correlated with the earthquake distribution, yielded an S value of
0.43. Random numbers between zero and one in the KP were gen-
erated 1000 times and the maximum S value was 0.09, which we
consider as the lower bound for non-randomness. The S values for√

σII in cases 2–1 to 2–3 were 0.21, 0.21 and 0.14, respectively,
all of which were >0.09. The S values in cases 1–1 to 1–3 were
0.10, 0.08 and 0.12, respectively, which were all similar to 0.09. As
a result,

√
σII in cases 2–1 and 2–2 could be a superior predictor

according to Becker et al. (2015).
We focus on case 2s in the remainder of this section because

we find that dynamic contributions are necessary and the statistical
scores for case 2s, with a heterogeneous mantle, improved relative
to those of case 1s. The ϕ in case 2s in the western KP was not
variable regardless of the applied tractions in the east–west direc-
tion while the ϕ in case 2s in the eastern KP was smaller with
the applied tractions and ϕ around the epicentre of the Gyeongju
earthquake was consistent with the P-axis of the Gyeongju earth-
quake by increasing the applied tractions (Figs 12d–f). Therefore,
we divided the KP into the western and eastern branches to inves-
tigate the contributions of the heterogeneities to the seismicity of
each region.
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Crustal seismicity as affected by mantle heterogeneities 1187

Figure 11. Analysis of the S values for the seismicity of the KP and
√

σ ′
II for (a) case 1 and (b) case 2 using Molchan curves, where the diagonal grey area

indicates a random prediction for the low bound and the black line represents the earthquake distributions for the upper bound. Green, red and blue lines
represent

√
σ ′

II for submodels of cases 1s and 2s with the S value.

Figure 12. Orientation of the maximum horizontal compression (ϕH, orange bars) of (a–c) case 1–y (y = 1, 2 and 3) and (d–f) case 2–y (y = 1, 2 and 3),
respectively, with stress inversions using the instability method (Vavryčuk 2014) from Soh et al. (2018) (ϕinv, blue bars). The mean deviation of the ϕH from
ϕinv is given in the legend, ϕ. Note that the orientation of the maximum horizontal stresses of cases 1s to 2s was resampled by taking the average of the
orientations in 1◦ × 1◦ bins in map view from the surface to a depth of 20 km, followed by vertically taking the average of the orientations for ϕH in the upper
crust. The focal mechanism for the ML 5.8 Gyeongju earthquake (Kim et al. 2016) is plotted along the P-axis in panels (d–f).
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4.2 Seismicity in the western KP and YS

All three quantities that were compared with the observations sug-
gest the need for mantle heterogeneities in the western KP and YS.
The dynamic contribution to the surface topography is required for
the YS as a subaerial area (Figs 9d–f). The heterogeneities in the
mantle in this region significantly increase the stress in the upper
crust; this stress coincides with the observed seismicity (Figs 10d–
f). The ϕH value, due to these heterogeneities, agreed with ϕinv

value (Figs 12d–f). Additionally, the regional compressive stress
reduces the RMSEs of the surface topography and ϕ, but also
accumulates stress (Figs 9d–f, 10d–f and 12d–f). Therefore, mantle
heterogeneities with regional stress contribute to the upper crustal
seismicity in the western KP and YS, where cold, dense, and thick
lithosphere exists.

An investigation of the viscosity structures in case 2s revealed that
many ML ≥ 4 earthquakes (i.e. moderate-sized or greater intraplate
earthquakes) do not occur in the thickest part of the lithosphere, but
rather in the regions surrounding it (Figs 7c and e, 8c and e and S5c
and e).

To clarify the spatial correlation, we inferred that the lithospheric
thickness of the KP ranges from 50 to 175 km using the inverted
temperature used in case 2s when the 1300 K isotherm was consid-
ered as the lithosphere-asthenosphere boundary. We used an aver-
age thickness of 88 km as a conceptual boundary between the thick
and thin lithosphere (Fig. S6). According to this division, the thick
lithosphere has an average thickness of 118 ± 21 km. Assuming a
thickness ranging from 97 to 139 km as the edge of the thick litho-
spheric core, we found that most of the ML ≥ 4 events in the western
KP were located within this part of the lithosphere (Figs 10 and S6)
and not in the thickest part. Such a close correspondence between
the crustal seismicity and lithospheric thickness distribution is in-
deed expected because the strength of the seismogenic upper crust,
capped by the brittle strength (i.e. Byerlee’s law), is insignificant
relative to the overall strength of lithosphere.

