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Abstract

Volcanism and plate subduction are manifestations of vigorous mantle
convection, and are important research subjects for understanding
the thermodynamic state of the Earth's interior. Seismic waves
propagating through the mantle reflect the physical properties of the
mantle, providing detailed information on its thermal and
compositional structure. Here we use various seismic methods to
investigate the detailed upper mantle structure in northeast Asia
where there are active intraplate volcanoes and ongoing plate
subduction. Based on our results, we discuss the evolution of the
upper mantle and mechanism of intraplate volcanism. Specifically, we
apply teleseismic body—wave traveltime tomography to image the
volcanic structure beneath Jeju Volcanic Island (Chapter 1),
lithosphere and asthenosphere structures beneath the Korean
Peninsula (Chapter 2), the stagnant Pacific slab and mantle transition
zone structures (Chapter 3), and shallow asthenosphere structures
beneath Quaternary volcanoes (Chapter 4). We measure relative
arrival time residuals of the teleseismic 7 and S waves in high
precision based on waveform similarity, and invert the datasets for
constructing three—dimensional velocity structures using an iterative
nonlinear tomography inversion technique. In Chapter 1, we use a
unique dataset collected from the deployment of temporary
broadband stations in Jeju Island and find out magmatic structures
associated with a complex volcanic system that show evidence of a
strong interaction between the continental lithosphere and ascending
magmas. In Chapter 2, we image the detailed upper mantle structures
beneath the Archean—Proterozoic massifs in the Korean Peninsula,
which suggest the possible presence of a long—lasting lithospheric
root that has experienced heterogeneous modification and
reactivation at a craton margin in northeast Asia. In chapter 3, we
image high—resolution deeper upper mantle structures including the
mantle transition zone in northeast Asia by using the datasets of
dense seismic arrays in the Korean Peninsula and southwest Japan.
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We find segmented stagnant Pacific slabs with a pronounced gap
beneath the Korean Peninsula that was not revealed by previous
studies due to limited resolution in this region. We detect and model
wavefield variations of teleseismic body waves caused by the deeper
upper mantle heterogeneities using 3—D waveform simulation. In the
last chapter, we constrain thermal and compositional properties of
the upper mantle based on quantitative assessment of high—
resolution upper mantle seismic velocity models using
thermodynamic calculations, mineralogical modeling, and seismic
attenuation. We find evidence for shallow upper mantle melting zones
focused beneath major Quaternary volcanoes and suggest an
important role of shallow decompressional melting in developing and
sustaining localized, long—lived intraplate volcanoes. Throughout all
chapters, we have general implications for the origin, evolution, and
relationships between the imaged upper mantle structures in the

context of geology, tectonics, and geodynamics.

Keywords: Upper mantle, Teleseismic traveltime tomography,
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Seismic attenuation
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Introduction

Seismic traveltime tomography is a useful technique to constrain the
Earth’ s mantle heterogeneity (e.g., Fukao & Obayashi, 2013).
Seismic body—waves travel through the Earth’ s interior, recording
physical properties along their raypaths. Teleseismic relative
traveltime tomography is one of novel approaches to constrain
velocity heterogeneities beneath seismic arrays (Aki et al., 1977;
Thurber, 2002). This method uses relative arrival time differences
of distant earthquake’ s body—wave signals recorded by local
seismic arrays. Since seismic stations are closely spaced compared
to the event—station distance, waveforms from distant earthquakes
among different stations are similar in shape, which allows to
measure relative arrival time differences in high precision based on
cross—correlation type methods (Van Decar & Crosson, 1990;
Rawlinson & Kennett, 2004). Also, as teleseismic raypaths from the
common event share similar trajectories outside of the local model
space, data sensitivity is maximized on the heterogeneities beneath
the local seismic arrays with minor influences or contaminations from
source side heterogeneities or errors in source location and origin
time. Precise measurements of seismic phase arrival time based on
high—quality dataset with a robust technique are necessary to extract
structural information of the upper mantle. Also, proper settings of
model parameters with an appropriate inversion method to convert
observations to model parameters are required. Assessment on the
robustness of the 1maged structures such as by synthetic
checkerboard or structural tests are necessary to evaluate the
robustness of the imaged features, which can largely affect our

interpretation.



The evolution of the upper mantle is strongly controlled by
dynamic interaction between the continental/oceanic lithosphere and
asthenosphere at continental margins (e.g., Conrad et al., 2011;
Davies et al., 2015; Levander et al.,, 2014). Intense and multiple
episodes of plate margin tectonism result in distinct heterogeneities
in the upper mantle, which are related to the past and current
tectono—magmatic activities (Schmandt & Lin, 2014; Thomas, 2006).
Illuminating fine details of the upper mantle structure is important to
understand the intensity of the marginal tectonic processes and
mantle dynamics (Holford et al., 2011; S. Kim et al., 2016). Northeast
Asia, in the eastern margin of the Eurasian plate, is a natural
laboratory that allows us to study the detailed tectonic and magmatic
processes in the intra—continental settings.

Here, we constrain upper mantle structures in northeast Asia
using teleseismic body—wave traveltime tomography. From records
of densely deployed permanent and temporary stations, we image the
detailed upper mantle structure in high resolution, finding out distinct
anomalies that reflect various processes of continental margin
tectonics and mantle dynamics. In Chapter 1, we describe the upper
mantle structure beneath the Jeju Volcanic Island, which is a
Cenozoic intraplate volcanic field. We deployed 20 temporary
broadband stations operated for more than 2 years and together with
3 permanent stations, our dataset resolves detailed lithosphere and
sublithospheric upper mantle structure at depths down to ~60 km.
We discuss the formation of magmatic structures and the mechanism
of the intraplate volcanism. In Chapter 2, using more than 5 years of
records of dense permanent seismic arrays, we image the detailed
upper mantle structure of the continental lithosphere beneath the

Archean—Proterozoic massifs in the Korean Peninsula. We discuss
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heterogeneous modification and reactivation of the craton margin
lithosphere in relation to tectonic evolution in northeast Asia. In
Chapter 3, we further expand our study area to the deeper upper
mantle, which includes mantle transition zone, by combining seismic
data from southwest Japan. We discuss the origin of deeper upper
mantle heterogeneities based on interaction between the stagnant
slab and mantle transition zone. In the last chapter, we constrain
physical states of the shallow upper mantle in northeast Asia margin
based on thermodynamic calculations and high—resolution 3—D upper
mantle velocity models. We focus on the shallow upper mantle
structure beneath major Quaternary volcanoes and discuss the

mechanism of intraplate volcanism.



Chapter 1. Imaging of Lithospheric Structure
Beneath Jeju Volcanic Island by Teleseismic
Traveltime Tomography

1.1. Introduction

Small—scale magmatic systems are often displayed at the Earth’ s
surface as a monogenetic volcanic field (Smith & Németh, 2017)
where individual volcanoes are active for a short duration, erupting
small volumes of magma with a variety of eruptive styles and
systematic changes of geochemical compositions (Brenna et al., 2010,
2011; Németh, 2010; Németh & Kereszturi, 2015). Though the
volcanic system is widely found in intraplate regions (Connor &
Conway, 2000; Le Corvec et al., 2013), the origin and evolution of
the magmatism system are still enigmatic due to a lack of information
about the behavior of melt in the lithosphere and sublithospheric
upper mantle, and its complex interaction with tectonic structure
(Brenna et al., 2015a; Cafion—Tapia & Walker, 2004; Hoernle et al.,
2006; Smith & Németh, 2017).

Jeju Island (JI) is a Cenozoic volcanic field located off the south
coast of the Korean Peninsula. Tectonically, JI is in an intraplate
tectonic setting at the southeastern margin of the continental
lithosphere in northeast Asia (Figure 1.1a). The major tectonic
boundaries surrounding JI are the Ryukyu trench, about 650 km to
the southeast, and the Japan Trench further to the east, which are
formed by the subduction of the Philippine Sea plate (Nakamura et
al., 1989) and Pacific plate (Sager et al., 1988) beneath the Eurasian
plate. The volcanic eruption initiated by hydrovolcanic activity on a

continental shelf of granitic basement from the Pleistocene (~1.8 Ma)
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(Koh et al., 2013; Sohn et al., 2008; Sohn & Park, 2004). Subsequent
large—volume lava effusion formed a composite shield with hundreds
of individual eruptive centers above the sea surface since the Middle
Pleistocene (~0.5 Ma). Several tuff rings and tuff cones were formed
during the Late Pleistocene and Holocene (Figure 1.1b) (Brenna et
al., 2015a; Koh et al., 2013). About 25 ka, lava flows with evolved
magma formed the uppermost part of the island consisting of Mt.
Halla trachyte (Brenna et al., 2012b), covered by subsequent basaltic
eruptions, which shaped the current surface of the volcanic edifice
(Ahn & Hong, 2017; Koh et al., 2003). The volcanic activity lasted
until recently based on dating (~3.7 ka) and historical records (~1
ka; Ahn, 2016; Sohn et al., 2015) forming more than 300 small—scale
volcanoes of different types, including scoria cones, tuff rings, tuff
cones, and lava domes with a central basaltic shield in a confined area
(75 x 32 km?). It has also been suggested that more than 150 of
pyroclastic cones could exist beneath the younger lava flows (Sohn
& Park, 2004, 2005). A small number of studies have elucidated the
lithospheric structure beneath JI. The basement of the island consists
of Jurassic—Cretaceous granites with layers of overlying
Cretaceous—Tertiary rhyolitic tuff (Choi et al., 2006; K. H. Kim et al.,
2002; Park et al., 2005; Tatsumi et al., 2005). The crustal thickness
beneath the island estimated by seismological studies varies from
24.8 to 35 km (Y. Kim et al., 2015; Yoo et al., 2007; Zheng et al.,
2011). Gravity and magnetic anomaly data favor shallow Moho and
malfic intrusions (Shin et al., 2012). The lithosphere is generally thin,
not exceeding 60 km (Pasyanos et al., 2014).

JI and the Korean Peninsula have experienced a similar tectonic
evolution during the Mesozoic and Cenozoic (Chough et al., 2000; K.
H. Kim et al., 2002; Sager et al., 1988; Yang et al., 2010). In the
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Cretaceous, the regions were part of the arc—back—arc system
associated with the subduction of the proto—Pacific (Izanagi) plate
beneath the continental lithosphere (Chough et al., 2000). Since the
Late Cretaceous to early Tertiary, the rollback of the subducting
plate led to a change to a back—arc extensional environment with the
emplacement of calc—alkaline magmatism (Chough & Sohn, 2010; K.
H. Kim et al., 2002; Woo et al., 2014). The opening of the Cenozoic
back—arc basins, for example, East Sea and East China Sea, occurred
between 27 and 15 Ma (Chough et al., 2000; Otofuji et al., 1985), and
JI and the Korean Peninsula transitioned from a back—arc to
intraplate tectonic system

Tomographic approaches using data on the relative traveltime of
teleseismic body waves have been used to image upper mantle
structures from continental scales (e.g., Argnani et al., 2016; Biryol
et al., 2011; Schmandt & Lin, 2014) to regional scales (e.g., Bastow
et al., 2008; Rawlinson & Kennett, 2008; Schlémer et al., 2017). This
method has been successful in revealing detailed three —dimensional
(3—D) velocity heterogeneities beneath seismic arrays by taking
advantage of individual rays from a common event sharing the same
path outside of the region of interest and sampling velocity variations
inside the modeled space (AKki et al., 1977; Lévéque & Masson, 1999;
Thurber, 2003). This method has provided useful information on
unrevealed localized upper mantle structures, for example, In
Northeast Asia (e.g., Chen et al., 2017; Lei & Zhao, 2005; Ma et al.,
2018; Zhao et al., 2009). However, care must be taken when
interpreting results from this method despite its ability to resolve
horizontal velocity contrast. As the approach uses rays with
subvertical trajectories, vertical velocity contrasts are not well

constrained due to vertical smearing, effects by unresolved surface
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structures in the model space, and potential influence by
heterogenous velocity structures below the model region (Rawlinson
et al., 2006b; Zhao et al., 2013). Therefore, a comprehensive analysis
1S necessary to ensure robust images by incorporating prior
knowledge about the geology and tectonics of the region and
meticulous recovery experiments to test the obtained features of
velocity anomalies.

In this study, we applied the above method to image the
lithospheric structure related to the intraplate volcanism in JI. To this
end, we deployed 20 temporary broadband stations across the island
for a period of over 2 years (October 2013 to December 2015).
Relative arrival time differences between seismic stations were
measured by the adaptive stacking procedure (Rawlinson & Kennett,
2004), using selected high—quality teleseismic waveforms from the
recordings of the network. With resolution analysis using various
synthetic models, it was possible to estimate reliable 3—D crust and
upper mantle velocity structures beneath JI for the first time, which
provided insights into the magmatic processes related to the
intraplate volcanism in the island.

Several hypotheses have been suggested for its formation
mechanism (e.g., Brenna et al., 2015a; Lee, 1982; Nakamura et al.,
1990; Shin et al., 2012; Tatsumi et al., 2005) but consensus has not
been reached yet. Nakamura et al. (1990) and Tatsumi et al. (2005)
suggested a possible mantle plume origin. Decompressional melting
by tectonic extension (Choi et al., 2006) or lithospheric folding (Shin
et al., 2012) due to plate interactions have also been suggested.
Localized asthenospheric upwelling induced by sublithospheric
mantle convections (Guo et al. 2018; West et al., 2009) are proposed.

However, due to a lack of geophysical studies, the proposed

7 ] 2- 1_l|



mechanisms for the origin and magmatic processes of volcanism in JI

have not been examined.
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Figure 1.1 Maps of northeast Asia and Jeju Island (JI). (a) Tectonic
map of northeast Asia. The location of JI is indicated by the black
rectangular box. Slabs of oceanic plate are denoted by brown dashed
contour lines at a 100—km depth interval (Iwasaki et al., 2015).
Volcanoes in northeast Asia are indicated by triangles. Convergent
plate boundaries are shown with red saw—toothed lines (Bird, 2003).
(b) Map of seismic stations used in this study. The 20 temporary
stations are shown as triangles, and the three permanent stations
operated by the Korea Institute of Geoscience and Mineral Resources
(KIGAM) and Korea Meteorological Administration (KMA) are
shown as black and white squares, respectively. (c) Distribution of
small—scale volcanoes (e.g., scoria cones, tuff rings, tuff cones, and
lava domes) on JI indicated by red dots. Mt. Halla, the central shield
volcano, is denoted by the white triangle. The figures were generated

using Generic Mapping Tools (Wessel et al., 2013).
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1.2. Methods

In this section, we first summarize theoretical background of
teleseismic traveltime tomography. We then explain the data

acquisition and processing, followed by tomographic inverse method.

1.2.1. Theoretical Background of Telesesimic Traveltime
Tomography

We briefly introduce the principle of teleseismic body—wave
traveltime tomography based on the derivation of Aki et al. (1977),
emphasizing on what types of parameters are used, and how the
dataset is connected with the model parameters. Also, we will notice
some assumptions and limitations of this method.

The initial model consists of homogeneous layers with a constant
thickness and a uniform averaged velocity as shown in Figure 1.2.
The model space consists of NL layers, and at each layer, there are
NB blocks. Total number of model parameters is M, which is NL X
NB. We define a volume of the earth under the array. The earth’ s
structure is assumed to be defined by the standard earth velocity
model, such as ak135 (Kennett et al., 1995). Inside the model space,
the slowness fluctuation in each block is determined by traveltime

data observed at local arrays from large set of teleseismic events.
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We apply ray theoretical approach for computing the traveltime,

which assumes infinite frequency of rays. The traveltime of an

arbitrary ray passing through the it* layer is t;, which can be
calculated by
di/v; (1)

where d; is the actual distance traveled in the layer, and v; indicates
the actual velocity. With fractional slowness perturbation of s;, which
can be expressed by

1/v; = 1/7;(1+s;) (2)
where v; indicates the average velocity in the layer, (1) can be
expressed as

(d; + Ady) (3)
Y,

4

i= 7,
Where di = Cii + Adl
The arrival time t at receivers that travels through the all layers

within the model space can be expressed as

oL (4)

t=Zti+T+£

i=1
where 7 is the arrival time from the earthquake to the bottom of the
model space, and ¢ is a residual term including measurement errors

(uncertainties). Let T indicates the arrival time at the bottom for the

unperturbed ray and consider At =71 —T, we get

NL -

d; (5)
t=f+25(1+5i)+AT+
i=1 '

NL —
Ad;
— 1 +s)+e
e Uj
=1

According to Fermat’ s principle, the derivative of traveltime

with respect to path perturbations around the geometrical ray path is

. dt
stationary (E ~ 0), we can assume that

NL -
Ad;
AT + Z —_— (1 + Si)
— Vi
=
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is of higher order than other terms in (5). Then, (5) can be rewritten

as
) NLCIi ) NL (7)
t=T+ZT(1+5i)+5=T+ZTi(1+Si)+€
=i i=1
where Ti=d—f.

=

Let assign to each ray only the block that contains most of the
unperturbed ray path; only one block for each layer is considered
having a dominant part of trajectories for each ray. For contributions
from neighboring blocks when parts of the ray pass travel through
them, the slowness perturbations within the j” block of the it% layer
are formulated as

Sij = 5jj + Asy; (8)

Where m,; represents the slowness anomaly of the it* layer

averaged over rays having most of the path within the jt’z block.

Rewriting (7) using (8), we get

NL NL NB
t= f+le +Zlele XFij +&*
i=1 i=1 j=1

where Fg; indicates 1 if the unperturbed ray in the it* layer has most

9)

of the path in the j” block, otherwise 0. &* represents summation of
¢ and As;;.

Followings are additional symbols to introduce the number of
receivers and corresponding arrival time:
N : total number of stations;

. vector of arrival times at the surface = (tq,ty, ..., ty)7s

|+

: vector of arrival time at the bottom of model space based on the

1

standard earth model = (14,73, ..., Ty) s

T,: traveltime spent in the model for the unperturbed ray = YN T;;

L vector of unity = (1,1, ...,1)T;
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. vector of slowness anomalies = (811,512, ) 521,522, eve» SNLNB) T

1]

. vector of high order and error terms =(&*, ...,ex )7

Ti1 - Tiy
: g : where the T, =T; if the ray to pm instrument
Tve - Tym

Im

G =

travels through the g% block in the it layer, other wise O (this is
the sensitivity matrix which connects ray ' s traveltime and
contributions of each block).
Using the above parameters, (9) becomes
t=7T+Tl+G5+¢ (10)
The first term represents the traveltimes through the standard
earth from the earthquakes to the bottom of model space. The second
term in (10) indicates the traveltime for rays traveling through the
initially defined velocity model of model space, and the third term
indicates traveltime anomalies due to perturbations of blocks. We can
calculate the G, 7, and T, from the initial model and source—receiver
geometry. § is the unknown parameters to be estimated. By defining
T, as unknown, errors from origin time, uniform anisotropy effect
throughout the model space can be absolved.
If we consider small errors in the standard earth model, initial
model, and source parameters, we can write
t=1-A1) (11)
and
G=G6-AG (12)
where A(f) is due to errors in source location and origin time,
standar earth model, A(G), which is by raypath perturbation within
the model space, and errors in initial model of crust and mantle.
Using (11) and (12), we get from (10)
t=t+A@) +Tol+ G5+ AG)5+¢ (13)

The fifth term in (13) can be assumed to be a higher order term,
§
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and can be neglected because each A(G) and § is of first order. The
second term is of the same order as errors in the standard model and
errors in source location.

The effects of near—source structure are negligible considering
the long transmission of teleseismic rays through the relatively
homogeneous lower mantle, resulting in smoothed wave front right
before reaching at the receivers. The dataset has a greater
sensitivity for velocity heterogeneities closer to the local arrays.
Therefore, the effects from heterogeneities outside of the model
space are efficiently minimized, given that there are events with good
and uniform azimuthal and distance coverage.

We further assume A(%) (outside box effect) in (13) to be of
higher order term, which is negligible and common effect to all
stations. We now construct the least squares solutions to estimate
model parameters by rewriting (10) as

t—T=(G—-G)S+Tyl+G5+¢ (14)

Note that G5 is deducted from the third term of (10) and included

again, where

(G_G)zts

- N N -
T = Q T)/N = Tug= () Ta/N .
i=1 i=1

; ' ;
Tvi = Q Tw)/N -+ Tuw = ) Tun)/N
- i=1 i=1 -

(15) allows us to eliminate the necessity of somewhat arbitrarily
choosing one particular station for reference (we do not need
reference station). This is to mitigate that the observational errors
in reference station residuals to bias the final results.

Tol and G5 can be lumped together to be common station term as
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For n events, (14) can be
G=t—-T=(Gr—G)S+cl+g (k=1,..,n) (17)

For all events,

7 — ar¢€
[&] Lo 0 G, C?”c;] & (18)
B0 L0 6-6||7, |
LI ¥ [ ; ; _Jcn :
in 0 0 l Gn_Gn |-§_J En
which is consistent with
(19)

|2

- [C
= (LG) <§> +é
S
Due to orthogonality of the columns of L it self and with respect
to the columns of G, we can divide ¢ and § individually in the least
square solvation. We first get ¢ = L't and define ¢ as

1. (20)
— T
=nkt

where ¢ is the average of traveltime residual £ over all the stations.

|

Now we subtract ¢ from each traveltime dataset in each event, we
finally isolate § by solving
t*(relative traveltime residual) = — Lé (21)
=G5+E-¢€
where £ is the averaged error for average station term.