Also, this relationship between moderate-sized seismicity and
the lithospheric thickness has been observed previously by several
authors in other stable continental regions (SCRs), such as east-
ern North America, the Siberian shield, the Brazilian shield and
the Congo craton (e.g. Craig et al. 2011; Mazzotti 2007; Sloan
et al. 2011; Mooney et al. 2012). Additionally, by quantifying
the lithospheric strength based on seismic tomography models in
North America, Tesauro et al. (2015) found that intraplate seis-
micity does not show a clear association with high-strength cra-
ton cores, but rather with their edges. The intraplate seismicity
in eastern North America shows that few events have occurred
along known geological lineaments (Mazzotti 2007). So, Mooney
et al. (2012) assumed that the difference in the strength of the
lithosphere produced the earthquake cluster around the edge of the
craton.

These findings could have led to the realization that lateral varia-
tions in the lithospheric thickness and the difference in the strength
of the lithosphere are more important than inherited weaknesses in
a region with a relatively thick lithosphere. Additionally, previous
geodynamic simulations predicted the greatest stresses or tractions
within high-viscosity bodies such as cratonic cores and shields (e.g.
Ghosh et al. 2013; Ghosh et al. 2019; Paul et al. 2019), as

√
σII in

case 2s in the western KP increased and accumulated in the thick
lithosphere with traction even at a low strain rate because stress was
the product of viscosity and strain rate in this study (Figs 10d–f and
S6). Thus, we may suggest that earthquakes in the western KP can
be attributed to tectonic stresses concentrated along the edges of

relatively strong and thick structures, which are the boundaries of
the lithospheric strength.

4.3 Seismicity in eastern KP and ES

A trade-off, which can decide whether the mantle heterogeneities
contribute to the crustal seismicity, occurred in case 2s. A dynamic
contribution to the surface topography was necessary to build the
eastern mountain belt and reduce the RMSEs of the surface topogra-
phy compared with the counterparts of case 1s (Fig. 9). The stresses
in the upper crust in cases 2–1 and 2–2 coincide with the observed
seismicity. Also, cases 2–1 and 2–2 had the highest S value (Figs 10d
and e and 11b), but the ϕH values of cases 2–1 and 2–2 were highly
deviated with the ϕinv values (Figs 12d and e). In contrast, the stress
in the upper crust in case 2–3 does not coincide with the observed
seismicity; case 2–3 also had the lowest S value among the different
cases in 2s (Figs 10f and 11b), but was consistent with the ϕinv value
and the P-axis of the Gyeongju earthquake (Fig. 12f). Then, case 2–
2 or 2–3 can be a candidate for the best-fitting model depending on
which quantities are considered to be more weighted. Therefore, it
is unclear whether the stress driven by these heterogeneities directly
affects the upper crustal seismicity due to the trade-off, despite a
clear correlation between the relatively thin lithosphere and strong
upper-mantle upwelling with the observed seismicity (Figs 7f, 8f
and S5f).

The stress regime of the eastern KP switched from extension to
compression in the middle Miocene (Jolivet et al. 1994). Studies on
seismic sources have also revealed the prevalence of strike-slip and
reverse faulting events rather than normal faulting events in the area
along the eastern margin (Rhie & Kim 2011; Choi et al. 2012). Kim
et al. (2018) suggested that backarc rifting and breakup generated
the structural lineation with a high-angle dip at the margin while the
weakness may have been reactivated by the present stress fields, that
is east–west compression (Heidbach et al. 2018; Soh et al. 2018).

However, reactivations during high-angle reverse faulting events
are unfavourably orientated with respect to Anderson’s theory (An-
derson 1951). Moreover, Sibson (1990) suggested that steep reverse
faults require supra-lithostatic fluid pressures for reactivation. An
ambient seismic noise tomography of the region, resolved by Lee et
al. (2015), shows low-velocity anomalies from the continental crust
to the uppermost mantle. They interpreted the low-velocity anoma-
lies as mature fold and fault systems in the crust and hot bodies
in the uppermost mantle, suggesting the presence of hydrothermal
activities in the mature fold and fault systems of this region. Lee
et al. (2019) reported evidence for hydrothermal activity based on
geochemical aspects; dissolved gases in groundwater show signifi-
cant contribution from the mantle to the 3He/4He ratio and carbon
isotope compositions (δ13C) of CO2 in the southeastern part of the
KP.

Therefore, we suspect that the seismicity of the eastern KP may
not directly respond to stress driven by upwelling but can be at-
tributed to the present stress fields and mantle-derived multiphase
fluid flow (i.e. water and gases) along weak zones.

4.4 Limitations

The numerical models presented in this study can be improved in
future studies. Absolute plate motions could have been imposed
on the models, but we did not use them because the displacements
measured by GPS and their signal-to-noise ratio are so small in
the KP (Jin et al. 2006; Kreemer et al. 2014) that the available
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absolute plate motion models include large uncertainties (Kreemer
et al. 2014). As temperature inversion is sensitive to the mineral
composition and Q factors of the mantle (Cammarano et al. 2003;
Steinberger 2016), different mantle compositions and Q factors that
reflect the possibility of partial melting beneath the ES (Ismail-
Zadeh et al. 2013) require further analysis. The fast direction of
the shear-wave splittings could be useful to constrain upper-mantle
flow (Jolivet et al. 2018), but we did not use it because the available
shear-wave splitting data have high uncertainties (see Supporting
Information Text S2).

5 . C O N C LU S I O N S

In this study, we calculated the stress fields around the KP using
3-D numerical models, including crustal and upper-mantle hetero-
geneities, as well as traction boundary conditions, to understand
their relationship with the seismic activity of the region. To consider
the lateral variations in the crust and upper mantle, we adopted the
crustal thickness and density from a crustal seismic velocity model
and inverted the upper-mantle seismic velocity anomalies from a
regional tomography model onto a temperature field, which deter-
mined the structures and density. We then performed a series of
numerical simulations using a thermomechanical numerical code
(ASPECT) to compute stress fields based on the selected contribut-
ing factors, such as the heterogeneities and the traction boundary
conditions. The major contributions to the seismicity in the KP de-
rive from regional compression in the east–west direction, and the
lithospheric and upper-mantle heterogeneities. The modelled sur-
face topography, mantle flow stress and orientation of maximum
horizontal stress derived from the variation in the crustal thick-
ness indicate the need to improve these quantities, which can be
realized by considering the lithospheric and upper-mantle hetero-
geneities. Particularly, we analysed the contributions from these
heterogeneities by dividing the areas; the western KP and YS, char-
acterized by a cold, dense and thick lithosphere, and the eastern KP
and ES, characterized by a hot, light, and thin lithosphere. The man-
tle heterogeneities with regional stress contribute to the upper crustal
seismicity in the western KP and YS; earthquakes in these regions
can be attributed to tectonic stresses concentrated along the edges of
the relatively strong and thick structures. In contrast, moderate-sized
earthquakes along the eastern KP and in the ES show a clear correla-
tion between the relatively thin lithosphere and strong upper-mantle
upwelling; however, whether stress driven by these heterogeneities
directly affects upper crustal seismicity remains unclear. This study
is the first to link lithospheric and upper-mantle heterogeneities with
the seismicity of the KP. Our approach and findings can improve
our understanding of the seismicity mechanism in regions with low
geodetic strain rates and negligible associations with known tectonic
fabrics and crustal thickness variations.

A C K N OW L E D G E M E N T S

We thank the editor, anonymous reviewer, and Dr Fenglin Niu for
their constructive comments and suggestions that helped improve
our manuscript. We also thank CIG (Computational Infrastructure
for Geodynamics) for providing the numerical codes for this study
(ASPECT and BurnMan). This study was funded by the Korea
Meteorological Institute under Grant KMI 2019–00110. The figures
in this paper were generated using Generic Mapping Tools ver. 6.0.0
(https://www.generic-mapping-tools.org/), Matplotlib ver. 3.3.4 (ht
tps://matplotlib.org/), Paraview ver. 5.8.1 (https://www.paraview.o

rg/) and Inkscape ver. 0.92.5 (https://inkscape.org/). There are no
conflicts of interest to declare.