In order to solve §, we subtract average traveltime from each
events. However, we lose information on absolute average properties
of each layer. The summation of the columns in G for any one layer
is identically zero because uniform slowness perturbation in a layer
does not affect t*. The rank of G is less than M —NL. The best

possible resolution matrix can be R;j = 1—$(for i=j) where NB

indicates number of blocks in the layer to which block j belongs. This

means that resolution of each block is 1 for best case except their

absolute property, which is averaged over NB; Rij=—NiB(folr i#
)
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j) where blocks in the same layer as block j) ; and R;;=0 for
otherwise. The last incidence indicates that there is no information
on relationship between blocks of different layers; only perturbations
within the same layer can be compared. The least squares estimate
for § is obtained by
GTG5 = GTtst* (22)

The solution of this equation is unique only if there are ideal
numbers of earthquake data with good coverage in azimuth and
distance. In practice, however, the number of rays sampling through
different blocks; some of them are not sampled. Even after excluding
non—sampled model parameters, there still remains model non-—
uniqueness due to the case of sampling of neighboring blocks by a
single ray, etc. In order to overcome this problem, dense station
coverage and large number of observations are necessary so that
each individual block is sampled by several rays from different
directions. Also, by using regularization parameters, such as damping
and smoothing, we can find optimized solution to be interpreted. We
will continue to explain how to solve inverse problem in the following

section.
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1.2.2. Data Acquisition: The 2013—-2015 Jeju Seismic Array
Network

From October 2013 to November 2015, we deployed 20 temporary
broadband seismic stations to investigate the seismic activity and
velocity structures beneath JI (Figure 1.1c). Twenty—three stations,
including three permanent stations, namely, the JJU and HALB of the
Korea Meteorological Administration (KMA) and the JJB of the Korea
Institute of Geoscience and Mineral Resources (KIGAM), with an
average spacing of 9 km across the island, provided the data during
the study period. All temporary stations are equipped with
Nanometrics Trillium compact broadband sensors with Taurus
recorders and global positioning system clocks, continuously
acquiring data at 200 samples per second for three individual
components. We find 484 teleseismic events with magnitudes larger
than mb 5.5 in an epicentral distance range of 30-95° during the
recording periods of temporary array from the Data Management
Center of Incorporated Research Institutions for Seismology. Before
examining the waveforms, instrument responses are removed from
all recorded data to obtain three—component (Z, N, and E)
displacement signals. We use vertical component data to identify
waves and tangential component data to identify S waves. Two—pole
Butterworth band—pass filters with corner frequencies of 0.1-5.0 and
0.05-0.2 Hz are applied for Pand S waves, respectively. We visually
inspect all the teleseismic waveforms and use only those with clear
phase arrivals recorded at more than 13 stations measuring relative
arrival time residuals. We analyze a total of 180 events for P waves
and 161 for S waves, counting the direct 2 and S phases and the

additional pP, sP, and sS phases (Figure 1.3).

18 A=



(a) P wave _ (b) S wave

Figure 1.3 Distribution of teleseismic events used in tomographic
inversion. All events are in distance range of 30-95° with mb > 5.5,
recorded by the Jeju array from October 2013 to November 2015.
(a) Events used in the Pwave tomography (180 in total). Yellow and
red circles indicate the event locations of the waveforms in Figure
1.4. (b) Events used in the S wave tomography (161 in total). Green
and blue circles indicate event locations of waveforms in Figure 1.4.
Black dashed circles indicate epicentral distances with 30°

increments.
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1.2.3. Measurement of Relative Traveltime Residuals and
Uncertainties

Relative traveltimes of the arriving signal across the stations are
defined as the time—shifts that optimally align the traces. Since
seismic stations are closely distributed with respect to the distance
to the sources, waveforms at each station are similar. Thus, precise
measurement of relative traveltime residuals is available based on
waveform similarity (Rawlinson & Kennett, 2004; Van Decar &
Crosson, 1990). We apply the adaptive stacking method (Rawlinson
& Kennett, 2004) to measure relative arrival time residuals. The
principle of the adaptive stacking method is based on the minimization
of misalignments between records of each stations based on misfits
between each traces and the reference waveform, which is formed
waveform stacking.

For N stations with records of u;(t), the line (V,(t)) and quadratic
stack (V;(t)) are defined as (Rawlinson et al., 2006b)

N
1 c
v (t) =N;ui(t_ti) 23)

and
1 (24)
V(6) = 7 ) i (t = £
i=1
where t{ indicate moveout correction based on a standard earth
model (e.g., ak135). The linear stack indicates linear summation of
waveforms and the quadratic stack represents the spread in
alignment between receivers. From (23), the optimum alignment with
the stacked trace Vi(t) can be obtained by a search over time—shift

r for each traces to minimize total misfit E, which is defined by
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u (25)
By = ) W) — ity - = o)
j=1

where Ais the number of samples, and 7 is a specified time intervals
to find the time—shift with minimum misfit. Once the time—shift T;
are estimated for all traces, time corrections of t{ + 7 are applied to
each trace and form wavetrain with improved alignment. Then, the
linear and quadratic stacks are calculated again with the aligned
traces and calculate misfit again, estimating further alignment to
improve remaining misalignment. In summary, the procedure includes
(1) teleseismic waveforms are first aligned by predictions from a
given one—dimensional propagation model (e.g., ak135 (Kennett et
al., 1995)), (2) the traces are stacked to form a reference trace, (3)
the waveform similarity is measured between each trace and the
reference trace, measuring a proper time shift to minimize waveform
discrepancy, (4) apply the measured time shift to each trace and
stack the traces to generate new reference waveform. Steps from 3
to 4 are conducted iteratively to improve the alignment, which makes
total waveform misfits to be minimized. Misfits are powered by
designated coefficient p in (25). Since the waveforms are varied by
seismic events, a proper choice of the value is needed to correctly
extract relative residuals while minimizing total misfit. We choose the
coefficient changing the value from 1.0 to 4.0 with an interval of O.1.
For the most cases, minimum misfit is achieved with values around
3.0, which are consistent to that suggested by Rawlinson and Kennett
(2004). Examples of waveforms from the four teleseismic sources
are shown in Figure 1.4 that are aligned by the adaptive stacking
procedure, and corresponding residual maps are shown in Figure 1.5.
It 1s observed that later arrivals are at stations located at greater

distances whose raypaths had to pass through the central region of
21 P
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JI. This suggests that relatively slow velocity structures likely exist
beneath the central part of the island, thereby delaying wave
propagation. There are changes in amplitudes and patterns in residual
patterns depending on source back—azimuths, which implies a certain
degree of complexity in velocity structures in the lithosphere beneath
JL.

An accuracy of the measured traveltime residual depends on
waveform similarity of each trace. The estimated uncertainties can
be used as data weights in the tomographic inversion. The adaptive
stacking method quantifies the relative uncertainty of residuals based
on waveform misfits. When the waveform of a trace and the reference
trace are very similar (e.g., high signal—to—noise ratio or cross—
correlation), then the minimum misfit at the optimum time—shift is
pronounced, but if not, the minimum misfit is broader, i.e. for the
same amount of arbitrary time-—shift, the misfit increases much
steeply for the trace in higher similarity with the reference trace.
This behavior can be used to characterize residual uncertainty. Let
E,(t,) represent the minimum misfit for a particular trace n. The
uncertainty in the estimated residuals is defined as the smallest
difference |T,, — t,|, which results in E,(T,) = aEy(r,) where a is a
calibration factor that is to be chosen a priori. This factor quantifies
how much a minimum time —shift is required to produce an error that
corresponds to the minimum misfit value multiplied by a calibration
factor. In order to choose a calibration factor, which determines
absolute residual uncertainty for each relative traveltime
measurement, we perform following procedures: (1) the estimation
of an average root—mean—square (RMS) value of the uncertainty for
each event dataset and (2) the calculation of absolute residual
uncertainties for individual rays in the same event dataset based on

-
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relative uncertainty estimations with respect to the determined
average RMS value. In the first step, we perform the recovery test
suggested in the adaptive stacking method (Rawlinson & Kennett,
2004). We apply random time perturbations using a Gaussian
distribution with a standard deviation of 0.2 s for Zwaves and 0.75 s
for S waves to the aligned traces, measuring RMS differences
between the input time shifts and their recoveries. We repeat this
test 100 times to obtain the average RMS uncertainty value for each
event dataset. In the second step, the absolute uncertainties for each
individual ray are obtained from the relative uncertainties, which are
estimated by the adaptive stacking method based on the waveform
coherence between the individual waveforms and stacked reference
waveform (Rawlinson & Kennett, 2004). Different values of random
time perturbation would result in different RMS of uncertainties;
however, we find that relative distribution of uncertainties between
residuals is consistent. Proper value of random time distribution can
be determined based on data RMS. We find that random time
perturbation equivalent to the data RMS results in too narrow
distribution of uncertainties by this approach. Therefore, we choose
twice or third times of data RMS as RMS of random time shifts.
Further test is needed comparing inversion results with uncertainties
calculated with different amount of perturbations (we will show that
this is not significant on tomographic results). We adjust the
calculation limits of the absolute error level, which corresponds to a
in E,(T,) = aEy(t,)) such that the RMS value of the relative residual
uncertainties is equal to the predetermined average RMS uncertainty.
We set the minimum individual residual uncertainty values to no less
than 35 ms, which is equivalent to 70% of the sampling interval, to

account for imperfect coherence in the records and data noise
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(Rawlinson et al., 2006b). Examples of the uncertainties measured
for the traces shown in Figure 1.6. Generally, higher uncertainties
are found in S wave than in 7 wave residual data because of the
longer—period waveforms. Higher uncertainties obtained at some
stations (e.g., stations TP02 and SS08) are likely due be to relatively
noisy conditions or incoherent waveforms resulting from local
structural heterogeneities (Rawlinson & Kennett, 2004). The RMS of
the uncertainties for all observed P and S wave data are 31 and 71

ms, respectively.
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Figure 1.4 Examples of teleseismic waveforms. (a,b) 7 waveforms
and (c,d) S waveforms recorded by the stations on Jeju Island (JI).
Waveforms in each panels are aligned by the adaptive stacking
technique (Rawlinson & Kennett, 2004). The two topmost waveforms
in red correspond to the quadratic and linear stacks, respectively,
followed by the waveforms in black corresponding to the signals
recorded at given stations (e.g., station HALB). Circles next to the
panel titles are coded in the same color as the circles in Figure 1.3

to indicate the sources.
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Figure 1.5 Examples of relative arrival time residuals. The event
locations are shown in Figure 1.3, and corresponding waveforms
aligned by adaptive stacking shown in Figure 1.4. Maps of P wave
residuals for the traces in (a) Figure 1.4a and (b) Figure 1.4b. Maps
of S wave residuals for the traces in (¢) Figure 1.4c and (d) Figure
1.4d. The back azimuth (Baz.) and event incidence angles (Inc.) are
denoted by the arrows in the bottom right corner of each map.

Stations without arrival time measurements are indicated with a cross.
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Figure 1.6 Uncertainty estimates of relative arrival time residual. (a,b)
Uncertainties of estimated residuals for 7 phase using the traces
shown in Figure 1.4a and 1.4b. (c,d) Uncertainties of estimated

residuals for S phase using the traces shown in Figure 1.4c and 1.4d.
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1.2.4. Tomographic Inversion

1.2.4.1. Forward Traveltime Calculation Using Fast Marching
Method (FMM)

We apply the teleseismic tomography method of Rawlinson et al.

(2006b) to calculate the 3—D velocity perturbations of Pand .S waves.

The method sets the 3—D model volume beneath the seismic array
consisting of regular grids in the spherical coordinate. Forward
traveltime calculation is conducted by Fast Marching Method (FMM)
(Sethian & Popovici, 1999), which is a grid—based eikonal solver.
Nonlinear tomographic inversion process is conducted using a
subspace inversion scheme (Kennett et al., 1988). The forward and
inverse processes are iteratively applied while adjusting the values
of the velocity nodes to satisfy the observed data. Ray paths are also
updated at each iteration.

FMM computes the evolution of monotonically advancing
wavefronts. It has been used in the migration of reflection data
(Sethian & Popovici, 1999) and computation of reflection and
refraction phases in layered and complex media (Rawlinson &
Sambridge, 2004). It solves the eikonal equation using upwind
entropy satisfying operators to track the first—arrival wave front
along and evolving narrow band of grid points (Figure 1.7). The
entropy satisfying upwind scheme to solve the eikonal equation
|V,T| =s(x), where T is traveltime and s is slowness at the spatial
coordinate x, is defined by (Rawlinson et al., 2006a)

1
max(D;"T,—D;",0)? 12

+max(D; 0T, —DJ%,0)?
+max(D, “T, —D;(p, 0)?].
L

(26)

= Sijk

Jjk
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where i,j,k are spherical grid increment variables in r,8,¢, and
integers a to f are the order of accuracy of the upwind finite
difference operator, e.g., the first two upwind operators for De_(pTi,j,k
are calculated by

Tijr —Tijr-1

Dy *T ) = _
J 0.5
1;5inb;6¢p .
Dy Tyji = 3Tijje = 4Tijk-1+ Tijje—2
© 21;sinf;6¢

where 8¢ is the grid spacing in ¢. If the two equations in (27) are
applied, it is a mixed—order scheme where it uses preferentially D,
operators while reverting to D; if the second upwind traveltime is
inaccessible. In order to make the order where node traveltimes are
updated consistent with the direction of flow from smaller to larger
values of T, a narrow band approach is applied. This approach labels
all grid points as either “alive,” “close,” or “far.” , which are
the state that indicates whether the grid points are passed or not
during the wavefront evolution. The alive state indicates upwind of
the narrow band with correct traveltime. The close state indicates
within the narrow band and trial values are computed from (1) based
on the alive points only. The far point indicates downwind of the
narrow band with no traveltime information. The narrow band moves
toward the far points identifying the close point with minimum
traveltime using a heap sort algorithm. After the close points are
selected, new narrow band is defined with the prior close points are
tagged as the new alive points. The application of a heap sort
algorithm makes this approach both fast and stable (Rawlinson et al.,
2006a). For teleseismic wave, the initial narrow band can be defined
from the bottom surface of the local model beneath the array with
initial traveltimes provided by the reference earth model (e.g.,

ak135). After the (1) is solved for all grids, ray paths are computed
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based on the traveltime gradient from the receiver to the base of the
model. The Fréchet derivatives, which define sensitivities of grid
points on each rays, are also calculated during this process. The
velocity grid required by FMM is defined by the cubic B spline

velocity field.
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Figure 1.7 A schematic diagram showing the method used to calculate
traveltimes. The Earth is assumed to be spherically symmetric with
a standard earth model (ak135) outside the local model volume. FMM
calculates the wavefront propagation with the starting narrow band
including all points on the bottom surface of the model. The narrow
band is evolved from the bottom through the grid until all points
become alive with traveltimes computed. Close points have trial
traveltimes, while far points are yet to have traveltimes computed

(The figure is modified from Rawlinson et al. (2006b)).
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1.2.4.2. Data Inversion and Model Parameterization

The inverse problem is solved to estimate the adjustment of model
parameters. The basic inverse problem equation can be constructed
by specifying an objective function S(m) to be minimized, where m
are the model parameters, by

S(m) = (g(m) — dops)"C3*(g(m) — dops) (28)

+e(m —my)TCt(m — mgy) + nm™DTDm)
where g(m) are the predicted traveltime, d,,s are the observed
residuals, Cy4 is the a priori data covariance matrix, which is defined
by residual uncertainties to be used for data weighting, m, is the
starting velocity model, C,, is the a priori model covariance matrix,
and D is a second derivative smoothing operator. € and n are the
damping and smoothing parameters, which regulates the degree of
departures of model parameters with respect to the initial model and
smoothness of resulting model, respectively. These parameters
govern the trade—off between data variance, and the model variance
(or smoothness).

Subspace inversion method solves (28) by projecting the
quadratic approximation of S(m) onto an n—dimensional subspace of
model space (Kennett et al., 1998). The perturbation &m is
calculated by (Rawlinson and Sambridge, 2003)

m = —AAT(GTC;G + eCt + nDTD)A)TATY (29)
where A =[a’/] is the M xn projection matrix with A/ unknowns, G
is the sparse matrix comprised by Fréchet derivatives, and y is the
gradient vector (adS/d0m). The basis vectors of n—dimensional
subspace are based on the gradient vector in model space 7y = C,7

and the model space Hessian H = C,,H where H = 3%S/0m?. The first

search direction of model can be given by a! = 7, Whictll is the _
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direction of steepest ascent. Based on the rate of change of a/, all
subsequent search directions are given by a/*' = Ha’ (for j=2,..).
Singular value decomposition (SVD) is used to avoid linear
dependence between a’/ to calculate an orthonormal basis vector.
The number of subspace dimension 1s dynamically adjusted by
identifying and removing the unnecessary basis vectors at each
iteration. The subspace inversion technique shows efficient and
stable convergence in comparison to other technique (e.g., least—
square inversion) as it can deal with individual gradients of each
model parameters on data variance (Kennett et al., 1998).

For both 7 and S wave tomographic inversions, we define the
local model as spanning 1.94° in longitude, 1.13° in latitude, and
65 km in depth. A total of 14,560 nodes with grid spacing of 4.5 km
in the horizontal direction (40 X 28 nodes) and 5.5 km in the vertical
direction (13 nodes) is used to invert relative arrival time residuals.
The spacing of grids and the maximum depth of the model space are
determined based on resolution tests with synthetic data and
inversion results using real data. We use the ak135 global reference
velocity model (Kennett et al., 1995) for the initial velocities of each
grid node. The inversion procedure minimizes the misfit between
observations and predictions by iteratively updating model
parameters and ray geometries. Regularization factors such as
damping and smoothing are applied during the inversion procedure to
find optimized solution for interpretation. We perform only 10
iterations with a subspace dimension of 10 for an inversion, noting
that additional iterations or larger subspace dimensions merely
improve the data variance and model features. Based on trade—off
curve analyses, we determine the optimum values of damping (10.0
for Pwave and 50.0 for S wave tomography) and smoothing (5.0 for
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P wave and 10.0 for S wave tomography) (Figure 1.8). Station
elevations are corrected during the inversion process and station
correction terms are included in the tomographic inversion so that
the results are less affected by the local shallow crustal structures

beneath the stations.
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Figure 1.8 Determination of regularization factors, damping (&) and
smoothing (7 ), of Pand S wave tomography by the trade—off curve
analysis (Rawlinson et al., 2006b). (a,d) Trade—off between model
roughness and data variance when 7 is varied while ¢ is held equal
to 1. (b,e) The relationship between the model variance and data
variance when & is varied while 7 is held equal to a value
determined from the previous step. (c,f) The relationship between
the model roughness and data variance when 7 1is varied while & is
held equal to a value determined from the previous step. Final e and
7 are chosen as 10 and 5 for Pwave tomography, and 50 and 10 for
S wave tomography, respectively. The selected ¢ and 7 at each

step are indicated by the red circles.
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1.2.4.3. Joint Inversion of P and S Wave Dataset for Vp/Vs
Model

In Chapter 3 and Chapter 4, we perform joint inversion of P and S
wave teleseismic dataset to construct the 3—D Vp/Vs model. We
follow a similar procedure of Schmandt and Humphreys (2010a) in
which simultaneous inversion of the two datasets is performed with
an additional regularization on the smoothness of Vp/Vs. To reduce
artefacts from different ray density of each individual dataset on
results, data with common source—receiver pairs are used. We
determine the smoothing parameter for Vp/Vs based on the trade—
off between the total data misfit and model smoothness while
maintaining regularization factors for individual datasets determined
in individual inversions. For this process, we first determine optimum
solutions for Vp and Vs individually, and using the determined
regularization factors of each model, we conduct the joint inversion
with an additional smoothing parameter that controls Vp/Vs
smoothness. The smoothness of the Vp/Vs model is obtained by
calculating first— and second—derivative smoothness of Vp/Vs, which
were then added to the smoothness of Vp and Vs models. The total
data misfit is calculated as the sum of the P and S wave residuals
weighted by their respective data norms and uncertainties, so that
the both datasets contribute equally in determining the final model.
We calculate Vp/Vs variations based on the ak135 reference model,
taking into account that differences in the 1—D reference model have
little effect on the pattern of d (Vp/Vs) (e.g., Giacomuzzi et al., 2012;
Papaleo et al., 2018).
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1.2.5. Resolution Tests

The resolution of solution model and reliability of the imaged features
are tested by multiple synthetic tests using models with
checkerboard and specific patterns. All processes are conducted with
the same settings, i.e., model parameters, regularization factors, and
source—receiver geometries, that are used in the inversion of the
real data. For checkerboard test, we apply checkers with a peak
amplitude of £0.3 km/s and size of 15 X 15 X 15 km (north—south
X east—west X vertical), which is similar to the dimension of the
smallest—velocity anomaly obtained in the solution model. Gaussian
noise equivalent to the RMS of estimated residual uncertainties are
added to synthetic Zwave (31 ms) and S wave (71 ms) traveltime
data, which are equal to the RMS of traveltime uncertainties of the
real dataset. We also conduct different checkerboard tests using the
same checker size but with different levels of Gaussian noise (twice
the RMS error) and with different checker sizes (10 X 10 X 10 and
30 X 30 X 30 km) but the same level of Gaussian noise. For
recovery tests with specific patterns, spatially separated spike
anomalies and several cases of synthetic velocity structures are used
to assess the reliability of the observed velocity structures. In
addition, we test the tomographic inversion under different conditions,
namely, inversion without station terms and inversion with some
portions of the original data to assess the consistency of the observed

results.
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1.3. Results and Discussions

1.3.1. Resolution of Solution Model

The inverted models from synthetic 2 and S wave data for
checkerboard resolution tests with checker sizes of 15 X 15 X 15
km (Figures 1.9a-1.9j) and 30 X 30 X 30 km (Figures 1.9k—1.9r)
show generally good horizontal and vertical resolution beneath the
island. Smears appear at the side edges in the vertical slices (e.g.,
Figures 1.9g and 1.9h). The inversion results using a higher level of
noise also preserve the input patterns, though the velocity contrasts
are slightly degraded (Figure 1.10). The test using the smaller
checker size shows a good resolution at shallower depths (7.5-30 km;
Figure 1.11), which indicates that structures as small as 10 km in
horizontal scale are resolvable at depths above 30 km. In order to
verify the effects due to smearing (Rawlinson et al.,, 2006b), we
conduct synthetic test with six spatially distributed spikes (peak
amplitude of *0.4 km/s). The solution model (Figure 1.12)
successfully recover all the input anomalies, though vertical smearing
appears particularly at greater depths.

For resolution tests with specific structural patterns, we first
assume a low—velocity structure located at the center of the island
at a depth of 55 km, with a size of 30 X 30 km in the horizontal
dimension and height of 15 km (Figure 1.13a). The input pattern is
well constrained without significant horizontal offset or smearing, and
with minor positive velocities (not exceeding 0.05 km/s) around the
low—velocity anomaly as inversion artifacts compensating for the
input low—velocity anomaly. For comparison, we create a model with
the same low—velocity anomaly (Figure 1.13a) with neighboring

higher—velocity structures to the north, east, and west of the island
b

38 -":lx_! _'q.;:-'._ 1_..IE "‘.l.i_ T._III
| = | ] -



(Figure 1.13b). Although the size and amplitude of the input
anomalies are underestimated, the locations of the positive and
negative input structures are effectively resolved. We additionally
perform a synthetic test using a conduit shape model. The model
consists of a single column at a depth range of 45-60 km and three
separate columns on top that extend from a depth of 45 km to the
surface (Figure 1.13c¢). The input P wave velocity perturbation is
constant at 0.3 km/s. The inverted model successfully recovers the
three separated narrow conduits at shallower depths as well as the
single column at greater depths. Figure 1.14 shows a model resulting
from a recovery test using patterns that combined all the structures.
The results confirmed that the resolved individual features (Figure
1.13) are equally robust in the combined tomography, without
underestimating any of the structures or smearing of the dominant
features. We further interpret the resulting velocity anomalies for the
areas showing robust and reliable results in the resolution tests.
Additionally, we test the Pand S wave tomography results under
different conditions: (1) inversion without station terms and (2)
inversion using a randomly chosen half and quarter of the data. In the
second test, we chose only 20% of the rays from the southeast (back
azimuth from 120 to 160° , which account for nearly 50% of the
original data) to balance the input data. Although we omit static
corrections and some of the original data, the observed structures at

depths below 10 km are consistently resolved (Figure 1.15).
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Figure 1.9 Checkerboard test results for 7 and S wave tomography.
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noise equivalent to estimated residual error is added to the synthetic

dataset.
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Figure 1.10 Checkerboard test results for Zand S wave tomography
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square error of the estimated data residuals). (a—c) Output models at
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depths of 10, 30, and 55 km for Vp. (d—f) Output models at depths of
10, 30, and 55 km for Vs. (g,h) Output models at latitude 33.40° N
and longitude 126.50° E for Vp. (i,j) Output models at latitude
33.40° N and longitude 126.50° E for Vs.
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depths of 7.5, 25, and 45 km for Vs. (g,h) Output models at latitude
33.40° N and longitude 126.50° E for Vp. (i,j) Output models at
latitude 33.40° N and longitude 126.50° E for Vs. Gaussian random
noise equivalent to the estimated residual error has been imposed on

synthetic dataset.
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Figure 1.12 Spike resolution test results for Zwave tomography with
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Figure 1.13 Structural resolution test results for ”wave tomography.
(a) A low—velocity structure (—0.3 km/s) at the center of the island.
The anomaly has a scale length of 30 X 30 km horizontally and 15
km vertically, located at a depth of 55 km. (b) Higher velocity
structures (+0.3 km/s) located to the north, east, and west of the
island. The central part of the island has lower velocity perturbation
(—=0.3 km/s), with anomaly size identical to that in (a). (¢) Conduit
model test with —0.3 km/s perturbation. Initial and output models are
shown in the left and right columns, respectively. Initial and output

models are shown in the left and right column, respectively.
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Figure 1.14 Resolution test results of P wave tomography with
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observed results.
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1.3.2. Solution Models

The final models obtained by the tomographic inversion result in a
reduction of data variance by 34% from 0.0082 to 0.0054 s? (from
90.5 to 73.8 ms in RMS) for P wave tomography (Figure 1.16a) and
by 33% from 0.0572 to 0.0385 s? (from 239.2 to 196.1 ms in RMS)
for S wave tomography (Figure 1.16b). There are clear
improvements in the variance reduction, though the values are not
substantial. This could be due to relatively small traveltime variances
in the modeled region compared to the noise level, but also by
unaccounted factors, such as unresolvable small—scale or shallow
structures, anisotropy, heterogeneous velocity structures beneath
the model space (Rawlinson et al., 2006b).

Depth slices of the 3—D Pwave tomography model from 15 to 55
km (Figure 1.17) reveal a characteristic pattern of relatively low
velocity anomalies beneath the island that varies in their shapes and
patterns at different depths. At depths of 45 and 55 km (Figures
1.17c and 1.17d), a strong low—velocity anomaly (£0.2 km/s) is
clearly observed beneath the central part of the island (Anomaly 1).
At a depth of 30 km (Figure 1.17b), the deeper anomaly divides into
narrower low—velocity zones (Anomaly 2). The pattern of low—
velocity anomalies becomes more complex at a depth of 15 km
(Figure 1.17a).

We observe relatively high velocities (>0.1 km/s) to the north,
east, and west of the island at greater depths (Figure 1.17d), where
a strong contrast exists between the central low—velocity and high—
velocity areas. In the vertical profile at 126.50° E (Figure 1.17f), the
high—velocity structure occurs at around 33.6° N, whereas the low—

velocity zones are located beneath and to the south of JI. In the east—
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west vertical profile at 33.35° N (Figure 1.17e), the high—velocity
regions are visible to the east and west of the island.

The results of .Swave tomography are shown in Figure 1.18. The
overall patterns of velocity anomalies are similar to the P wave
structure, showing a low—velocity anomaly at the center of the island
while relatively high velocities to the north, east, and west. However,
the relatively small scale pattern of the low—velocity anomaly
revealed by P wave tomography is not identified. This loss in
resolution may be attributed to one or a combination of factors, such
as the longer wavelengths of S wave signals, higher uncertainties in
estimated residuals, and the relatively small number of residual data

(Bastow et al., 2008).
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Figure 1.17 P wave tomography results. (a—d) Depth slices at 15, 30,
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Station terms calculated by tomographic inversion are shown in (b).
(e,f) Vertical profiles at latitude 33.35° N and longitude 126.50° E.

Contour lines show major features observable in the model

(Anomalies 1 and 2).
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1.3.3. Interpretations

In relative traveltime tomography, care should be taken when
interpreting images with velocity perturba— tions because this
method only provides relative velocity; absolute velocities are
unknown (Aki et al., 1977; Lévéque & Masson, 1999; Rawlinson et al.,
2006). Therefore, it is useful to compare previous results that
constrain either the velocity structure at larger scales (e.g., global or
regional tomography) or the absolute velocity structures, such as
when surface wave dispersion data were used (Bastow, 2012).

In global tomography models (Mégnin & Romanowicz, 2000;
Ritsema et al., 2011), northeast Asia has a relatively slow upper
mantle S wave velocity (1% at a depth of ~100 km). Studies of
regional Pwave tomography that cover East Asia upper mantle (Li &
Van Der Hilst, 2010; Wei et al., 2012) also show relatively low
velocity anomalies (<1%) at depths of 50-150 km under JI and the
nearest regions. Studies using multimode surface waveform
tomography (e.g., Legendre et al.,, 2015; Pandey et al.,, 2014;
Priestley et al., 2006) have revealed prominent slow S wave speeds
(<2.5%) at the back—arc basins of the western Pacific subduction
zones comprising the East Sea and extending to the East China Sea.
These results point to slower upper mantle velocities beneath JI and
nearby regions (dVp = 1% and dVs = 1% in lower bounds) compared
with the normal mantle velocity. Therefore, we suggest that the low
velocity (P wave velocity < 0.15 km/s) beneath the center of JI
observed in our study is potentially slower than the regionally slow
upper mantle.

The high velocity structures at greater depths correspond to the

high—velocity anomalies imaged in previous tomographic studies.
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Global models observed relatively thick lithospheric structures (>60
km) in the central and western parts of the Korean Peninsula (e.g.,
Pasyanos et al., 2014). In regional studies, relatively high velocity
anomalies were commonly observed at locations similar to the
regions with relatively thick lithosphere (e.g., Chen et al., 2017; S.
Kim et al., 2016; Ma et al., 2018; Wei et al., 2012; Zheng et al., 2011).
S. Kim et al. (2016) suggested that sharp boundaries of high—to—
low—velocity transition exist near JI, which they interpreted to be
the lateral boundary at a shallow upper mantle depth (<60 km)
between the relatively thick continental lithosphere beneath the
Korean Peninsula and East China and the asthenospheric upper
mantle beneath regions with a thinner lithosphere.

The peak—to—peak variation between Anomaly 1 and
surrounding high—velocity regions is approximately 0.4 km/s, which
corresponds to a 5% velocity perturbation. Considering the globally
slow upper mantle in our study area, the velocity reduction of
Anomaly 1 could reach 6% in comparison with the normal mantle.
However, such large variation is unlikely to form within the
sublithospheric mantle beneath the island, compared with active
magmatic rift zones or hot spots where a similar magnitude of
velocity reduction has been reported in the upper mantle (e.g.,
Bastow et al., 2008; Huang et al., 2015). Considering previously
suggested lithospheric structures and the velocity pattern obtained
in our study, we suggest that the high—velocity structures represent
the southern margin of the lithospheric structures that extended from
the Korean Peninsula and East China.

The source depth of the magma of JI volcanism has been
suggested to be greater than lithospheric depths to form such a

large—volume central shield volcano (Brenna et al., 2012a) and to
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explain the geochemical evidence (Baek et al.,, 2014; Choi et al.,
2006). Our image (Figure 1.17d) shows at least a 0.3—km/s
perturbation of P wave velocity between the central low—velocity
structure (Anomaly 1) and the surrounding high—velocity regions,
which is about a 3.7% velocity perturbation with respect to the
reference model. Such an observed velocity change corresponds to a
temperature variation range of 185-740 ° C (Bastow et al., 2005;
Goes et al., 2000), assuming that there is only the thermal effect on
seismic velocity perturbation. It is unlikely for such a large
temperature variation to occur within the small area (~100 X 100
km) without localized melt focusing (e.g., Lee & Lim, 2014; Tang et
al., 2014). Because the imaged low—velocity features are not
localized around JI but cover the entire region of the East China Sea
(e.g., Wei et al., 2012; Zheng et al.,, 2011) or extend along the
expected margins of the continental lithosphere (e.g., S. Kim et al.,
2016), other factors are needed to explain the focused large velocity
contrast. A small fraction (~1-2%) of partial melting (Hammond &
Humphreys, 2000; Mavko, 1980; Sobolev et al., 1996) can result in
a large velocity contrast in a confined area. Anisotropy can also play
a role in the variation of seismic velocity (W. Gao et al., 2004).
However, only a weak (<1.5%) azimuthal anisotropy is suggested
beneath JI without abrupt changes in the fast direction and amount of
anisotropy (Huang et al., 2004; Kang & Shin, 2009; Wei et al., 2016).
Chemical compositions and grain sizes of materials in the lithospheric
upper mantle may affect seismic velocity (Cammarano et al., 2003;
Faul & Jackson, 2005), but they are second—order effects compared
to temperature in the upper mantle (Goes et al., 2000), and it is
unfeasible to explain the amount of velocity perturbation solely by

these factors. Therefore, it can be argued that Anomaly 1 in our
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result is a high—temperature upper mantle structure potentially with
partial melts (Figure 1.17).

Small—scale low—velocity perturbations at shallow depths
(Anomaly 2) indicate the existence of more complex magmatic
structures at lithospheric depths. JI comprises more than 300 small
volcanoes (Figure 1.1b) characterized by geochemical features that
favor monogenetic eruptions fed by dispersed and independent
plumbing systems (Brenna et al., 2011; Koh et al., 2013; Sohn et al.,
2012). The pattern with narrower low—velocity anomalies depicts
magmatic paths in the lithosphere that connect the locally ponded
melts at sublithospheric depth (Anomaly 1) to the dispersed
volcanoes at the surface (~100 km in horizontal scale). The low—
velocity structures mainly extend to the east and west of the center
of JI. Small—scale volcanoes characterized by more recent basaltic
eruptions populate the surface above these low—velocity zones. In
addition, the shallow anomalies spatially overlap with central
volcanism with a later (~25 ka) large volume of trachyte magma
(Brenna et al., 2012b; Ko & Yun, 2016). Thus, it can be inferred that
these anomalies represent a shallow magma plumbing structure
related to volcanism with primitive basaltic and evolved magma.
Reactivation of individual vents after longer time breaks (>200 ka)
has been reported (Brenna et al., 2015b). The low—velocity pattern
at shallow depths (<45 km in Figure 1.17) might be due to more
complex magmatic structures overlapping with multiple volcanic
eruptions. More scattered low—velocity features can be found at a
depth of 15 km (Figure 1.17a), focused at the center, eastern, and
western margins of JI. The central low—velocity portion is located
beneath the shield volcano, which erupted basaltic lava and formed a

trachytic dome. However, the other narrow low—velocity zones are
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not directly connected to the region with clustered scoria cones
(Figure 1.1b). These discrepancies are probably due to the smearing
of the heterogeneous upper crustal (<10 km) magmatic structures
(e.g., narrow sills and dykes) even though the effect of local near—
surface structures 1s taken into account by the station term in
inversions. Further investigations are needed to confirm the shallow
magmatic structures beneath JI. Compared to a magma evolution
model based on geochemical data (Brenna et al., 2012b), our results
show similarities in the dispersed magma plumbing system at
shallower depths (~15 km) beneath the island, but the seismic
images (Figure 1.17) suggest a more focused origin of the
sublithospheric magma.

Our findings of dispersed and complex magmatic structures
beneath JI (Figure 1.17) are suggestive of intensive interaction
between the ascending magma and the lithospheric environment (Li
et al., 2018; Martfi et al., 2017; Németh, 2010). Complex magmatic
structures within the lithosphere are generally formed by the
movement and emplacement of magmas in the lithosphere (e.g., Benz
et al., 1996; Huang et al., 2015; Martiet al., 2017; Miller & Smith,
1999; Thybo & Artemieva, 2013). Such magma emplacement and
movement are controlled by various factors, including local or
regional stress fields and preexisting structural (e.g., fault or fracture)
or rheological discontinuities (Maccaferri et al., 2010; Martf et al.,
2016; Németh, 2010; Takada, 1989; Valentine & Perry, 2007). A
previous petrological study on JI revealed that peridotite xenoliths
metasomatized by evolved alkali basalt (Yang et al., 2012), which
could promote the intensive interaction between the host magma and

the lithospheric environment.
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Several hypotheses have been proposed to explain the
mechanism of intraplate volcanism in JI. Nakamura et al. (1990) and
Tatsumi et al. (2005) suggested a possible mantle plume origin.
However, the absence of mantle plume signatures, such as hot spot
tracks, volcanic age progressions, topographic swells, and deep—
seated thermal anomalies (Chen et al., 2017; Choi et al., 2006; Y. Kim
et al., 2015; Ma et al., 2018), together with the observed nonplume
trace element characteristics and relatively low geothermal gradient
(Brenna et al., 2012a), makes this suggestion implausible.
Decompressional melting by tectonic extension (Choi et al., 2006) or
lithospheric folding (Shin et al., 2012) due to plate interactions have
likewise been suggested. However, these large—scale mechanisms
cannot account for the focused and isolated volcanism in JI, where
neighboring volcanoes aligned to the corresponding stress regime are
absent. Localized asthenospheric upwelling can be induced by
sublithospheric mantle convections (West et al., 2009). Guo et al.
(2018) argued that convective downwelling in the upper mantle
beneath the Songliao basin triggered by upwelling beneath the Mt.
Baekdu (Changbai) volcano in northeast China may have induced
localized asthenospheric upwellings in regions surrounding the basin,
forming localized and isolated intraplate volcanism. However, no such
convective flow has been reported beneath the Korean Peninsula and
Yellow Sea, which is coeval with the volcanism in JI despite the
proposed tectonic proximity between northeast China and the Korean
Peninsula, both being part of Sino—Korean old basement with a
relatively thick lithosphere (Chough et al., 2000).

Convective mantle flows can be developed by edge—driven
convection processes (Conrad et al., 2010; King & Anderson, 1998).

Decompressional melting is able to be generated at locations with
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lithosphere thickness gradients induced by thermal differences or
dynamic processes between the relatively thick and thin lithospheres.
This mechanism has been used to explain intraplate volcanism
without mantle plumes in some regions (Ballmer et al., 2015a; Davies
& Rawlinson, 2014; S. Kim et al., 2017; King & Ritsema, 2000; Van
Wijk et al., 2010, 2008). Based on our results (Figures 1.17 and 1.19)
and recently improved seismological images of the lithosphere in
northeast Asia, JI is located at a transitional region of lithospheric
thickness at the southern margin of the continental lithosphere
beneath the Korean Peninsula and Yellow Sea. The amount of the
velocity heterogeneities and the distribution of high—velocity
structures (Figures 1.17 and 1.19) may indicate inherent rheological
weaknesses or geometrically non—uniform structures along the
margin of the thicker lithosphere, which may have been formed
during previous extensional events (Chough et al., 2000; Chough &
Sohn, 2010). It has been reported that the preexisting structural
complexity in the lithosphere controls melt focusing (Davies &
Rawlinson, 2014; Davies et al., 2015; Hoke & Lamb, 2007). Hence,
it can be inferred that decompressional melting induced by convective
flows at the lithosphere thickness transition could be a possible
mechanism of volcanism in JI. To confirm this, further investigation
(e.g., geodynamic simulation) is required to demonstrate whether the
lithospheric thickness gradient at the continental margin of the
Korean Peninsula is sufficient for thermal instability (e.g.,
Kaislaniemi & Van Hunen, 2014; Missenard & Cadoux, 2012) in the
region with low asthenospheric shear (Conrad et al., 2011; King,
2011). Horizontally and vertically driven mantle flows by a
subducting slab could play a role in promoting such decompressional

melting at the edge of the continental lithosphere. A subducting slab
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can trigger 3—D upper mantle flows (Motoki & Ballmer, 2015;
Piromallo et al., 2006; Schellart, 2004) and focused upwelling away
from the slab (Faccenna et al., 2010). In addition, it has been
suggested that the stagnant Pacific slab beneath East Asia induces
large —scale convective flows due to deep dehydration (Kameyama &
Nishioka, 2012; Richard & Iwamori, 2010; Zhang et al., 2014), which
may result in intraplate volcanism (Sakuyama et al., 2013; Wang et
al., 2015; Zhao et al., 2009). Furthermore, horizontally induced shear
or transported melts are possible based on the extension of the
back—arc low—velocity bodies in the Okinawa trough and the Sea of
Japan (East Sea) to the continental margin around the Korean
Peninsula (S. Kim et al., 2016; Zheng et al., 2011). Such a mechanism
has been proposed in back—arc settings (e.g., Brenna et al., 2015a;

Currie et al., 2008; Wei et al., 2015).
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1.4. Conclusions

We constrain 3—D seismic velocity structure lithosphere beneath JI.
We deployed a dense seismic array consisting of 20 temporary
stations and three permanent stations for over 2 years, recording
high—quality continuous seismic waveforms. Based on these data, we
apply teleseismic traveltime tomography. The adaptive stacking
technique is used to precisely measure the relative arrival time
residuals of P and S waves. For data inversion and retrieval of
velocity structures, we use the fast marching tomography method.
The model identifies a prominent low—velocity anomaly under the
summit of the island at greater depths (50-60 km), which separates
into narrower low—velocity zones at shallower depths (10-45 km).
Moreover, we observe velocity changes from lower velocities
beneath the center of the island and southern part of the model space
to higher velocities to the north, east, and west at a greater depth
(~55 km). Through a series of synthetic recovery tests with
checkerboard and specific anomaly patterns, we confirm that the
observed velocity anomalies and patterns are robust and reliable.
Based on previous geological observations, we interpret the
significant low—velocity anomaly (>3.7% reduction in P wave
velocity compared to surrounding high—velocity structures) beneath
the central part of JI at a depth of ~55 km as a sublithospheric high—
temperature upper mantle structure potentially with partial melts.
The low—velocity anomalies become separated and extend toward
the east and west of the island as depth decreases. The structure
represents a dispersed magmatic system corresponding to the
surface features of volcanism. On the other hand, the high—velocity

structures to the north, east, and west of the island are interpreted
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as relatively thick Ilithospheric structures extending from the
southern margin of the lithosphere beneath the Korean Peninsula
structure, considering its consistency with a previously observed
velocity transition around the island and the magnitude of velocity
contrasts in previous tomographic studies. In summary, we suggest
that focused decompressional melting at sublithospheric depths
formed at the transition of lithospheric thickness beneath the island,
and the intensive interaction between the ascending magma and
lithosphere resulted in complex and dispersed intraplate volcanic

system in JI.
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Chapter 2. Heterogeneous Modification and
Reactivation of a Craton Margin Beneath the Korean
Peninsula by Teleseismic Traveltime Tomography

2.1. Introduction

Craton lithosphere, which comprises the core of continents, 1is
composed of a strong resistance against thermo—chemical erosion
since its formation (>2.5 Ga). The longevity of it arises from its thick
and iron—depleted mantle keel, and strong crust (Lee et al., 2011).
However, persistent and multiple episodes of tectonic events at
continental margins make craton margin prone to ongoing
modification processes. Constraints on the properties of the
continental lithosphere indicate that marginal tectonic processes play
an important role in altering entire cratonic structures (Artemieva,
2006; Boyce et al., 2019; Thomas, 2006). Previous studies have
suggested interactions with slab subduction, collision, mantle
dynamics, and effects due to deeper structures to explain tectonic
processes at margins (e.g., Hu et al., 2018; Levander et al., 2014;
Moresi et al., 2014; Schmandt & Lin, 2014). Modification of the
cratonic lithosphere is a salient process by which we can understand
the evolution and destruction of old continents (Artemieva & Mooney,
2002; Foley, 2008). However, unraveling the detailed modification
process of their margins is often difficult (e.g., Rawlinson et al., 2014;
Savage et al.,, 2017) since multiple episodes of tectonic events
overlap each other and blur the resulting features.