DATA AVA I L A B I L I T Y

Earthquake event data can be acquired from the Korea Me-
teorological Administration (KMA; http://necis.kma.go.kr). The
seismic velocity models are available at IRIS from the IRIS
Earth Model Collaboration (EMC; http://ds.iris.edu/ds/produ
cts/emc/). The temperature inversion procedure was imple-
mented in Python and stored as a Jupyter Notebook (avail-
able for download at doi.org/10.6084/m9.figshare.12 512 720).
The parameter files used in this study are available online
(doi.org/10.6084/m9.figshare.14 045 063.v1).

AU T H O R C O N T R I B U T I O N S TAT E M E N T

The study was conceptualized by Sungho Lee, Arushi Saxena and
Eunseo Choi. Methodology was devised by Sungho Lee, Arushi
Saxena and Eunseo Choi. Data curation was done by Sungho Lee
and Jung-Hun Song. Investigation, visualization, formal analysis
and writing the original draft were done by Sungho Lee. Reviewing
and writing of the manuscript was carried out by Sungho Lee, Arushi
Saxena, Jung-Hun Song, Junkee Rhie and Eunseo Choi. Junkee
Rhie supervised the work and Eunseo Choi was in an advisory role.
Funding acquisition was managed by Junkee Rhie.

R E F E R E N C E S
Anderson, E.M., 1951. The Dynamics of Faulting and Dyke Formation with

Application to Britain, 2nd edn, 206pp., Oliver and Boyd.
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Figure S4. Spatial distribution of the velocity, density and viscos-
ity for Case 2–3 at (a) the surface and (b) a depth of 100 km;
along transections (c) AA along 36◦N, (d) BB along 38◦N, (e) CC
along 125.5◦E and (f) DD along 129.5◦E. Red dashed lines indicate
the Plate boundaries (Bird 2003). Yellow triangles in (b) indicate
Cenozoic volcanism (Global Volcanism Program 2013). The blue,
orange, red and dark red contours represent temperatures at 1300,
1600 and 1900 K, respectively. Yellow stars indicate epicentres that
are ±1◦ adjacent to the transactions and ≥ML 4.0. Note that the
depth of the earthquakes was fixed at 20 km for visualization; the
velocity fields were resampled by taking the average velocity in 1◦

× 1◦ bins in map view and 1◦ × 30 km for vertical transactions.
OT, Okinawa Trough.
Figure S5. Spatial distributions of the seismic moment (N·m) den-
sity across an area of 0.4◦ × 0.4◦. White dots indicate the epicentres
of events (ML ≥ 2) since 1978 (KMA).
Figure S6. Spatial distribution of the inferred lithospheric thick-
ness with the 1300 K isotherm for events of ML ≥ 4 (magenta
stars). The black-dashed lines represent the thicknesses of 97 and
139 km.
Figure S7. (a) Shear-wave splitting measurements and (b) epicen-
tre of the 15 deep-focus events, as obtained from Kang & Shin
(2009).
Figure S8. Mean angular deviations between the direction of the
thickness-averaged flow in the horizontal components of cases (a)
2–1, (b) 2–2 and (c) 2–3 and the shear-wave splittings from Kang
& Shin (2009). We vertically averaged the horizontal components
of the velocity in increments of 20 km from a depth of 100 km.
The smallest mean angular deviation is marked red in (a–c). Spatial

distribution of the thickness-averaged flow in the horizontal compo-
nents with respect to the smallest mean angular deviation in cases
(d) 2–1, (e) 2–2 and (f) 2–3. The orange bar represents the fast
directions.

A P P E N D I X A : D E R I VAT I O N O F
E Q UAT I O N S F O R A N H A R M O N I C
E F F E C T S

We closely followed the method of Cammarano et al. (2003) for
inferring upper-mantle temperatures. The basic idea was to ex-
trapolate density and elastic moduli based on anharmonic and
anelastic parameters for various compositional models. We re-
visited the equations in Cammarano et al. (2003)’s Appendix A
with respect to temperature (T). We assumed that for a fixed pres-
sure P0, density at temperature T is determined with respect to
the reference value at T0 (room temperature is 298.15 K) (Saxena
1988):

ρ
(
Tpot, P0

) = ρ (T0, P0) exp

(
−

Tpot

∫
T0

−α (T ) dT

)
, (A.1)

where α is the thermal expansion coefficient and is assumed to be
in the polynomial form (Saxena 1988):

α (T ) = α0 + α1T + α2T −1 + α3T −2 + · · · (A.2)