The continental lithosphere in the eastern Eurasian plate margin
comprises several cratonic blocks (e.g., the North China Craton

(NCC), South China Craton (SCC), and Siberian Craton). The region
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has experienced multiple tectonic events, including continental
collisions and accretions, the subduction of various oceanic plates
(e.g., Paleo—Asian, Paleo—Tethys, Mongol—Okhotsk, Izanagi, and
Pacific slab), and subsequent back—arc extension and rifting (e.g.,
East Sea or Sea of Japan, Yellow Sea, and East and South China Sea)
(Kusky et al., 2014; Otofuji et al., 1985; Tang et al., 2018). Extensive
reworking and destruction of the cratonic lithosphere mainly
occurred in eastern China (S. Gao et al., 2004; Menzies et al., 1993)
based on the detection of lossing significant portion of its deep root
(from >180 km to <100 km) during the Mesozoic and Cenozoic (e.g.,
Chen, 2010; Huang et al., 2009). Widespread Mesozoic to Cenozoic
magmatism indicates entirely non—cratonic geochemical and
geophysical signatures (Choi et al.,, 2006; Kimura et al.,, 2018),
accompanied by ubiquitous extensional basins (Figure 2.1) (Chough
et al., 2018; Liu et al., 2017; Ren et al., 2002). Due to the complex
structure, previous studies have suggested numerous different
modes of lithosphere modification for the cratons in China (e.g.,
Griffin et al., 1998; Guo et al., 2016a; Wu et al., 2019; Zhang, 2005).

The Korean Peninsula composes the Archean—Proterozoic
continental lithosphere located in the eastern Eurasian plate margin
(Chough et al., 2000). Previous studies have suggested the presence
of tectonic affinities in the cratonic lithosphere modification process
between China and the Korean Peninsula (Cho et al.,, 2017; Choi,
2019; Oh et al, 2019). The basement of the Korean Peninsula
consists of late Archean to early Proterozoic massifs: from north to
south, the Nangrim (NM), Gyeonggi (GM), and Yeongnam (YM)
(Figure 2.2a) (Chough et al., 2000; Cho et al., 2008). As in China,
each of the massifs in the Korean Peninsula were subject to different

tectonic processes during amalgamations and breakups of
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supercontinents (Columbia, Rodinia, Gondwana, and Pangea) before
the formation of the current setting since the late Paleozoic to early
Triassic (S.W. Kim et al., 2014, 2018, 2019; Lee et al., 2019; Oh et
al., 2019). 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, indicating collisional and
accretional processes during their formation. Extensive Mesozoic—
to—early Cenozoic plutonic emplacements followed in a post—
collisional and subduction tectonic setting (S.W. Kim et al., 2011,
2017). Subsequent oblique subduction 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 south—
eastern margin of the YM and rifted structures in the East Sea to the
east of the Korean Peninsula, respectively (Chough & Sohn, 2010;
Ren et al.,, 2002). Spatially non—uniform and complex tectonic
structures indicate that the cratonic lithosphere in the Korean
Peninsula has been exposed to intense, complicated modification
processes at the forefront of the continental margin during the
Phanerozoic period (Chough et al., 2000). However, due to lack of
information on the detailed structure of the continental margins owing
to reduced sampling in the region, effects by current dynamics in the
upper mantle and nearby subducting slabs on the craton margin
lithosphere have not been examined in detail.

The Korean Peninsula has been an intensive research area
providing important geological evidence on the marginal tectonism of
the eastern Eurasian plate. Similarities between the Archean and
Paleoproterozoic geological features of the Korean Peninsula and that
of China suggest possible connection between the North or South

China Blocks and the Precambrian basement of the Korean Peninsula.
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However, consensus has not been reached yet on the geological
affinities between different tectonic units in the Korean Peninsula and
those of eastern China. Debates were on the detailed process of the
assembly of the Korean Peninsula and whether the collisional
boundary between the two cratons in China formed in Late Paleozoic
to early Triassic extends to the Korean Peninsula. Several tectonic
models have been proposed: Indented wedge model (Choi et al., 2019;
Chough et al., 2000) (Figure 2.3a), collisional belt model (Oh et al.,
2019) (Figure 2.3b), Korean collisional orogen model (Kwon et al.,
2009; S.W. Kim et al., 2011) (Figure 2.3c), Gyeonggi marginal belt
model (Cho et al., 2017) (Figure 2.3d), and crustal detachment model
(Chang & Zhao, 2012; Zhai et al., 2007) (Figure 2.3e).

We conduct high—resolution seismic tomography of the upper
mantle beneath the southern Korean Peninsula (SKP) to understand
the detailed structure and tectonic evolution of a craton margin.
Detailed 3—D upper mantle P and S wave velocity variations are
estimated for the first time using data from dense seismic arrays
throughout the SKP with a recording time of more than 5 years.
Unlike previous large—scale tomography studies in East Asia (e.g.,
Chen et al., 2017; Ma et al., 2018), we report velocity models based
entirely on teleseismic relative arrival time data from the local
seismic arrays (AKki et al., 1977; Thurber, 2003) to estimate local
velocity heterogeneities in greater detaill by measuring small
traveltime differences caused by an area of interest. Together with a
set of resolution tests, we suggest that marginal tectonic processes

played a significant role in breaking up the continental lithosphere.
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Figure 2.1 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 (Bird, 2003).
Depths of the subducting oceanic slabs are indicated by brown dashed
contours at 100—km intervals based on the Slab2 model (Hayes et
al., 2018). Cretaceous and Cenozoic extensional basins are shaded in
gray (Ren et al., 2002). Volcanoes are indicated by red triangles. A
pink dashed rectangular box shows the map boundary of Fig. 2.2.
CNCC: central North China Craton; ENCC: eastern North China

Craton; KP: Korean Peninsula.
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Figure 2.2 (a) Map showing the geology of the Korean Peninsula
(Chwae et al., 1995). 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:
NangrimMassif; OB: Okcheon Belt; Ul: Ulleung volcanic Island; YM:
Yeongnam Massif. (b) Seismic stations used in this study. Stations
from different networks are shown by different colors and symbols.
KMA: Korea Meteorological Administration; KIGAM: Korea Institute
of Geoscience and Mineral Resources; KINS: Korea Institute of
Nuclear Safety; JMA: Japan Meteorological Agency; NIED: National
Research Institute for Earth Science and Disaster Resilience; GSN:

Global Seismic Network.
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Peninsula during the Late Permian—Early Triassic. (a) Indented
wedge model (Choi et al., 2019; Chough et al., 2000). (b) Collisional
belt model (Oh et al.,, 2019). (c¢) Korean collisional orogen model
(Kwon et al., 2009; S.W. Kim et al., 2011). (d) Gyeonggi marginal
belt model (Cho et al., 2017). (e) Crustal detachment model (Chang
& Zhao, 2012; Zhai et al., 2007). Green and brown regions in tectonic
models are the areas suggested to be part of North and South China
Blocks (NCB and SCB), respectively. Yellow regions indicate areas
that are suggested to be extended from the collisional boundary
between the NCB and SCB. GM: Gyeonggi massif, IB: Imjingang belt,

OB: Okcheon belt, YM: Yeongnam massif.
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2.2. Methods

2.2.1. Data Acquisition and Processing

We collect seismic data recorded by permanent seismic stations
deployed in and around the SKP (Figure 2.2b), consisting of a total
of 254 broadband, short—period, and accelerometer sensors. We
select 1388 events between 2013 and 2018 with magnitudes greater
than mb 5.4 at epicentral distances from 30 to 95° from the
International Seismological Catalogue, identifying Pand Swaves from
the wvertical and tangential component data, respectively. The
waveform data are corrected for corresponding instrument
responses and filtered with frequency bands from 0.1-5.0 Hz for P
waves and 0.1-1.0 Hz for S waves. Interstation coherency in the P
and S wave waveforms is used to measure the high—quality relative
arrival time residuals (Rawlinson & Kennett, 2004). To incorporate
waveform data from different instrumental settings and obtain more
detailed results, we scrutinize the ranges of frequency bands for F
and S waves by testing different passbands. With these frequency
ranges, the highest degree of waveform coherence is achieved while
maintaining similar levels of signal—to—noise ratios among different
types of instruments (Figure 2.4). All teleseismic waveforms are
visually inspected and noisy or incoherent data are eliminated to
obtain more reliable measurements. Figure 2.5 shows examples of P
and S phases recorded by the local arrays. The waveforms of the
processed data are similar in shape, which allowed us to measure the
relative residuals with high precision. For the example data, the
measured relative traveltime residuals generally show positive
(delayed) values at stations in the north and eastern margins of the

SKP, and negative (preceded) values in the southwest (Figure 2.6).
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Our final dataset comprises 96,273 rays from 684 events for Pwaves
and 35,418 rays from 274 events for S waves (Figure 2.7). The
average cross—correlation coefficient of our dataset is 0.92 for P
waves and 0.83 for S waves.

We determine the uncertainty in the traveltime residuals based
on waveform similarity (Rawlinson & Kennett, 2004; see section
1.2.3 for the detailed description). The estimated uncertainties are
used as data weights in the tomographic inversion. The absolute
uncertainties of each residual are measured by synthetic recovery
test, which applies random time perturbations for the aligned traces
using a Gaussian distribution with a standard deviation of 0.9 s for F
waves and 1.7 s for S waves, measuring RMS differences between
the imposed shifts and their recoveries based on the same stacking
process. We repeat the test for 50 times to obtain the average RMS
uncertainty value for each event dataset. The average uncertainties
in the total residual traveltime observations (Rawlinson et al., 2006b;
Song et al., 2018) are 78 ms for P waves and 149 ms for S waves.
We also test different random time perturbations to measure the
residual uncertainty but the comparison of the uncertainties among

the different event datasets are consistent.
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Figure 2.4 (a) Instrument response plots for the broadband (black),
short period (SS—1) (blue), and accelerometer (ES—T) (red)
sensors. (b) The relative signal—to—noise ratio between different
instruments with different long—period cut—off frequency limits that

are applied to the teleseismic S wave data (0.03, 0.05, and 0.1 Hz).
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Figure 2.5 Examples of stacked P and S wave waveforms analyzed in
this study. (a,b) Waveforms of the event that occurred S of Ndoi
Island, Fiji (Mw = 6.9). (c,d) Waveforms of the event that occurred
NNE of Kerman, Iran (Mw = 6.0). The time windows applied for
waveform stacking are indicated with yellow shading. The locations

of the events are indicated in Figure 2.7.
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Figure 2.6 Relative arrival time residuals for Pand Swaves estimated
using the waveforms shown in Figure 2.5. The event back—azimuth
(Baz.) and incidence angle of the incoming rays (Inc.) are shown by
the white and black arrows on the bottom left of each panel,
respectively. Stations without arrival time measurements are

indicated with a cross.
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Figure 2.7 Distribution of teleseismic events used for P (red dots on

the left diagram) and S (blue dots on the right diagram) wave
tomography. Dashed black circles are plotted at 30° increments
from the center of the SKP. Green stars and squares in each panel
represent event locations of the example data from Figures 2.5a,b

and Figures 2.5c¢,d respectively.
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2.2.2. Tomographic Methods

2.2.2.1. Model Parameterization and Regularization

Fast marching ray—tracing (Rawlinson et al., 2006a) and the
subspace inversion scheme (Kennett et al., 1988) are iteratively
applied to perform tomography. We define a model space spanning a
depth of ~800 km with a uniform grid spacing of ~10 km in the crust
and ~20 km in the mantle. Regularization factors (damping (&) and
smoothing (7)) for the model are systematically determined by
evaluating the trade—offs between the data misfit, model smoothness,
and model variance (Rawlinson et al.,, 2006b) (Figure 2.8). Data
misfit for the inversion is determined based on the difference
between the observed and predicted traveltimes starting from an
initial model, which consisted of a 3—D crustal model over the mantle
portion with the ak135 reference model (Kennett et al., 1995). We
simultaneously invert the model for crustal and upper mantle
structures with fixed Moho depths to account for crustal effects.
Instead of using local crustal models in the SKP, a global crustal
model (Crustl.0; Laske et al., 2013) is adopted to cover regions
beneath not only the SKP but also its margins and off —coasts. Further
tests are conducted for different configurations of the crustal
structure using a 1—D initial model (S. Kim et al., 2011) and a 3—D
local crustal structure (Rhie et al., 2016) with Moho interfaces
(Chang & Baag, 2007; Y. Kim et al., 2015) (Figures 2.9). We find
that patterns and amplitudes of upper mantle structures deeper than
60 km are consistent and robust for different crustal settings
(Figures 2.10 and 2.11), such that determining those depths is the

primary focus of our interpretations.
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Figure 2.8 Determination of regularization factors (damping (&) and

smoothing (7)) for P (top) and S (bottom) wave tomography based

on trade—off analyses (Rawlinson et al., 2006b). (Panels on the left)

The optimum value of 7

is determined based on the trade—off

between model roughness and data variance measured by changing

the 7 while holding e at 1. (Panels in the middle) The optimum

value of e is subsequently determined in a similar manner to the

first step, changing e and holding 7 at the value determined in the

previous stage. (Panels on the right) The final values of 7 are

determined based on the relationship between model roughness and

data variance, changing 7 while holding e at the value determined

in the previous step. Selected & and 7 values in each step are

indicated by red circles in each panel.
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Figure 2.9 Moho depths of the SKP used for tomography. Black solid
curves indicate the Moho depth contours in km below sea level at 1 —
km intervals. White triangles and squares are the sampled sites of

Chang and Baag (2007) and Y. Kim et al. (2015), respectively.
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Figure 2.10 Comparisons of the tomographic results with different
crustal structure settings. (a—d) The results for P wave tomography.
Inversion results with (a,b) 3—D crust (Crust1.0; Laske et al., 2013)
and (c,d) 1—D crust (S. Kim et al., 2011) are shown. For each crustal
model, we compare the results by inverting both the crustal and
mantle domain (a,c) and inverting only the mantle domain while fixing

the crust (b,d). (e—f) Identical to (a—d) but for .S wave tomography.
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Figure 2.11 (a) A comparison of the inversion results with different

4

initial crustal models (a local crustal model and Crust1.0) for P wave
tomography. (b) A comparison of the inversion results with different
initial crustal models (a local crustal model and Crust1.0) for S wave

tomography.

8 3 it A—]—%-Eﬂ



2.2.2.2. Assessment and Minimization of Effects from Deeper
Upper Mantle Heterogeneity

Our tomographic method assumes that velocity heterogeneities
outside the model space is less significant owing to similar ray
trajectories of teleseismic signals recorded at local arrays (Aki et al.,
1977). However, in the case of strong velocity perturbations at
relatively less—constrained bottom depths, amplitudes and patterns
of the estimated residuals are contaminated, which leads to biases in
shallow anomalies (e.g., Zhao et al., 2013). In our study area, regional
tomography at depths of 400-800 km suggested velocity
perturbations of up to 5% in the Vp and 7% in the Vs, mainly due to
the stagnant Pacific slab in the mantle transition zone (Li & Van Der
Hilst, 2010; Tao et al., 2018). We test and minimize the impacts that
the deeper anomalies had on our results. We first calculate synthetic
residuals from a recent 3—D upper mantle velocity model for deeper
depths (Tao et al., 2018) (Figures 2.12a and 2.12b) and compare
them with our observations. As a result, a long—period pattern of
similarity is observed as a function of the back—azimuth between the
observed and synthetic residuals (Figures 2.12c¢ and 2.12d),
confirming that this pattern originates from deeper upper mantle
structures. However, this effect cause only a small decrease in
amplitude (dInVp < 0.3% and dInVs < 0.5%) in our images for
shallower areas (< 300 km) based on an additional inversion with a
corrected dataset generated by subtracting the synthetic data from
the observations (Figure 2.13). As a conservative choice, we
determine the results by inversion with the corrected dataset as our

final model.
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Figure 2.12 (a,b) 3—D mantle velocity model (Tao et al., 2018) used
to calculate the synthetic residuals. The velocity perturbations are
shown with respect to the reference velocity model (ak135; Kennett
et al., 1995). (a) Horizontal profiles of P (Vp) and S (Vs) wave
velocities at depths of 410 and 660 km. (b) Vertical profiles at a
latitude of 36.5° N. (c,d) Examples of the Pand S wave residual plots
for stations (¢) SEO2 and (d) BUS2 as a function of the back—azimuth.
The locations of each station are indicated in the insetmaps of the
panels, i.e., the observed P wave residuals. The residuals are shown
in grayscale on the right based on their epicentral distances. Obs.:
observed residual; Syn.: synthetic residual; Obs.—Syn.: observed

residuals subtracted by the synthetic residuals.
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original dataset is shown in the first row (Result 1), the model
inverted with the corrected dataset is shown in the second row
(Result 2), and the difference between Results 1 and 2 are shown at
the bottom. (b) A comparison of the results for the S wave

tomography.
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2.2.2.3. Resolution Tests

The resolution of the velocity model is meticulously assessed by
performing multiple synthetic recovery tests. All synthetic data are
generated using an identical source—receiver combination as the
actual data with Gaussian random noise, whose standard deviation is
equivalent to the estimated residual uncertainties. We first conduct
conventional checkerboard tests using various scales (with
diameters of 45, 60, 90, and 120 km) of high— and low—velocity
anomalies: £4% for Vp and £ 7% for Vs. The output models show
good resolution, particularly beneath the SKP, and are able to resolve
structures at 60 and 120 km checkers down to depths of 200 and 360
km, respectively (Figures 2.14 and 2.15). Second, a spike test is
performed using discrete short—wavelength anomalies to better
verify the effects due to smearing (Rawlinson et al., 2006b). We use
spikes with a diameter of 60 km and maximum amplitudes of £5%
for Vp and *8% for Vs (Figures 2.16a and 2.16¢) distributed in
discrete positions with different polarities. Input anomalies are
generally well—identified, preserving their original polarities and
locations without significant merging. Last, we test the resolution
with realistic structural input models, which applied simplified block
anomalies to evaluate the vertical resolutions of the interfaces (e.g.,
Youssof et al., 2015). The input models consisted of a positive
anomaly (dInVp of +1.5% and dInVs of +2.0%) in the southwest and
a negative anomaly (dInVp of —2.5% and dlnVs of —3.5%) in the
north and along the eastern areas of the SKP (Figures 2.16b and
2.16d) for two different thicknesses of 90 and 150 km. The original
shape of the input structures is well—recovered with a velocity

contrast of up to 65%. We interpret the resulting velocity anomalies
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in the following section for the areas showing robust and reliable

recovery in the resolution tests.
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Figure 2.14 Checkerboard test results for (a) P and (b) S wave
tomography. Checkers with diameters of 60 and 120 km and

amplitudes of £4% for Vp and £7% for Vs are shown.
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Figure 2.15 Checkerboard test results with diameters of (a) 45 km
and (b) 90 km for P (Vp) and S (Vs) wave tomography. Input
anomalies have velocity perturbations of =4% for Vp and =7% for

Vs.
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Figure 2.16 Resolution test results using spikes and structural
anomalies. (a) Spike test for P wave tomography using anomalies
with a diameter of 60 km and amplitudes of =5%. (b) Structural tests
for P wave tomography using high— and low—velocity blocks with
amplitudes of +1.5% and —2.0%, respectively, with thicknesses of
90 and 150 km. (c,d) Identical to (a,b) but for .S wave tomography.
Black dashed lines in (a,c) represent £0.5% and £0.75% velocity
contours for P and S wave tomography, respectively. Black dashed
lines in (b,d) represent +0.5% and +0.75% velocity contours for P

and .S wave tomography, respectively.
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2.3. Results and Discussions

2.3.1. Solution Models

2.3.1.1. Upper Mantle

Figure 2.17 shows the results of the F~ and S wave tomographic
models for the horizontal cross—sections while Figure 2.18 shows
the same results for the vertical cross—sections. Our models result
in a reduction of data variance by 80.8% from 0.0841 to 0.0162 s?
(from 290.0 to 127.1 ms in RMS) for P wave tomography and 74.9%
from 0.651 to 0.164 s? (from 806.9 to 404.4 ms in RMS) for Swave
tomography. We observe an overall pattern of relatively high
velocities in the west and southwest and relatively low velocities
beneath the north and east in the upper mantle of the SKP (Figure
2.17). A distinct high—velocity structure (dlnVp of ~1.5% and dInVs
of ~3.0%) extends ~150 km laterally and ~220 km vertically mainly
beneath the YM at the southwestern part of the Korean Peninsula
(Figures 2.18b and 2.18d). Low—velocity anomalies are located
beneath the GM, GB, and along the eastern margin (Figure 2.18)
showing a sharp contrast (dlnVp = 4.0%, dInVs = 6.0%) with the
observed high—velocity anomaly. Distinct areas of slower anomalies,
with dInVp < —2% and dInVs < —3%, appear at shallow depths (60
km in Figure 2.17) within the generally low—velocity upper mantle in

the north and eastern margin of the SKP.
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2.3.1.2. Crust

More details are resolved in the crustal depths, though we mainly
focus on upper mantle structures in this study. Figure 2.19 shows
comparisons between the initial and the results of the crustal velocity
structures from the inversion, where the velocity perturbations are
superimposed on the initial crustal model. In the upper part of the
crust (~10 km). Relatively low velocities are found mainly beneath
the Cretaceous—Cenozoic volcano sedimentary deposits in the
southern part of the SKP (e.g., GB and JI), which are consistent with
a previous study (Kang & Shin, 2006). In the lower part of the crust
(~20 km), we find relatively low velocities beneath the GM (Cho et
al., 2006).
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Figure 2.17 Horizontal cross—sections through 2 (Vp; top) and S (Vs;
bottom) wave tomography at depths of 60, 120, and 180 km. The
depths of each section are indicated in the upper right corner. The
black solid lines at a depth of 120 km denote the tectonic divisions
shown in Figure 2.2a. Regions with surface heat flow rates
>70 mW /m? are shown by gray dashed contours at a depth of 60 km

of the Vp. Cenozoic volcanism is indicated by red triangles.
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Figure 2.18 Vertical cross—sections through 2 (Vp) and S (Vs) wave
tomography. The locations of each section (a—d) are indicated in
Figure 2.17. Cenozoic volcanism is indicated by red triangles. Black
horizontal lines in the cross—sections indicate Moho interfaces. GB:
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Gyeongsang Basin; GM: Gyeonggi Massif; YM & OB: Yeongnam
Massif and Okcheon Belt.
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Figure 2.19 Comparisons of initial and final crustal velocity structures.

(a) Crustal P wave velocity structure of (left column) the initial
model (Crust 1.0) and inverted model at depths of 10 (top) and 20
km (bottom). Major tectonic divisions are indicated by black solid

lines. (b)
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2.3.2. Interpretations

The velocity patterns observed in our results agree with previous
results from tomography studies (e.g., Ma et al., 2018; Tao et al.,
2018) that have shown a high—velocity block located beneath the
SKP within a relatively slow upper mantle. Specifically, previous
studies have suggested the existence of broad slower upper mantle
velocities (<—=1%) at shallow depths (<300 km) beneath northeast
Asia (e.g., Chang et al., 2015; Debayle et al., 2016; Legendre et al.,
2015), which indicates the presence of a more thermally enhanced
upper mantle (Li & Van Der Hilst, 2010). This suggests that the mean
velocities in our models are possibly slower than the normal mantle.
Recent regional studies have shown that upper mantle structures are
likely complex in nature, suggesting the possibility of sharp contrasts
in lateral velocities at the margins around the Korean Peninsula in the
shallow upper mantle (Huang & Zhao, 2006; S. Kim et al., 2016). Our
results provide greater details with respect to the distribution of
relatively high— and low—velocity anomalies beneath the Korean
Peninsula, consistent with previous observations.

Synthetic tests using structural models (Figures 2.16) show that
the vertical extent (~220 km) and amplitude of the high—velocity
anomaly in the southwest SKP is well constrained. Together with an
estimated low heat flow of <50 mW/m? (Lee et al., 2010), the
Archean—Proterozoic surface geology (Figure 2.2a), and the
possible affinity of the southwestern SKP to cratonic lithosphere in
China, we note that the imaged high—velocity structure possibly
reflects relatively thick continental lithosphere preserved in the
cratonic margin beneath the Korean Peninsula. Recent tomographic

studies found similar small—scale positive velocity anomalies beneath
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the central and eastern margin of the NCC, which were interpreted
as fragments of thick lithosphere (e.g., He & Zheng, 2018; Jiang et
al., 2013; Xu et al., 2018). Paleoproterozoic subcontinental
lithosphere signatures from distributed mantle xenoliths within
reactivated regions of eastern China and the SKP also reflect the
persistent but spatially heterogeneous feature of the continental
lithosphere (Lee & Walker, 2006; Wang et al., 2003; Zheng et al.,
2001). The observed complexity of the cratonic lithosphere beneath
the SKP, based on our results, and northeast Asia, from previous
studies, suggests a non—uniform modification process for the craton
margin, which corresponds to episodic magma intrusions (Li et al.,
2019; Wang et al., 2018) and extension (Ren et al., 2002) due to the
subduction and rollback of multiple slabs since the Mesozoic.

Our results show a striking localization of lithosphere
modification among the different Precambrian massifs in the SKP. We
note that the GM is missing its deeper part, resulting in a clear
velocity contrast at the boundary with the thicker lithosphere beneath
the YM (Figures 2.18a, ¢, and 2.20). Differences in the physical and
chemical properties, including thickness, thermal state, and
composition, can affect the relative instability of the continental
lithosphere (Foley, 2008; Zheng et al., 2015). Therefore, the loci of
modification can be localized at an initial zone of lithospheric
weakness due to collision, rifting, mobile belts, or lithospheric
interlayers (Chen et al.,, 2014; Lu et al., 2011; Liu et al., 2018b).
Recently, several studies have reported that the GM experienced
multiple episodes of accretionary i.e., arc—related, and extensional,
rift—related tectonic events through a series of pre— and post—
collisional stages (e.g., Hyndman, 2019) since the Paleoproterozoic

(Cho et al., 2017; S.W. Kim et al., 2013; Oh et al., 2019), which are
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likely linked to the subsequent late Permian—Triassic collision

between the NCC and SCC (S.W. Kim et al., 2011; Oh & Kusky, 2007).

Re—0Os isotopic data from the late Triassic kimberlite in the NM and
O-Hf isotopic composition from the Triassic plutons in the GM
indicate magmatic origins of metasomatized lithospheric mantle
sources and the emplacement of asthenospheric mantle, supporting
lithospheric modification as a coeval process with Mesozoic
orogenies (Cheong et al., 2018; Yang et al., 2010). Inherent
weaknesses beneath the GM during this period can be a possible
mechanism to explain the removal of thick lithosphere focused at this
location, whereas there is less of an effect on the YM due to a long—
lasting lithospheric core. However, a recent and transient event (e.g.,
Bao et al., 2014; Levander et al., 2011) is more favorable due to less
of a distinction in the geological expression across the tectonic
regions (Figure 2.2a) compared with the large lateral variation in our
image (Figure 2.17). Previous studies have suggested that the
localization of tectonic activities, including magmatism, extension,
and uplift, can be attributed to mantle dynamic processes at the
undulating bottom of the lithosphere (e.g., Artemieva, 2019;
Rawlinson et al., 2017; Steinberger et al., 2019). In this case, it is
possible that the weak properties have maintained deeper regions of
the GM and been removed during a short period due to effects from
a more recent tectonic event, such as the opening of the East Sea
(Sea of Japan) (e.g., Evanzia et al., 2014; Shen et al., 2018) or the
initiation of Philippine Sea plate subduction during the Cenozoic.

A similar large variation defines the eastern margin of the thicker
lithosphere characterized by a different level of lithospheric
modification between the YM and GB. The continental arc and back—

arc system at the GB developed during the Early Cretaceous to early
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Tertiary due to the northward oblique subduction of the paleo—
Pacific plate (Chough & Sohn, 2010). Subsequent rollback of the
subducting slab yielded extensional stress and an injection of hot
asthenosphere toward the mantle wedge, which resulted in the
thinning of the lithosphere via thermal erosion or hydrous weakening
(S.W. Kim et al., 2016; Kusky et al., 2014). In our image, a significant
coincidence in the tectonic boundary between the YM and GB (at a
depth of 120 km in Figure 2.17), as well as a rapid variation in the
velocity, captures the resulting difference in lithospheric thickness,
proving that subduction processes are the possible cause of
lithospheric—scale modification in the southeastern SKP (Chough &
Sohn, 2010).

Distinct areas of slower anomalies at shallow depths (60 km in
Figure 2.17) along the eastern margin of the SKP are recognized as
sublithospheric upper mantle due to significant velocity contrasts
(dInVp of ~4.0% and dInV's of ~6.0%) with the continental lithosphere
in the YM. The magnitude of the decrease in velocity is a minimum
estimate based on synthetic tests using structural models (Figures
2.16b and 2.16d), where the low—velocity anomalies are resolved up
to 35% of the input velocity perturbation compared with 65% for the
high—velocity anomalies. Considering the generally slower upper
mantle in northeast Asia compared with the global average (~—1% in
Vp and ~—2% in Vs), the observed reductions in velocity correspond
to temperature increments of 300-350 K (Goes et al., 2000; Karato,
1993), with anelastic attenuation in the corresponding depth range
(Adenis et al., 2017). Variations in the composition and grain size
(velocity perturbation ~—1%) (Cammarano et al., 2003; Faul &
Jackson, 2005) cannot account for such variations even when

incorporating relatively weak upper mantle anisotropy (b1%) in this
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region (Kang & Shin, 2009; Wei et al., 2016). The presence of a small
fraction of partial melt (1-2%) can explain the large drop in velocity
(Hammond & Humphreys, 2000; Mavko, 1980), which has also been
suggested in previous tomography studies (Adenis et al., 2017;
Simuté et al., 2016). The protracted subduction history of the current
Pacific and former oceanic plates likely has accommodated a hot and
wet sub-—lithospheric upper mantle in back—arc and adjacent
continental margins (S. Kim et al., 2016; Tauzin et al., 2017).
Subsequent continental rifting, accompanied by upper mantle
dynamics, have yielded partial melting at shallow depths, resulting in
weakening and thinning along the eastern margin of the continental
lithosphere.

We observe a clear correlation between the upper mantle low—
velocity anomalies and areas characterized by Cenozoic basaltic
eruptions (Choi et al., 2006; Choi et al., 2013; Won et al., 1994) and
relatively high heat flow rates (>70 mW/m?) (Figure 2.17). The
topography of the lithosphere—asthenosphere boundary can derive
accumulation of the ascending mantle flow beneath the thin
lithosphere (e.g., Duggen et al., 2009; Steinberger et al., 2019). It
has been suggested that a steep gradient in lithospheric thickness
can induce and maintain localized mantle upwelling and
decompressional melting along the margins of the relatively thick
lithosphere (King & Anderson, 1998; Conrad et al., 2010). The hotter
and buoyant upper mantle located beneath the thinner lithosphere can
disturb the surface of the continental lithosphere (e.g., Karlstrom et
al.,, 2012; Yang & Gao, 2018). This mechanism corresponds to the
positive residual topography associated with the negative mantle
gravity anomaly (Kaban et al., 2016) and high elevation with
geomorphic disequilibrium in the late Pleistocene (~125 ka) (D.E.

-
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Kim et al., 2016) observed in the eastern mountain ranges (Figures
2.17 and 2.20). Small—scale sub-—lithospheric upper mantle
convection can play a role in the reworking and modification of
thicker lithosphere in a similar manner as asthenospheric swell or
convective mantle infiltration through marginal heterogeneities (e.g.,
Liu et al., 2018a, 2018b; Wang & Kusky, 2019). The observed sharp
contrast in mantle velocity and a spatial correspondence in recent
surface magmatic activities potentially exhibit a destabilization
process that characterizes the cratonic lithosphere margin due to
intense interactions between the convective upper mantle and
lithospheric heterogeneity.

Previous studies have found heterogeneous lithospheric
structures in the NCC. An extensive but non—uniform modification
process of craton lithosphere has been suggested in the central and
eastern NCC. A series of seismic evidences, such as seismic
tomography, anisotropy (e.g., Cheng et al., 2013; Jiang et al., 2013)
and S wave receiver function analysis (e.g., Chen et al., 2009)
indicate complex lithospheric structure due to deformation. An
integrated thermomechanical model based on heat flow data, surface
wave dispersion curves, geoid height, and absolute elevation (Guo et
al., 2016a), demonstrated the highly heterogeneous physical state of
the NCC developed by the uneven destruction of craton lithosphere
due to sublithospheric mantle convection. Spatial distribution and
temporal variation in geochemical characteristics of the Mesozoic ore
deposits (e.g., gold metallogeny) (e.g., Li & Santosh, 2014, 2017)
are interpreted to have resulted from inhomogeneous decratonization.
Therefore, the heterogeneous destruction and reactivation of the
craton lithosphere occurred extensively throughout the Sino—Korean
craton margin, which includes the Korean Peninsula and NCC. The

106 ] £

3 =11 =1
|-1-'l| .J!'

L



structural heterogeneity of the craton lithosphere could be sharper in
scale and thickness within a confined area than previous observations,
as observed at the current continental margin of the Korean Peninsula.
A distinct spatial correlation between active surface tectono—
magmatic processes and modified regions indicates that upper mantle
dynamics played an important role in deforming the craton
lithosphere, which is likely facilitated by multiple subduction—
collision events of oceanic/continental plates at the continental

margin (e.g., Cai et al., 2018; Santosh, 2010).
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Figure 2.20 A three—dimensional plot of P wave tomography with
interpretations of the main features. Structures in blue and red show
+0.5 and —0.5% velocity isosurfaces, respectively, which are cut at
the top by a horizontal velocity cross—section at a depth of 60 km
with a color scale on the right. On the surface, red truncated cones
indicate Cenozoic volcanism and gray and black lines delineate
tectonic boundaries and coastlines, respectively. Vertical black
dashed lines connect the Cenozoic volcanism and locations vertically
projected onto the horizontal velocity cross—section. Surface relief
i1s shown as a transparent layer. GB: Gyeongsang Basin; GM:

Gyeonggi Massif; KP: Korean Peninsula; YM: Yeongnam Massif.
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2.4. Conclusions

Craton lithosphere is generally composed of cold and thick
lithospheric root, which is evidenced by thick, high velocity seismic
upper mantle anomalies. However, the detailed processes of its
formation, evolution, and deformation remain enigmatic due to its
complex structure evolved during the long geological history. Craton
lithosphere in northeast Asia represents a dramatic case of a
significantly modified and currently deforming craton lithosphere.
The Korean Peninsula, as part of craton lithosphere at the eastern
forefront of the Eurasian plate, experienced intense tectonic
modification process during the Phanerozoic period. In order to
understand the structure and evolution of craton lithosphere beneath
the Korean Peninsula, we constrain high—resolution upper mantle
seismic velocity structure by teleseismic relative—time tomography.
Our model clearly shows heterogeneous craton margin lithosphere
structure. In particular, distinct upper mantle features beneath
different Archean—Proterozoic massifs indicate different responses
of each lithosphere to recent marginal tectonic processes. An
anomalously thick high—velocity structure beneath the YM suggests
the presence of a cold and 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, continental arc and back—arc system
of the GB in the southeast, and along the eastern margin indicate
highly modified regions. A clear spatial coincidence between low
velocities and recent tectono—magmatic activities suggests

continuous reactivation of a cratonic margin by intense interaction
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between the prominent lithospheric structures and convective upper
mantle.

Our result suggests that craton lithosphere can be significantly
modified when exposed to marginal tectonic activities. However, the
existence of thick lithosphere beneath the southwestern Korean
Peninsula seems to contradict the previous notion that the eastern
continental margins of northeast Asia are widely deformed and
thinned. Simple geodynamic models accompanying large—scale
mantle convections cannot reconcile with current lithospheric
structure. Instead, alternative mechanisms such as inherited
structural weakness within lithosphere, small—scale mantle dynamics
induced by structural heterogeneities could play important role for

shaping the lithospheric structures at northeast Asia margin.
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Chapter 3. Segmented Stagnant Pacific Slab and Its
Interaction with the Mantle Transition Zone Beneath
Northeast Asia Continental Margin by Teleseismic
Traveltime Tomography

3.1. Introduction

As diving into the deep mantle, subducting plate leaves distinct
geophysical and geochemical signatures in the upper mantle (Chang
et al., 2016; Chen et al., 2019; Kimura et al., 2018; Schmandt & Lin,
2014; Wu et al., 2019). Evidence of interaction between the
subduction and the surrounding upper mantle can be found from the
mantle transition zone (MTZ), where mineralogical phase changes of
the upper mantle take place (Bina & Helffrich, 1994). Seismic
observations found correspondences between subducting slabs and
heterogeneities within and around the MTZ (e.g., Tauzin et al., 2017),
indicating a close linkage between the slab and upper mantle.
Variations in temperature, chemical composition, volatile contents
have been suggested to be caused by subducting plates, which can
significantly affect mantle properties, control melt generation and
convection (Hier—Majumder & Tauzin., 2017; Schmandt et al., 2011),
and deep cycling of Earth's materials (J. Liu et al., 2016; Thomson et
al., 2016; Walter et al., 2011).

Previous studies have suggested that the northwestern Pacific
plate is extensively subducting beneath the Eurasian plate,
influencing upper mantle dynamics and tectonics in east Asia (Yang
et al.,, 2019) (Figure 3.1). Global and regional tomographic models
have found distinct fast anomalies that are stagnated in the MTZ of

the northwestern Pacific, which extends more than 1000 km from
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trench to inland of northeast Asia (Fukao & Obayashi, 2013; Huang
& D. Zhao, 2006; Zhao et al., 2012). Distinct upper mantle
heterogeneities within and around the MTZ were observed and
attributed to the stagnant Pacific plate (e.g., Lai et al., 2019; Li & Van
Der Hilst, 2010; Z. Liu et al., 2016; Tauzin et al., 2017). Complex
mantle processes enhanced by configuration of the slab with a
localized gap or tear have been suggested (Obayashi et al., 2009;
Tang et al., 2014; Tao et al., 2018). However, the detailed
geometries of the stagnant slab at the continental margin of northeast
Asia remain unclear, where the interactions between the subducting
slab, upper mantle, and MTZ become intense as the slab is deflected
and stagnated (Richard & Iwamori, 2010). This is due to lack of
high—resolution imaging of deeper upper mantle structure limited by
less sampling at northeast Asia margin.