The polynomial form is one of the proposed models for the
function of temperature for thermal expansion coefficients (Suzuki
1975). These coefficients have no physical meaning in α1–α3. They
are calculated by fitting the experimental data in a least-squares
manner. Inserting the polynomial form into eq. (A.1), we obtain the
following equation:

ρ
(
Tpot, P0

) = ρ (T0, P0) exp

(
−

{
α0

(
Tpot − T0

)

+ 1

2
α1

(
T 2

pot − T 2
0

)
+ α2

(
ln

(
Tpot

) − ln (T0)
) + · · ·

})

(A.3)

After the initial density is corrected by the potential tempera-
ture, which is assumed to be 1600 K using the polynomial ther-
mal expansion coefficients, the density is further corrected via
strain based on the third-order Birch–Murnaghan equation of state
(Birch 1947).

P + (1 + ε)
5
2

{
3K ε + 1

2
9K

(
4 − K ′) ε2 + · · ·

}
= 0, (A.4)

where K is the bulk modulus and K ′ is the pressure deriva-
tive of the bulk modulus. To calculate the strain (ε), we used
the assumed depth- and temperature-dependent bulk pressure of
various minerals calculated using BurnMan Version 0.9.0 (Cot-
taar et al. 2014), elastic modulus, and their derivatives. After
solving eq. (A.4) using the Newton–Raphson method and cal-
culating the strain corresponding to pressure, the density for
the given T and P was sequentially calculated, and is expressed
as:

ρ (T, P) = (1 − 2ε)
3
2 ρ

(
Tpot, P0

)
(A.5)

In addition to the absolute density at the given T and P, we
calculated the derivative of density with respect to temperature (T),
using the chain rule as follows:

∂ρ (T, P) = (1 − 2ε)
3
2 ρ

(
Tpot, P0

) {α0 + α1 (T − T0)} ∂T (A.6)
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When the pressure was fixed, we derived the elastic moduli with
respect to T:

∂ M (T ) =
{(

∂K

∂T

)
P

+ 4

3

(
∂G

∂T

)
P

}
∂T, (A.7)

where M is the P wave or the confined modulus and G is the shear
modulus. Elastic moduli at a high temperature can be obtained in
several ways; a common scheme is to perform a Taylor expansion
(Duffy & Anderson 1989). As such, we started with the equation
for M ′ put forth by Duffy & Anderson (1989) with the pressure
derivatives of elastic moduli as follows:

M ′ (T ) = M ′ (T0) exp

(
T
∫
T0

α (T ) dT

)
(A.8)

We further derived eq. (A.8) with respect to temperature, using
the chain rule as follows:

∂ M ′ (T ) = M ′ (T0) exp

(
T
∫
T0

α (T )

)
α (T ) ∂T . (A.9)

The moduli at the given T and P conditions (Duffy & Anderson
1989; Cammarano et al. 2003) with the truncated second order of
ε are as follows:

K + 4

3
G = (1 − ε)

5
2

(
K + 4

3
G + ε

(
5

(
K + 4

3
G

)

− 3K

(
K ′ + 4

3
G ′

)))
. (A.10)

We further derived eq. (A.10) with respect to temperature, using
the chain rule as follows:

∂ M = (1 − 2ε)
5
2

[
∂ M (T )

∂T
∂T + ε

{
5
∂ M (T )

∂T
∂T − 3

∂K (T )

∂T

×
(

∂K

∂ P
−

(
4

3

)
∂G

∂ P

)
∂T − 3K (T ) ∂ M

′
(T )

}]
(A.11)

Velocity is defined by the square root of the elastic modulus
over density, and the independent variables are the functions of
temperature, pressure and chemical components. Thus, the partial
derivatives can be expressed as follows:

∂V = ∂

(√
M (T, P, C)

ρ (T, P, C)

)
= 1

2
√

ρM
∂ M −

√
M

2ρ
3
2

∂ρ. (A.12)

By inserting eq. (A.6) into ρ in eq. (A.12) and eq. (A.11) into
M in eq. (A.12), we can calculate the P-wave velocity derivatives
due to the anharmonic effect. When K + 4 G/3 is replaced with
G, the S-wave velocity derivatives due to the anharmonic effect are
complementary.

A P P E N D I X B : S U P P L E M E N TA RY
M AT E R I A L

In this section, readers can find the details regarding numerical
modelling (e.g. input parameters, reference geotherms); some of
the results overlap with those presented in Sections 3 and 4 of the
main text.
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