By using datasets from dense seismic arrays in the Korean
Peninsula, we resolve finer details of the upper mantle structures
beneath the northeast Asia margin that were previously not well
constrained. We also use a part of seismic arrays in Japan near the
Korean Peninsula to improve depth resolution. Our results revealed
distinct lateral variations in Vp, Vs, and Vp/Vs within and around the
MTZ (300~660 km). We identify a horizontal corridor—like low—
velocity structure beneath the northeast Asia margin that extends
from the East Sea (Sea of Japan) to the East China Sea across the
Korean Peninsula. This structure is surrounded by high—velocity
anomalies with sharp velocity changes at its boundaries, and we
interpret the velocity pattern as a pronounced gap in the stagnant
Pacific plate. A clear correspondence between the imaged velocity
pattern and upper mantle heterogeneities observed by previous

receiver function studies (e.g., Z. Liu et al., 2016; Tauzin et al., 2017)

7 [ Q. ) [
112 ni-._,-L.]l-



suggests that the velocity anomalies originates in composition (e.g.,
partial melt) as well as the temperature around the MTZ. We suggest
that a slab tearing of Pacific plate could enhance dynamic interaction
between MTZ and the upper mantle along the northeast Asia

continental margins.
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hilippine Sea
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Figure 3.1 Regional tectonic map of northeast Asia. Convergent plate
boundaries are shown with red saw—toothed lines (Bird, 2003).
Depths of the subducting oceanic slabs are indicated by brown solid
(Pacific slab) and dashed (Philippine Sea slab) contours at 50—km
intervals based on the Slab2 model (Hayes et al., 2018). Volcanoes
are indicated by red triangles. A pink dashed rectangular box shows

the map boundary of Figure 3.2. KP: Korean Peninsula.
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3.2. Methods

3.2.1. Data Acquisition and Processing

We collect seismic data recorded by permanent seismic stations
deployed in the southern Korean Peninsula and southwestern Japan,
consisting of a total of 565 broadband, short—period, and
accelerometer sensors. Seismic networks include Korea
Meteorological Administration, Korea Institute of Geoscience and
Mineral Resources, Korea Nuclear and Hydro Power, and Korea
Institute of Nuclear Safety for the southern Korean Peninsula, and
Hi—net and F—net of National Research Institute for Earth Science
and Disaster Resilience, and Japan Meteorological Agency for
southwestern Japan (Figure 3.2). We select 1175 events between
2013 and 2018 with magnitudes greater than mb 5.4 at epicentral
distances from 30 to 95° from the International Seismological
Catalogue, identifying 2 and S waves from the vertical and tangential
component data, respectively. The waveforms are first aligned by
traveltime predictions from the akl35 reference earth model
(Kennett et al, 1995). We calculate relative traveltime residuals by
using interstation coherency in the 2 and S wave waveforms
(Rawlinson & Kennett, 2004). The waveform data are first corrected
for corresponding instrument responses to incorporate waveform
data from different instrumental settings. The waveforms are filtered
with frequency bands from 0.1-5.0 Hz for P waves and 0.1-1.0 Hz
for S waves. All teleseismic waveforms are visually inspected and
noisy or incoherent data are discarded to obtain more reliable
measurement of relative residuals. Our final dataset consists of
281,920 rays from 725 events for Pwaves and 92,838 rays from 258

events for S waves (Figure 3.3). The uncertainties of relative
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residuals are measured based on waveform similarity (Rawlinson &

Kennett, 2004) (see section 1.2.3 for the detailed descriptions).
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Figure 3.2 Seismic stations used in this study. Stations from different
networks are shown by different colors and symbols. KMA: Korea
Meteorological ~Administration; KIGAM: Korea Institute of
Geoscience and Mineral Resources; KINS: Korea Institute of Nuclear
Safety; KNHP: Korea Hydro and Nuclear Power; F— and Hi—net:
networks of National Research Institute for Earth Science and
Disaster Resilience; JMA: Japan Meteorological Agency; GSN: Global
Seismic Network. The brown solid contours indicate subducting
Pacific slab at 50—km intervals (Hayes et al., 2018). The red and
blue contours indicate subducting Philippine Sea slab at 10—km and

30—km intervals, respectively (Asamori & Zhao, 2015; Nakajima et
al., 2009)
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(a) P wave

Figure 3.3 Distribution of teleseismic events used for (a) 2 and (b)
S wave tomography. Dashed black circles are plotted at 30°

increments.
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3.2.2. Tomographic Methods

3.2.2.1 Model Parameterization and Regularization

Fast marching ray—tracing (Rawlinson et al., 2006b) and the
subspace inversion scheme (Kennett et al., 1988) are iteratively
applied to perform tomography. We define a model space spanning a
depth of ~800 km with a uniform grid spacing of ~10 km in the crust
and ~30 km in the mantle. Regularization factors (damping (&) and
smoothing (7)) for the model are determined based on an evaluation
of the trade—offs between the data misfit, model smoothness, and
model variance (Rawlinson et al., 2006b) Data misfit for the inversion
are determined based on the difference between the observed and
predicted traveltimes starting from the initial model, which consisted
of a 3—D crustal model with Moho interface (Crustl.0, Laske et al.,
2013) over the mantle portion with the akl135 reference model
(Kennett et al., 1995). We simultaneously invert the model for crustal
and upper mantle structures with fixed Moho depths to account for

crustal effects.

119 A 2T



3.2.2.2. Joint Inversion of P and S Waves

We perform joint inversion of  and S wave dataset to construct the
3—D Vp/Vs structure following the similar approach of Schmandt &
Humphreys (2010a). This method simultaneously inverts the two
dataset with an additional regularization on the smoothness of Vp/Vs
while minimizing total data variance. To reduce artefacts from
different ray density of each individual dataset on results, data with
common source—receiver pairs are only used, which consists of
86,918 rays for 516 sources. We determine the smoothing parameter
for Vp/Vs based on the trade—off between the total data misfit and
model smoothness while maintaining regularization factors for
individual datasets determined in individual inversions (Figure 3.4).
To balance the contribution of different datasets to the overall data,
each data is weighted in inverse proportion to the size of each data
vector. We calculate Vp/Vs variations based on the ak135 reference
model, taking into account that different settings of the 1-D
reference model have a small effect on the resulting perturbation

(e.g., Gilacomuzzi et al., 2012; Papaleo et al., 2018).
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Figure 3.4 Determination of the regularization factor for the Vp/Vs
model. A relationship between data variance and model roughness is
shown for different smoothing parameters (7). As examples,
horizontal cross—sections at a depth of 420 km for resulting Vp/Vs

for 7 =0, 5, and 20 are shown. The final model is chosen for 7 =5,

indicated by red outlines.
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3.2.2.3. Resolution Tests

We test the resolution of the velocity model by performing recovery
tests with checkerboard pattern and structural anomalies in specific
geometry. All synthetic data are generated by using the identical
source—receiver combination as the actual data with Gaussian
random noise whose standard deviation is equivalent to the estimated
residual uncertainties (58 ms for 2 wave, and 137 ms for S wave).
We apply checkerboard anomalies with sizes of 90 and 150 km and
amplitudes of 4% for Vp and £7% for Vs (Figures 3.5 and 3.6).
For Vp/Vs, we apply checkerboard sizes of 120 and 150 km with an
amplitude of £3% (Figure 3.7). The output models of individual
dataset show good resolution between the southern Korean Peninsula
and southwestern Japan, where a checkerboard structure with a size
of 90 km can be resolved to a depth of ~ 600 km, and a checkerboard
structure with a size of 150 km can be recovered to a depth of ~ 800
km. The output model of Vp/Vs shows generally good resolution for
a checkerboard size of 120 km to a depth of ~400 km and for 150 km
to a depth of ~600 km. We also test a model that combines
checkerboard patterns of different sizes consisting of small—size
(~150 km) checkerboard anomalies to ~400 km depth and large —size
(~450 km) checkerboard anomalies below the 400 km depth to
evaluate whether our dataset can resolve heterogeneity of different
wavelengths at different depths at the same time (Figure 3.8). Our
model successfully resolves the original structure without significant
distortion in shapes of anomalies in different depths. We additionally
perform a structural test for a small plate high—velocity anomaly with
a scale of ~400 km in horizontal and ~80 km in vertical at a depth of

~590 km to test the resolution at the deeper MTZ (Figure 3.9a). The
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structure is clearly recovered without significant changes in shape
and location with vertical smears of the upper boundary less than 80
km. We also test with a structure consisting of the high—velocity
structure added with the addition of low—velocity layers above the
MTZ (Figure 3.9b). The result confirms that our model can clearly
resolve small—scale anomalies in different polarities and scales

across the MTZ.
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Figure 3.5 Checkerboard resolution test results for P wave

tomography. Checkers with sizes of 90 and 150 km and amplitudes

of £4% for Vp are shown.
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Figure 3.6 Checkerboard resolution test results for the S wave

tomography. Checkers with sizes of 90 and 150 km and amplitudes

of =7% for

Vs are shown.
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Figure 3.7 Checkerboard resolution test results for the Vp/Vs.
Checkers with sizes of 120 and 150 km and amplitudes of £3% for
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Figure 3.8 Resolution test results for (a) Vp, (b) Vs, and (¢c) Vp/Vs
tomography with checkerboard patterns of different sizes at different
depths. Checkers with sizes of 150 km and 450 km are applied at
depths above and below the 400 km. Velocity amplitudes of Vp, Vs,

and Vp/Vs are £4%, *=7%, and +3%, respectively for the
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structures above the 400 km and £3%, *+4.5%,

respectively for the structures below the 400 km.
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Figure 3.9 Structural resolution test results of P wave tomography.
The location of the profile is indicated in the Figure 3.9. (a) The
synthetic model consists of a plate—like high—velocity anomaly with
a size of ~300 km in horizontal and ~80 km in vertical with an
amplitude of ~3% of dVp at the bottom of the MTZ. (b) The synthetic
model consists of the same high—velocity anomaly used in (a) added
with low—velocity layers with a thickness of ~50 km and an amplitude
of —=5% of dVp right above the MTZ. The inputs and their
corresponding outputs are shown in the first and second rows,

respectively.
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3.2.3. Waveform Simulation

We use the spectral—element method (SPECFEM3D_GLOBE)
(Komatitsch & Tromp, 1999) to conduct 3—D waveform simulation
of S wave from one deep focus earthquake beneath the Java Sea,
Indonesia  (PDE:  2016—10—-19  00:26:01.090, —4.8626" ,
108.1627° , 614.0 km, 6.6 Mw) and one intermediate—depth
earthquake occurring in the Sumatra, Indonesia (PDE: 2015-05-15,
20:26:56.870, —2.542° |, 102.2191° , 151.0 km, 6.0 Mw). We apply
3—D Pand Swave velocity models obtained by teleseismic traveltime
tomography superimposed on the 1—D reference velocity from the
regional model (Tao et al.,, 2018) in the model space of latitude,
longitude, and depth ranges of 24.5-45° N, 117.5-144° E, and 0-800
km, and 1—D PREM (Dziewonski & Anderson, 1981) in the outside
of the model space. We apply a Butterworth band pass filter to the
SH displacement waveforms with corner frequencies of 0.02-0.1 Hz.
The 3—D mantle model is combined with the crustal model of
CRUST1.0 (Laske et al., 2013) and the topography of ETOPO1
(Amante & Eakins, 2009). The focal mechanism of the event is
obtained from the Global CMT (Ekstrém et al., 2012). The average
grid spacing in the upper mantle is ~5.20 km, which corresponds to
a dominant period of ~5.78 s (~0.173 Hz) for the Swave. We analyze
amplitude variations for transverse component S waves, which is
defined by the amplitude difference at each station compared to the
average amplitude in a logarithmic scale. Synthetic waveforms are
calculated for grid nodes with 0.2° spacing. We compare the results
with synthetic wave amplitude variations with the upper mantle model

that only includes 3—D velocity variations at depths less than 350 km.
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3.3. Results and Discussions

Our model images fine details of upper mantle structures, showing
general consistency with previous regional tomographic studies in
depths to ~300 km. We observe a high—velocity anomaly beneath the
southwestern Japan (Figure 3.10). The extent of the high—velocity
anomaly is consistent with slab contours of the subducting Philippine
Sea plate (Figure 3.1) (Asamori & Zhao, 2015; Hayes et al., 2018;
Nakajima et al., 2009) and a spatial distribution of seismicity. In
addition, there is a separation of the high—velocity anomaly into two
individual anomalies beneath the northern Kyushu at a depth of ~120
km, which has been suggested to be a slab window of the Philippine
Sea plate (Asamori & Zhao, 2015; Huang et al., 2013). Beneath the
Korean Peninsula, a sharp and strong contrast between the high—
velocity anomaly in the southwest and the low—velocity anomalies in
northeast and eastern margins at a depth of ~120 km is consistent
with previous results (e.g., S. Kim et al., 2016; Song et al., 2020;
Zheng et al., 2012).

We find distinct lateral velocity variations above (~390 km) and
within the MTZ (~535 km) (Figures 3.11 and 3.12), where previous
studies only have detected long—wavelength (>1000 km) structures
with weak velocity contrasts (dlnVp < 1% and dInVs < 2%) (e.g.,
Chen et al., 2017; Huang & Zhao, 2006: Obayashi et al., 2009).
Considering the vertical resolution of the dataset assessed by the
checkerboard resolution test (Figures 3.5 to 3.7), and the
persistency of the imaged patterns for different depths, we interpret
each of the two slices as a representative image for velocity
variations above (350~410 km) and within the MTZ (410~660 km),

respectively.
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Within the MTZ, continuous low—velocity anomalies are found
beneath the continental margin with sharp and large velocity
contrasts (~2.5% of dinVp and ~4% of dlnVs) to the surrounding
high—velocity structures. Given the seismologically constrained
temperature contrast between the stagnant slab and the surrounding
upper mantle of ~350 to ~400 K (Fukao et al., 2013; Wang et al.,
2020), the observed anomalies are difficult to be explained by
temperature variations within the slab (Karato, 1993). Variations in
chemical composition (e.g., Fe and Mg) can change the seismic
velocity (Sinogeikin et al., 1998). However, the magnitude of velocity
contrasts cannot be entirely accounted for by reasonable
compositional changes of the mantle materials (Irifune et al., 2008;
Jacobsen et al., 2004; Jacobsen & Smyth, 2006; Nishiyama et al.,
2009). The presence of small amounts of water can reduce the
seismic velocity. However, laboratory experiments showed weak
sensitivity of seismic velocities on water contents within the MTZ
(Buchen et al., 2018; Mao et al., 2008; Schulze et al., 2018; Zhang et
al., 2021). Therefore, it is possible that the imaged velocity
variations correspond to the thermal variations due to uneven
distribution stagnant slab.

We observe sharp changes in travel time residual over specific
ranges of back azimuth (Figure 3.13). A sharp increase (decrease)
in travel time residual of seismic stations in the southeast (northwest)
as back—azimuth increases from ~180° to ~240° . Synthetic
residual patterns calculated with the structures in the MTZ show that
similar variations can be reproduced (Figure 3.13b). The fluctuations
in residual only in certain back—azimuthal ranges are difficult to be
reconciled with shallow upper mantle structures, as the structures

close to the stations are more likely to form a constant residual over
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the entire angular ranges. It is also confirmed that the amplitude of
the teleseismic waveform varies up to about a factor of two across
the corresponding back—azimuthal ranges (Figures 3.14c and g). We
show that the observed variations can be explained by the elastic
focusing/defocusing effect from the deeper upper mantle structures.
The focusing effect is significant when there is a concentrated
relatively low—velocity anomaly through which wave propagates
(e.g., Tang et al., 2014; Hung et al., 2000). We observe relatively
higher amplitudes for stations where rays propagate the low—
velocity anomaly reach, while relatively lower amplitudes for stations
where rays propagate boundaries of the low—velocity anomaly or
surrounding high—velocity anomalies (Figures 3.14c and g). 3—D
waveform simulation results show that waveforms calculated with the
3—D velocity model at depths 0~400 km show inconsistency in
magnitudes and patterns of amplitude variation with the observation,
while the 3—D velocity model at whole depths (0~800 km) predict
comparable patterns with the observation. Also, depending on the
direction of event, there is a variation in the location of the area
where the wave amplitudes are amplified or reduced (Figures 3.14c
and g). This can be understood as a change in the direction of wave
incidence for the low—velocity anomaly in the deeper upper mantle:
since the wavefront generated by event 1 comes farther south than
event 2, the waves penetrating the low velocity anomaly in the MTZ
reaches further north, northeastern part of the Korean Peninsula,
where the amplitude is relatively amplified. These observations
indicate that the velocity anomalies within the MTZ are reliable.
Previous regional and global tomographic studies imaged velocity
variations with long structural wavelength at similar locations

(Figures 3.15 and 3.16). Our model image sharp velocity variations
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in the MTZ, which possibly related to the non—uniform distribution
of the stagnant Pacific slab beneath the northeast Asia margin.
Segmentation of a subducting slab is observed in various regions
(e.g., Govers & Fichtner, 2016; Hawley et al., 2019; Li & Song, 2018;
Liu et al., 2018; Portner et al., 2018; Sigloch et al., 2008; Sigloch &
Mihalynuk, 2013; Zhou, 2018; Zhu et al., 2012). Convergence of
plates with different resistance (Li & Song, 2018), inherited
lithospheric weak structures within the subducting oceanic slabs
(Hawley et al., 2019), and rapid plate reorganization at plate
boundaries (Ma et al., 2019) can lead to detachment and internal
segmentation of a slab. An ongoing slab tear at a cusplike junction
between the Japan and the Izu—Bonin slabs due to stress
concentration as the Pacific slab bends to flatten over the 660—km
discontinuity has been observed (Obayashi et al., 2009). However, it
is unlikely that the imaged gap in our study formed in the same or
later period as a part of the ongoing tear given that the position of
the subducted plates inferred from tomography (Tao et al., 2018) and
plate reconstruction model (Ma et al., 2019) during the Cenozoic
indicating that the age of the formation of the slab gap precedes the
slab tear. A recent numerical model has shown that the slab tear
formed and propagated through the subducted Pacific slab as a
triple—junction between the Eurasian plate, Pacific plate, and
Philippine Sea plate migrated northeastward along the East Asia
margin due to the clockwise rotation of the Philippine Sea plate during
the Miocene (Ma et al., 2019). The triple—junction reached at the
southwest of the Japan arc ~20 Ma, and as the opening of the East
Sea (Sea of Japan) initiated with a clockwise rotation of the SW Japan
arc and the trench retreat of the Pacific plate, the migration direction

changes and heads toward the current junction of Japan arc and Izu—
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Bonin arc (Wu et al., 2016). The geometry of the slab gap beneath
the Korean Peninsula, which is bent from the NE—-SW in the
southwest to the E—W in the east, coincides with the abrupt change
in the propagation direction of the triple junction (Figure 3.17). Also,
we observe that the gap is narrowing from the southwest of Korean
Peninsula to the northeast. This likely reflects the northeastward slab
segmentation as the distance between the Ryukyu trench and Izu—
Bonin trench gradually increased. Subsequent movement of the
Eurasian plate to the southeast with respect to the Philippine Sea
plate and the Pacific plate likely explains the current position of the
gap beneath the Korean Peninsula (Miiller et al., 2018).

We compare our results with previous receiver function studies
(Z. Liu et al., 2016; Tauzin et al., 2017) to correlate the imaged
anomalies with the mantle heterogeneities. Tauzin et al. (2017)
observed negative reflectivity zones at the base of the MTZ (560-
660 km) beneath northeast Asia, which are geographically correlated
with the high—velocity slab structures (Debayle & Ricard, 2012).
The anomalies were interpreted to be the signature of a change in
bulk chemistry near the 660—km boundary (Nakagawa et al., 2010;
Ringwood & Irifune, 1988) due to chemical layering of constituents
from subducted plates (Ballmer et al., 2015b; Shen & Blum, 2003).
The distribution of the strong negative amplitudes matches well with
high—velocity anomalies in our images, whereas the signals are weak
or absent at the low—velocity anomalies (Figure 3.18a). In addition,
7. Liu et al. (2016) detected negative reflectivity zones below the
depressed 660—km discontinuities. The anomalies were interpreted
as water—induced partial meltings caused by downwelling of hydrous
transition zone material by depression of the flat slab beneath the

660—km phase transition (Z. Liu et al., 2016; Schmandt et al., 2014).
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These regions correlate with the high—velocity anomalies (Figure
3.18a). The distribution deep earthquake seismicity is also correlated
with the high—velocity anomalies in the east of the Korean Peninsula
(Figure 3.18a), showing high seismicity in the north of 37° where
prominent high—velocity anomaly is observed, while there are few
earthquakes in the south. Although the mechanism of deep
earthquakes is currently debated (e.g., J. Li et al., 2018; Ye et al.,
2016), previous studies suggested a possible relationship between
the subducting cold slab and deep earthquakes. The series of
coincidences and the imaged velocity contrasts support that the
observed segmented high—velocity structures imaged by our results
possibly reflect the non—uniform distribution of the Pacific slab
within the MTZ.

We find spatial correlations between the negative reflectivity
zones above the MTZ (Z. Liu et al., 2016; Tauzin et al., 2017) and
the low—velocity anomalies within the MTZ (Figure 3.18b). The
low—velocity anomaly above the MTZ can be differentiated from
anomalies within the MTZ by our datasets based on the resolution
tests (e.g., Figures 3.5 to 3.9). A small—scale low—velocity anomaly
(dVp~—0.84, dVs~—2.78) with a high Vp/Vs ratio (dln(Vp/Vs) ~
1.94%) is observed at the negative reflectivity beneath the Korean
Peninsula (Figure 3.18b). Assuming that the observed the velocity
perturbations are entirely produced by a thermal anomaly,
temperature increase of 260-295K for a dry mantle condition, and
120-130 K for a wet mantle condition (Con = 1000 wt ppm) is
required (Jackson & Faul, 2010; McCarthy et al., 2011). The anomaly
with locally increased temperature possibly leads to depression of
the 410—km discontinuity by 10.8-26.5 km assuming a Clapeyron
slope for olivine to wadsleyite of ~3 Mpa/K (Ito & Takahashi, 1989).



However, the predicted depression is inconsistent with previous
receiver function analyses (Lee et al., 2014; Sun et al., 2020; Tauzin
et al., 2018) that show no obvious depression compared to the
surrounding areas. Therefore, purely thermal origin cannot explain
the observed anomaly. The lattice preferred orientation of olivine can
cause seismic anisotropy, which can generate apparently slow/fast
Vp or Vs and high/low Vp/Vs anomalies (Jacobsen et al., 2008). For
radial anisotropy in which vertically incident waves propagate faster
than horizontally incident waves, faster Vp while slower Vs are
expected, resulting in higher Vp/Vs. For radial anisotropy in which
horizontally incident waves propagate faster than vertically incident
waves, slower Vp while faster Vs are expected, which results in
lower Vp/Vs. The predicted perturbations are inconsistent with our
observation where Vp and Vs are both slower. Although azimuthal
anisotropy can cause seismic velocity variations, the distribution of
seismic events over a wide range of azimuths (Figure 3.3) likely
minimizes biases resulting from preferential incidence in a particular
back—azimuthal direction. Therefore, the effect from anisotropy is
unlikely to generate the observed velocity anomalies. Locally
depressed 410—km discontinuity can generate a relatively low
velocity anomaly at the depressed zone because the velocity of
olivine above the discontinuity is slower than wadsleyite. However,
the Vp/Vs variation across the seismic discontinuity is significantly
less (~0.61%) than the observed variation. Compositional
heterogeneities in the upper mantle can drive seismic velocity
changes (Xu et al., 2008). Changing the composition from pyrolite to
harzburgite results in decrease in Vs (—0.34%) while decrease in
Vp/Vs (=0.69%), which cannot simultaneously explain the observed
pattern of slower Vs and higher Vp/Vs. Also, changing the

137 ] £

3 =11 =1
|-1-'l| .J!'

L



composition from pyrolite to pyroxenite increases both Vs (3.96%)
and Vp/Vs (0.4%), which are also inconsistent with the patterns.
Increasing of water content in wadsleyite cause decreases in Vp and
Vs, while there is an only weak increase in Vp/Vs (£0.3%/Cou=1%)
(Karato, 2011). The presence of melt effectively reduces Vp, Vs,
while increases Vp/Vs (e.g., Takei, 2002). Assuming pyrolite
composition with mantle potential temperature of ~1300° C, ~0.2—-
0.7% of melt can simultaneously explain the observed Vs reduction
and Vp/Vs increase (1.93~1.96%). Previous studies observed slower
Vp (=0.5-2.0%), Vs (=2-—4%), and higher Vp/Vs (~0.1-2.6%)
above the 410—km discontinuity (Han et al., 2021; Tauzin et al.,
2017), which correspond to our results. The imaged velocity
reductions have been interpreted as an effect from a melt layer above
the MTZ with variable thickness (10~110 km) (e.g., Han et al., 2021;
Tauzin et al., 2010). A relatively thick low—velocity layer (80~100
km) has been imaged by receiver function analysis (Tauzin et al.,
2017) beneath the Korean Peninsula. Together with previously
observed low—velocity anomalies atop the MTZ, the imaged
structure above the 410—km discontinuity in our result possibly
reflects the effect from the thick melt layer above the MTZ (e.g.,
Schmandt et al., 2011).

The melt layer above the 410—km discontinuity has been
suggested to generate by the water —induced partial melting due to
upward flow from the MTZ (Bercovici & Karato, 2003; Han et al.,
2021; Z. Liu et al., 2016; Tauzin et al., 2017). The complex
morphology of the slab such as slab gap or tear can generate localized
mantle upwelling (James et al., 2011; Liu & Stegman, 2012; Portner
et al., 2017). Numerical models suggested that the subducting slab

can generate upward flow at the slab—edge (Faccenna et al., 2010;



Yang & Faccenda, 2020), leading to deep dehydration melting by
vertical flow at the nearby wet MTZ (Li et al.,, 2013; Z. Liu et al.,
2018). A spatial coincidence between the imaged slab gap and the
low—velocity anomaly and high Vp/Vs above the MTZ potentially
reflects dynamic interaction between the subducting slab and the

MT7Z mantle.
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Figure 3.10 Horizontal cross—sections through the 2 (Vp; left) and .S
(Vs; right) wave tomography at depths of 120 and 240 km. The green
dots indicate earthquakes that occurred within a depth range of £15
km for the sliced depths. The brown dashed contours indicate slab
depths at 10—km intervals within a depth range of =15 km for the

sliced depths.
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Figure 3.11 Horizontal cross—sections through 2 (Vp; left) and S (Vs;
middle) wave tomography, and the Vp/Vs (right) at depths of 390
and 535 km. Slab depths and earthquakes are indicated by brown
dashed contours and green dots, respectively, within a depth range

of =15 for the 390 km and £30 km for the 535 km depth profiles.
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Figure 3.12 Vertical cross—sections of 2 (Vp; top) and S (Vs; middle)
wave tomography, and the Vp/Vs (bottom). The locations of the
cross—sections are shown in the 390 km depth profile of Vp in Figure
3.10. Green—dots represent earthquakes within an orthogonal

distance range of £0.5 degree from each cross sections.
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Figure 3.13 Back—azimuthal variation in P and .S wave travel time
residuals. (a) Observed residual plots for stations SEO2 (left) and
BUSZ2 (right). The locations of stations are indicated by the red dot
in the inset maps. The blue and red shades indicate degree ranges of
sharp residual variations. (b) Synthetic residual plots for stations
SEO2 (left) and BUS2 (right) using regional 3—D P and S wave
velocity models of Tao et al., 2018 at depths from 400 to 800 km. (c)
P wave residuals of the two stations projected onto the 410 (left)
and 660 (right) km. The yellow squares indicate station locations. (d)

Same as (c) but for S wave residuals.
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Figure 3.14 Synthetic waveform simulation results of S wave. (a)
Map showing the events, ray trajectories, and the velocity model (Vs
at a depth of ~560 km). Black solid lines represent the ray
trajectories from the events with parts of rays crossing the depth
between 660 and 410 km on the receiver side indicated by the red
lines. (b) Comparison of observed (black) and synthetic (red)
transverse component .S waves for Event 1. (¢) Amplitude variation
of the observed waveform. The amplitude variation is calculated as
the difference between the amplitude of the waveform at each
receiver and the average amplitude of all receivers on a logarithmic
scale. The area where the wave amplitude is amplified (reduced) by
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wave focusing (defocusing) is indicated by blue (red) dashed circle.
(d) Synthetic amplitude variation with a 3—D model using only the
upper mantle at depths less than 350 km. (e) Synthetic amplitude
variation with a 3—D model with the deeper upper mantle (350 to 800

km) included. (f-i) Same as (b—e) but for the results of event 2.
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Figure 3.15 Comparisons of P wave velocity of different models
within the mantle transition zone (MTZ). The models in comparisons
are (a) Pwave velocity perturbations at 600 km depth from FWEA18
(Tao et al., 2018), (b) P wave velocity perturbations at 551-629 km
depths from GAP—P4 (Fukao & Obayashi, 2013), (c) Pwave velocity
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perturbations at 525-650 km depths from TX2019slab—P (Lu et al.,
2019), (d) P wave velocity perturbations at 591 km depth from
GyPSuM—-P (Simmons et al., 2010), (e) P wave velocity
perturbations at 600 km depth from PRI—-P05 (Montelli et al., 2004),

and (f) Pwave velocity perturbations at 600 km depth from this study.
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Figure 3.16 Comparisons of S wave velocity of different models

within the MTZ. The models in comparisons are (a) S wave velocity
perturbations at 600 km depth from FWEA18 (Tao et al., 2018), (b)
S wave velocity perturbations at 625 km depth from 3D2018_08Sv
(Debayle et al., 2016), (c) S wave velocity perturbations at 525-650
km depths from TX2019slab—S (Lu et al., 2019), (d) Swave velocity
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perturbations at 591 km depth from GyPSuM-S (Simmons et al.,
2010), (e) Swave velocity perturbations at 600 km depth from PRI—
SO05 (Montelli et al., 2004), and (f) .S wave velocity perturbations at
600 km depth from this study.
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Figure 3.17 Plate reconstruction model in northeast Asia margin

The

locations of plate boundaries are

reconstructed from GPlates (Boyden et al., 2011) with colored

seafloor ages from Miller et al. (2008). (a—e) Plate reconstructions

at ages from 35 to O Ma. The black arrows indicate the direction of
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plate motion of the Pacific plate and Philippine Sea plate with respect
to the Eurasian plate. Convergent plate boundaries are shown with
black saw—toothed lines. (f) Swave velocity image at a depth of 600
km superimposed by the plate boundaries at ages of 35, 20, 16, and
0 Ma. The velocity models inside and outside of the pink square are

from this study and FWEA18 (Tao et al., 2018), respectively.
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Figure 3.18 Tomographic results with main interpreted features. (a)
A horizontal cross—section of Vs at a depth of 535 km. (b) A
horizontal cross—section of the Vp/Vs at a depth of 390 km. Brown
dashed lines indicate the depths of 410-km and 660—km
discontinuities (Lee et al., 2014). Gray dotted lines indicate 410 and
660 km depths. 660a LVL: low—velocity layer above the 660—km
discontinuity (Tauzin et al., 2017); 660b LVL: low—velocity layer
below the 660—km discontinuity (Z. Liu et al., 2016); 410a LVL:
low—velocity layer above the 410—km discontinuity (yellow shaded
areas are from Tauzin et al. (2017) and pink profiles are from Z. Liu

et al. (2016)).
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3.4. Conclusions

Using the dense seismic arrays deployed in the Korean Peninsula and
southwestern Japan, we construct high resolution 3—D upper mantle
velocity models to deeper depths (~800 km) at the continental
margin of northeast Asia by teleseismic body—wave traveltime
tomography. We find a distinct velocity variation within the MTZ that
has a spatial correlation with the upper mantle heterogeneities
revealed by previous receiver function studies. We suggest that the
velocity pattern reflects a wide and pronounced gap within the
stagnant Pacific slab along the current continental margin. In addition,
there are geographic correlations between the inferred slab gap, a
fragmented slab structure at the bottom of the MTZ, small—scale
(<200 km) low—velocity anomalies with high Vp/Vs, and the negative
reflectivity above the 410—km discontinuity. This coincidence
potentially indicates the melt generation process by an upward flow
of wet MTZ materials induced by the subducting slab. The dynamic
interaction between the non—uniformly distributed Pacific slab and
the MTZ is suggested to play a major role in controlling the mantle
dynamics during the Late—Cenozoic periods at the northeast Asia

margin.
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Chapter 4. Seismic Evidence of Persistent Intraplate
Volcanism by Shallow Mantle Melting in Northeast
Asia

4.1. Introduction

Unraveling the mechanism of intraplate volcanism, which is an
effusive volcanic activity away from plate boundaries, is essential to
understand the extent of mantle convection and evolution of
thermochemical properties of the Earth’ s mantle. While some
intraplate volcanic activities can be explained by mantle plume theory
(Morgan, 1971), there are several non—hotspot intraplate volcanoes
whose mechanisms are poorly understood. Several models have been
proposed to explain localized melt generation and volcanic eruptions
based on upper mantle processes, such as mantle upwelling caused
by asthenospheric shear (Conrad et al., 2010), gradients in
lithospheric thickness (King & Anderson, 1998), lithospheric
cracking by tectonic stresses (Sandwell et al.,, 1995), buoyant
melting instability (Hernlund et al., 2008), sublithospheric convective
instability (Ballmer et al., 2007), and kinematic or thermochemical
influences by subducting slab (Faccenna et al., 2010; Liu & Stegman,
2012; Richard & Iwamori, 2010; Yang & Faccenda, 2020). However,
the characteristics of intraplate volcanism showing episodic and
multiple eruptions without a clear trend of spatiotemporal evolution
that accords with plate tectonics inhibited a simple and unified
explanation of mantle dynamics for mantle upwelling and melt
focusing, and the mechanism of intraplate volcanism often remains

enigmatic.
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There are widespread Cenozoic intraplate volcanoes in the
continental part of northeast Asia. Previous studies suggested
several modes of upper mantle dynamics, such as large scale hot and
wet upper mantle convection above the stagnant Pacific slab (Kuritani
et al.,, 2011; Zhao et al., 2009), high temperature narrow mantle
upwellings from the MTZ (Tang et al., 2014; Tao et al., 2018), and
upwellings of hydrous MTZ materials and dehydration melting
instigated by subducting slab (Yang & Faccenda, 2020). However,
none of the proposed models have been evaluated based on the
detailed information on physical conditions of the upper mantle, and
debates persisted over the relative contributions of different portions
of the mantle (e.g., lithosphere, asthenosphere, subducting slab) in
deriving melt focusing beneath intraplate volcanism.

In this study, we constrained the physical properties of the upper
mantle in the northeast Asia margin based on high—resolution seismic
tomography (Vs and Vp/Vs), seismic attenuation, and thermodynamic
calculations, to better understand the mechanism of Cenozoic
intraplate volcanism in this area. Along the northeast Asia margin,
which includes the Korean Peninsula and the East Sea (Sea of Japan)
(Figure 4.la), there are several Quaternary intraplate volcanic
events: Hantangang River Volcanic Field (~0.52 Ma to ~0.12 Ma) (A
in Figure 4.1a), Baekdusan (Changbaishan) (~22.6 Ma to ~1.0 ka)
(B in Figure 4.1a), Ulleung Island (~1.3 Ma to ~2.7 ka) (C in Figure
4.1a), and Jeju Volcanic Island (~1.8 Ma to ~1.0 ka) (D in Figure
4.1a). Neogene volcanic eruptions are sporadically distributed
adjacent to the Quaternary volcanism in the Korean Peninsula (~9—4
Ma) and the East Sea (~12-2 Ma), indicating that there were multiple
episodes of volcanic activities over an extended period of time within

confined areas. Major tectonic events in the Cenozoic occurred during
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the late Oligocene to middle Miocene (~14 Ma), when back—arc
extension and continental rifting formed the East Sea (Chough et al.,
2018), placing our study area into a stable tectonic environment. The
study area offers a unique opportunity for assessing the mechanism
of intraplate volcanism in northeast Asia because 1) there are active
volcanoes (e.g., Baekdusan, Ulleung Island) (Mclean et al., 2020),
which were intensively studied with various modes of upper mantle
dynamics suggested (e.g., Wang et al., 2015; Tang et al., 2014; Yang
& Faccenda, 2020), 2) high resolution seismic tomography models
constructed based on dense seismic arrays exist (e.g., Simuté et al.,
2016; Song et al., 2020; Tao et al., 2018), which enables detailed
examination on upper mantle structure. We present the evidence of
the presence of shallow mantle melting at common depths of ~65—
130 km focused beneath the Quaternary intraplate volcanoes, and
propose that shallow upper mantle melting focusing played an

important role in deriving intraplate volcanism in northeast Asia.
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Figure 4.1 Map of Cenozoic volcanism in northeast Asia margin and
the upper mantle seismic velocity. (a) Tertiary and Quaternary
volcanic activities are shaded in orange and red, respectively. The
dashed rectangular boxes show major Quaternary volcanic areas (A:
Hantangang River Volcanic Field, B: Baekdusan (Changbaishan), C:
Ulleung Island, D: Jeju Volcanic Island). Arc volcanoes are plotted as
red triangles. The red saw—toothed line indicates the convergent
plate boundary between the Eurasian plate and the Philippine Sea
plate (Bird, 2003). Cretaceous to Cenozoic extensional basins are
shaded in gray (Ren et al., 2002). Depths of the subducting oceanic
slab are indicated by brown dashed contours at 50—km intervals
(Slab2.0; Hayes et al.,, 2018). (b) Shear wave velocity map at the
upper mantle depth of 100—km in the study area. Yellow dashed lines
indicate velocity contours of dlnVs < —6% at 1% intervals with
respect to the ak135 global reference model (Kennett et al., 1995).

Quaternary volcanic regions are shaded in white.
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4.2. Methods

Constraints on the distribution and content of partial melt can provide
direct evidence for thermodynamic properties of the upper mantle,
which are key to understanding the evolution of intraplate volcanism
(Davies & Rawlinson, 2014; Havlin et al., 2021; Sigurdsson et al.,
2015). High resolution seismic tomography can provide detailed
information on the thermal and compositional properties of the upper
mantle (e.g., An et al., 2015; Schmandt & Humphreys, 2010b; Wei et
al.,, 2015). However, inferring thermodynamic states of the upper
mantle from tomographic models is often challenging because of
difficulties by 1) nonlinear responses of mantle materials to seismic
wave propagation, 2) nonlinear relationships among physical
parameters (e.g., temperature, pressure, grain size) that define
mantle rheology (e.g., Abers et al., 2014), and 3) frequency and wave
type (e.g., Por S wave) dependent sensitivity of seismic waves on
the mantle properties (e.g., Fichtner et al., 2014; Hung et al., 2000).
Therefore, a comprehensive analysis of seismic data, such as seismic
wave speed and anelastic attenuation, along with quantitative
descriptions of mantle rheology that potentially affects seismic wave
propagation are necessary to constrain the physical state of the upper

mantle.
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4.2.1. Seismic Velocity Models

We use voigt—average P and S wave velocities from the full
waveform tomography models in northeast Asia (CSEM, Simuté et al.,
2016; FWEA18, Tao et al, 2018) for the thermodynamic
interpretation of the upper mantle in our study area. Using a full
waveform tomography model facilitates a quantitative analysis of
thermodynamic states of the upper mantle as it provides absolute
velocity information that allows the observed wave speed to be
directly compared to the velocity predicted by thermodynamic
parameters (e.g., temperature, pressure) and chemical compositions
(e.g., Cobden et al., 2018).

The original models are further refined by teleseismic travel time
datasets measured from Pand S wave waveforms in the period range
of 0.5-10 s recorded by dense seismic arrays around the Korean
Peninsula (Figure 4.2) (Song et al., 2020). This is done by inverting
both teleseismic £ and S wave travel time datasets using the full
waveform tomography models as a starting model. For the
teleseismic data, we used datasets of source-—receiver pairs that
record both Zand S wave arrivals, which add up to 64074 rays from
278 events between 2013 and 2018. The use of common source—
receiver pairs of the different wave types minimizes biases in an
inverted Vp/Vs model resulting from different data coverages.
Traveltime residuals are measured by interstation coherency in the
P and S wave waveforms (Rawlinson & Kennett, 2004). The
uncertainties of travel time residuals are determined based on
waveform similarity (Rawlinson & Kennett, 2004) and used as data

weight during the inversion.

159 A =- ‘_]l



Fast marching ray—tracing (Rawlinson et al., 2006b) and the
subspace inversion scheme (Kennett et al.,, 1988) are used
iteratively to perform tomography. We define a model space spanning
a depth of ~800 km with a uniform grid spacing of ~10 km in the
crust and ~20 km in the mantle. 3—D local crustal structure (Rhie et
al., 2016) with Moho interfaces (Chang & Baag, 2007; Y. Kim et al.,
2015) are used for crustal structures, and both crust and upper
mantle are simultaneously inverted with fixed Moho depths. By this
way, we reduce artifacts that arise by smearing of crustal
heterogeneity in the upper mantle due to limited resolution of our
dataset at crustal depths. The objective function used for the
inversion consists of data residuals, model misfit and roughness with
respect to the starting model (Rawlinson et al., 2003). Regularization
factors, 1.e., damping and smoothing, are systematically determined
by evaluating the trade—offs between the data misfit, model
smoothness, and model variance (Rawlinson et al.,, 2006b). We
additionally apply spatial smoothing for the Vp/Vs model by
calculating first— and second—derivative smoothness of Vp/Vs, which
were added to the smoothness of Vp and Vs models. We first
determine optimum solutions for Vp and Vs individually, and using
the determined regularization factors of each model, we conduct the
joint inversion with an additional smoothing parameter that controls
Vp/Vs smoothness constrained by a trade—off curve analysis (Figure
4.3). The total data misfit is calculated as a sum of P and S wave
residuals weighted by their respective data norms and uncertainties,
so that both data sets contribute equally to determining the final
model (Table 4.1). Differences in reference models only have minor
changes in amplitudes and patterns of Vp/Vs (e.g., Giacomuzzi et al.,

2012; Liang et al., 2011; Papaleo et al., 2018). The resulting model
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depicts sharper structural variations with enhanced amplitudes of up
to ~—2% in dVs and ~+1% in dVp/Vs compared to the original model
around the Korean Peninsula (Figures 4.4 and 4.5).

The resolution of the full waveform model of FWEA1S, evaluated
by the degree of structural distortion based on the preconditioned
Hessian—vector product, shows that an average resolution length to
be 50-80 km throughout the upper mantle in northeast Asia (Tao et
al., 2018). The resolution of the full waveform model of CSEM
(Simuté et al., 2016) is analyzed by random probing (Fichtner &
Leeuwen, 2015), showing that scale lengths of ~150 km and ~30 km
can be recovered in the horizontal and vertical directions,
respectively. For the resolution for the teleseismic traveltime dataset,
we conduct checkerboard tests. Checkers with diameters of 40 and
80 km at a half amplitude and amplitudes of £3 for Vp, £7 for Vs,
and £4% of Vp/Vs are applied. The results show that the initial
structures are recovered to a depth of ~200 km beneath the mainly
interpreted regions (Figures 4.6 and 4.7). Based on the resolution
test results of teleseismic datasets and full waveform inversion
models, we conclude that the seismic model combining FWEA18 and
the teleseismic dataset, which is mainly interpreted in our study, has
a resolution on both horizontal and vertical directions with scale
lengths of ~40 to ~80 km in the upper mantle, and the model
combining CSEM and the teleseismic dataset has a resolution ~40 to

~150 km in horizontal, and ~40 km in vertical direction.
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Figure 4.2 (a) Seismic stations and (b) events of teleseismic Pand S
wave traveltime datasets. Dashed concentric circles in (b) indicate
great circle distances at a 30—degree interval. KMA: Korea
Meteorological Administration; KIGAM: Korea Institute of
Geoscience and Mineral Resources; KINS: Korea Institute of Nuclear
Safety; JMA: Japan Meteorological Agency; NIED: National Research
Institute for Earth Science and Disaster Resilience; GSN: Global

Seismic Network.
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Figure 4.3 Determination of a smoothing parameter for the Vp/Vs

model. The red circle indicates the final model. Examples of Vp/Vs at

120 km depth are shown.
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P wave S wave Joint model
Individual 82.64% 76.26% -
Joint 82.73% 75.93% 77.29%
Joint with 3D model 81.92% 76.78% 77.81%

Table 4.1. Variance reductions of 7, Swave tomography, and the joint

inversion model. The individual and joint model use akl135 global

reference model (Kennett et al., 1995), and joint with 3—D model use

FWEA18 (Tao et al.,, 2018) as a starting velocity model in the

tomographic inversion.
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Figure 4.4 Comparison between (a) original full waveform
tomography model of FWEA18 (Tao et al., 2018) and (b) the model
refined by teleseismic travel time dataset (Song et al., 2020). The

green line indicates the refined area.
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Figure 4.5. Comparison between d(Vp/Vs) of (a) FWEA18 (Tao et
al., 2018) and (b) a model refined by teleseismic travel time dataset

(Song et al., 2020). The gray line in (b) indicates the refined area.
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Figure 4.6. Checkerboard resolution tests for Vp, Vs, and Vp/Vs. The
initial checkerboard models consist of checkers with amplitudes of
£4% in dVp, £7% in dVs, and =3% in dVp/Vs, and sizes of ~40 km
at a half amplitude. The depths of each section are indicated in the

upper right corner.
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Figure 4.7. Checkerboard resolution tests for Vp, Vs, and Vp/Vs. The
initial checkerboard models consist of checkers with amplitudes of
*4% in dVp, £7% in dVs, and £3% in dVp/Vs, and sizes of ~80 km
at a half amplitude. The depths of each section are indicated in the

upper right corner.
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4.2.2 Thermodynamic Calculations

The upper mantle seismic velocity i1s primarily sensitive to
rheological properties of the mantle, which depend on temperature,
pressure, and composition (e.g., melt) (Cammarano & Romanowicz,
2007; Goes et al., 2000). At high temperatures (>900 ° C), anelastic
effects are significant and a linear relationship between the increased
temperature and decreases in elastic moduli at lower temperature is
no longer maintained (Karato, 1993). Therefore, it is necessary to
consider anelastic effects to infer thermodynamic properties of the
upper mantle from seismic velocity models.

There are several anelastic models proposed based on laboratory
experiments using mantle minerals (e.g., olivine) or rock analogues
(e.g., organic polycrystal) at a variable temperature, pressure, grain
size, and frequency range (Faul & Jackson, 2005; Jackson & Faul,
2010; McCarthy et al., 2011; Yamauchi & Takei, 2016). The anelastic
effect is associated with a process of energy loss, which depends on
the frequency of an elastic wave and the characteristic frequency of
relaxation (Takei, 2017). We calculate the anelastic effect from
previously published anelastic models (Faul & Jackson, 2005;
Jackson & Faul, 2010; McCarthy et al., 2011; Yamauchi & Takei,
2016). Each model is constructed based on laboratory experiments
using different formulations and experimental conditions. We use
scaling relationships parameterized by an extended Burgers model
for the Faul and Jackson (2005) and Jackson and Faul (2010). Using
melt—free polycrystalline aggregates of Fo90 olivine, Faul and
Jackson (2005) fitted forced—oscillation data at temperatures of
1000-1200 ° C and oscillation periods of 1-1000s based on high—

temperature background dissipation with a fractional adjustment to
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shear modulus at viscoelastic regime. Jackson and Faul (2010), using
olivine polycrystal, accounted for high—temperature background
dissipation at larger temperature ranges (800-1200 ° C) with a
constrainment on a semi—empirical high—frequency absorption peak.
McCarthy et al. (2011) measured the viscoelastic properties of
polycrystalline organic borneol, as an analogue to mantle rock,
suggesting the universal scaling (Maxwell frequency scaling) over a
broad frequency range (le—4-2.15 Hz) at homologous temperatures
of T/T,, = 0.61-0.67, where T, indicating melting temperature.
Yamauchi and Takei (2016), based on Maxwell frequency scaling,
constrained elasticity, anelasticity, and viscosity of organic borneol
at near solidus homologous temperature (0.92-1), formulating the
effects of premelting (e.g., Cantwell et al., 2014) on the dynamical
properties of the grain boundary, grain boundary sliding, and grain
boundary diffusion creep by introducing a temperature dependent
high—frequency peak.

We calculate the anelastic effect for a frequency range 0.02-1.0
Hz, which are within the frequency range used in the seismic velocity
models. We constrain a grain size based on dynamic recrystallization
and grain growth (e.g., Behn et al., 2009; Podolefsky et al., 2003) for
a range of strain rates from le—14 to 5e—14/s, which are within the
ranges derived from the regional geodynamic model (e.g., Yang et al.,
2019). The temperature—velocity relationships predicted with
different anelastic models at seismic frequencies and mantle grain
sizes show large variability depending on anelastic models (Figure
4.8). Although the anelastic effect of water on seismic velocity is
debated (e.g., Aizawa et al., 2008; Cline et al.,, 2018; Hirth &
Kohlstedt, 1996; Karato & Jung, 1998), we consider the possible

effects of water on anelasticity in two ways: First, water promotes
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viscous and viscoelastic relaxation (Aizawa et al., 2008; Hirth &
Kohlstedt, 1996), which enhances anelasticity, and second, the
presence of water leads to larger grain size by increasing grain
growth rate, which results in a decrease in anelasticity. The
competing effects between these two mechanisms result in a mild
decrease in anelasticity with increasing water content (e.g., Abers et
al., 2014). We calculate for water contents of Coy = 3 (dry) and 200
(wet) wt ppm, the latter is found to be incorporated in nominally
anhydrous minerals at the upper mantle (~100 km) (Hirschmann et
al., 2009). Anharmonic shear and bulk moduli as functions of
temperature and pressure are obtained by calculating phase equilibria
with linearized free energy minimization (Perple_X, Connolly et al.,
2005) for a pyrolite composition (Xu et al.,, 2008). Using the
calculated anelasticity at a specific frequency, water content, and
strain rate, we convert shear wave velocities to temperature, and
assign unity to the regions above the solidus, or zero otherwise. The
results predicted with different anelastic models and strain rates are
then added and normalized to create a consistency map that exhibits
the degree of consistency between different anelastic conditions to

predict supra—solidus temperatures (Figures 4.9 and 4.10).
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lines in different colors indicate different attenuation models, and the
solid, long—dashed, short—dashed, and dotted lines indicate
frequencies of 1, 0.1, 0.05, and 0.02 Hz, respectively, each of which
consist of two lines representing different strain rate conditions (le—
14/s and be—14/s). (a, b) Relationships between dVs and
temperature for (a) dry and (b) damp (Con = 200 wt ppm) conditions.
Attenuation models include Yamauchi and Takei, 2016 (YT16), Faul
and Jackson, 2005 (FJ5); Jackson and Faul, 2010 (JF10b (only high—
temperature dissipation), and JF10 (high—temperature dissipation
with peak)); McCarthy et al. (2011) (M11). (¢, d) Relationship
between dVs and attenuation for (c¢) dry and (d) damp (Coun = 200 wt
ppm) conditions. Thick dashed lines represent the subsolidus
temperature range, which are replaced by thin dashed lines above the
solidus temperature. (e. f) Relationships between dVs and d(Vp/Vs)
for (e) dry and (f) damp (Con = 200 wt ppm) conditions. Thick
dashed lines represent the subsolidus temperature range, which are
replaced by thin dashed lines above the solidus temperature.
Background colors indicate the density distribution of the seismic
velocity models (dVs and d(Vp/Vs)) for areas where temperatures

are expected to be above the solidus at the corresponding depth.



0.05 Wz
dry *

0021z % [0.05 Hz
42'1C o= 200 Wt p l Cow= 200 wt
b ‘

40°

384

3674

34

32'4

4

4

. A e — = . 1 = -
132°  122° 124" 126" 128" 130" 132° 122" 124" 126" 128" 130" 122" 124" 126" 128° 130" 132"

T ——

0.0 0.5 1.0
Consistency

122° 124" 126° 128" 130° 132°

Figure 4.9 Maps showing the degree of consistency that depicts the
mantle temperatures predicted to be above the mantle solidus with
different anelastic models, different frequencies (0.02-1 Hz), and
different water concentrations at 100—km depth based on the shear
wave velocity model constructed by FWEA18 (Tao et al., 2018) and
teleseismic travel time dataset (Song et al.,, 2020). The upper and
lower rows correspond to the results of dry and damp (Con = 200 wt
ppm) conditions, respectively. Each panel reflects ten different cases
of predictions, which are derived from five different attenuation
models with two different strain rate conditions. The closer the
values are 1.0, the greater the number of anelastic conditions that

predict the mantle temperature above the mantle solidus are.
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Figure 4.10. Same as Figure 4.09 but for the results from shear wave
velocity model constructed by CSEM (Simuté et al., 2016) and

teleseismic travel time dataset (Song et al., 2020).
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4.2.3. Melt Content Estimation

We consider melt effects on seismic velocity if the estimated
temperatures are predicted above the mantle peridotite solidus.
Excess velocity reductions that cannot be accounted for by the
temperature effects up to the mantle solidus (Hirschmann, 2000,
Hirschmann et al., 2009) are converted to the amount of melt based
on the calculated velocity—melt relationship (Figures 4.8c and d).
The proposed mechanisms describing melt effects on seismic
velocity and anelasticity include intergranular fluid flow (Hammond
& Humphreys, 2000) and enhanced grain boundary diffusion
(Holtzman, 2016). We calculate the anelastic effect of melt by
accounting for its influence on diffusion creep viscosity (e.g., Eilon &
Abers, 2017; Holtzman, 2016). For anelastic models of Faul and
Jackson (2005), Jackson and Faul (2010), and McCarthy et al.
(2011), we parameterize the effects of melt by scaling relaxation
time scales for all processes of anelasticity calculation (e.g., Abers
et al., 2014; Olugboji et al., 2013):

(30)

Con

T =X, ( )T d™ty(P,T)

where r = 1.0 (Hirth & Koholstedt, 2003), 7,(P,T) is a timescale

COH—R

according to Arrhenius—type behavior, Cypy is water content, Coy_g
is reference water content (50 ppm H/Si), and x, is viscosity
reduction pre—factor describing the melt effect. d is a grain size with
a grain size exponent m. x, is represented by

e(—ago+ln(x¢c) erf(%)) (31)

(Holtzman, 2016), where ¢ is melt fraction, a is the empirically
determined constant, ~26 for diffusion creep in olivine—basalt
systems (Mei et al., 2002), Xy, 1s the viscosity reduction factor at

@., which is the critical melt fraction of ~1le—6 (Holtzman, 2016). We

T 0
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choose x,_ to be 0.025, which is based on McCarthy and Takeli,
(2011). For anelastic model of Yamauchi and Takei (2016), we follow
the same formulation and preferred values of melt parameters
indicated in this model where the effect of partial melting on
polycrystal anelasticity is constrained.

Anharmonic velocity perturbations caused by poroelastic effects

are considered for a range of melt geometries represented by the

equilibrium geometry model (Takei, 2002) with dihedral angles of 10°

-40° (Garapi¢ et al., 2013; Mei et al., 2002). At specific frequency
and water content, the melt distributions are determined by the root—
mean—square of the melt contents predicted with different anelastic
models and strain rate conditions, which are then multiplied by the
predetermined consistency maps (Figures 4.9 and 4.10) to reflect

the variability in the predicted anelasticity.
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4.2.4. Local Deep Earthquake Attenuation

We use local deep earthquake waveforms to constrain the upper
mantle attenuation. We apply a path—averaged method to obtain
attenuation parameters (tp and t$) (e.g., Pozgay et al., 2009). For a
ray path between an earthquake j and a station i, the displacement
spectrum can be parameterized as:

Ciije—ﬂfl‘“fo“ti} (32)
A = v

where Cijindicates frequency—independent effects, f is the

frequency, f, is the reference frequency, M; is the seismic moment,
fej 1s the corner frequency, and a is the frequency—dependent
exponent. tfj describes a path—integrated attenuation defined as:

. 1 (33)
%‘fWﬂmn“

where V(r) and Q(r) are the seismic velocity and the quality factor
(Knopoff, 1964), which characterizes anelastic attenuation, at
position r, respectively. For all waveforms, we remove the
instrument response and apply corrections for geometric spreading
(Kanamori & Steward, 1976), free surface effects (Kennett, 1991),
and the spherically averaged radiation pattern (Boore & Boatwright,
1984). We calculate Pwave spectra on the vertical component and S
wave spectra on the transverse component using the multitaper
spectral analysis method (Prieto et al., 2009) at frequency bands of
0.1-10 Hz. We set a common window length for both the signal and
noise. We follow a spectra—fitting procedure of Eberhart—phillips and
Chadwick (2002). Only parts of signal spectra with signal—to—noise
ratios greater than three are used for the fitting. We apply a grid
search to determine optimum choices of a and f;; for each event

(Figures 4.11-4.14). For all events, we find optimum values of «
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between O and 0.2. The uncertainties of attenuation parameters are
determined based on the variability in a and f;* for a, we consider
possible ranges from O (frequency independent) to 0.27, the latter of
which is preferred by experimental estimates (e.g., Jackson & Faul,
2010; McCarthy et al., 2011), and for f,;, the uncertainty is
determined based on variability of a spectral misfit at the optimum
corner frequency estimated by the bootstrap resampling. We
consider a range of corner frequencies whose spectral misfits are
within the one standard deviation of the spectral misfit of the optimum
corner frequency as possible values for f,;. The obtained attenuation
parameters are converted to relative variations (tp and t$) by:

tps (34)
st s/ Ty

where tpg are P (or S) wave travel time, and n is the number of

Atps = tps—

stations.

179 A & T} -1



a

Norm. Amp
&

B

:

Amplitude (nm)
g

g

Time (s)
~0 -0 0 0
h

2E 1w e

Time (s)
-0 -20 0 20
SR

16 18 1w

il

1

o &

Norm. Amp
g8 &

L
@

.

2\

NAWB
=022

)

ol 1

Frequency (Hz)

Time (s)

-0 20 0 2

H

2 1m Er

g

Amplitude (nm)
g

8
;

DusB
=058

{

M

1 V‘
Frequency (Hz)

Time (s)
0 20 0 W
"

nE 2 10

I

B

o &

e

P

10000

Amplitude (nm)

0

SEHE
t'=1.09)

i

01

1
Frequency (Hz)

a

10000

Amplitude (nm)

10

1000

ULDB
=114

f

A

01

1
Frequency (Hz)

4

frequency (Hz)

Atg(s)

10

00
o0

b

) [
L & bt
] [

T &
4 { {

000000000

20000000

12

s{roeee@0eeed

-20515 20366 -20217 -20088 -19920

=
[N

Residual

alpha

04

06

10
0.8
0.6
04
02
0.0
-02
-04
-06
-08
-1.0

-12

Figure 4.11 Analysis of S wave seismic attenuation for Event 1. (a)
Examples of waveforms, spectra, and the estimated attenuation
parameters. In each panel, the station location is indicated by the red
dot in the inset map in the top right, the waveforms in red and black
indicating the signal and noise, respectively, are shown in the upper
left, and the calculated spectra are shown in the bottom left with the
blue curves and green lines showing the fit (e = 0) to the data and
the spectral limit, respectively. The average upper frequency limit
for data fittings is 1.22 Hz. (b) Results of a grid search for an
optimum choice of the corner frequency (f;;) and the frequency—
dependent exponent (a). The blue and black circles represent the
global minimum and the minimum with a = 0, respectively. Residuals
are calculated by Y, log[A(f) — D(f)]?, where n is the number of
stations, A(f) is predicted, and D(f) is observed. (c) Results of

relative attenuation parameters (ti) with a=0 for all stations_
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aligned along the profile shown in Figure 4.18. Vertical black lines

indicate the ranges for different choices of corner frequency.
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Figure 4.12 Analysis of Pwave attenuation for Event 1. (a) Examples
of waveforms, spectra, and the calculated attenuation parameters. In
each panel, the station location is indicated by the red dot in the inset
map in the top right, the waveforms in red and black indicating the
signal and noise, respectively, are shown in the upper left, and the
calculated spectra are shown in the bottom left with the blue curves
and green lines showing the fit (@ = 0) to the data and the spectral
limit, respectively. The average of maximum frequency used for a
data fitting is 9.67 Hz. (b) Results of a grid search for finding the
optimum choice of the corner frequency (fcj) and the frequency—
dependent exponent (a). The blue and black circles represent the
global minimum and the minimum case of a =0, respectively.
Residuals are calculated by Y™, log[A(f) — D(f)]*, where n is the
number of stations, A(f) is predicted, and D(f) is observed. (c)
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Results of relative attenuation parameters (tp) with a =0 for all
stations aligned along the profile shown in Figure 4.18. Vertical black

lines indicate the ranges for different choices of corner frequency.
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Figure 4.13 Same as Figure 4.12 but for Event 2. The average of

maximum frequency used for a data fitting is 9.59 Hz
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4.2.5. Attenuation Modeling

We calculate synthetic tp and t; for the source—receiver pairs of
the deep earthquakes using 3—D Qp and Qs and seismic velocity (Vp
and Vg) models. For the Qs model, we use predictions from the
tomography model combining FWEA18 and teleseismic datasets
using the anelastic model of Faul and Jackson (2005), which is
applied for teleseismic body—wave anelastic attenuation modeling
(Eilon & Abers, 2017). We define a model space spanning a depth of
~800 km with a lateral and depth grid spacing of 10 km and 2 km,
respectively. We construct the Qp grids from the predicted Qs
assuming negligible bulk attenuation (Durek & Ekstréom, 1996). We
apply our predicted Qs at depths <200 km and the global attenuation
model (Adenis et al., 2017) for deeper depths. Tests with different
Qs (e.g., 1-D PREM) at the deeper depths show minor changes in
our results. The synthetic tp and ts are calculated by integrating the
path—average Qp and Qs at a finite length over the entire ray path
(Eq. 33) calculated by the fast marching method (Rawlinson et al.,
2006a) with 3—D velocity structures, and converted to Atp and At§

following equation 34 in order to be compared with the observations.



4.2.6. Synthetic Wavefield Calculation

We use the spectral—element method (SPECFEM3D_GLOBE)
(Komatitsch & Tromp, 1999) for a deep earthquake (Event 1)
wavefield modeling to test if frequency dependent elastic
focusing/defocusing effects affect our attenuation results. We apply
3—D P and S wave velocity models used in our study in latitude,
longitude, and depth ranges of 24.5-45° N, 117.5-144° E, and 0-800
km, respectively. We use Crustl.0 (Laske et al., 2013) for the crust
and Moho structure, and ETOPO1 (Amante & Eakins, 2009) for the
surface topography. The focal mechanism of the event is obtained
from the Global CMT (Ekstrom et al., 2012). The average grid
spacing in the upper mantle is ~2.54 km, which corresponds to a
dominant period of ~2.82 s (~0.35 Hz) for the S wave. We analyze
amplitude variations for transverse component S waves for three
different frequency ranges (0.05-0.1 Hz, 0.1-0.2 Hz, and 0.2-0.35
Hz), which correspond to the longer periods within our measurement
frequency range. The waveforms are calculated for grid nodes with
0.2° spacing. The results of frequency dependent amplitude

variations are shown in Figure 4.22.



4.3. Results

We observe several regions of high potentials to have mantle
temperatures above the peridotite solidus for all frequencies and
water contents (Figures 4.9 and 4.10). Although the presence of
water is expected to increase anelasticity (Abers et al., 2014), its
effect of reducing peridotite solidus leads to an increased possibility

of temperature predicted to be above the solidus. Particularly high

consistencies (>0.9) are estimated beneath the Quaternary volcanoes.

The estimated melt contents (Figures 4.15 and 4.16) calculated
with the shear wave velocity model based on FWEA18 (Tao et al.,
2018) and teleseismic travel time dataset (Song et al., 2020) shows
a depth dependent distribution: the highest concentration is observed
at the upper mantle depth of ~100 km, which gradually decreases
with increasing or decreasing depth and diminishes at ~70 and ~140
km. Relatively high melt contents are estimated beneath the major
Quaternary volcanoes: the results calculated with a damp upper
mantle condition with a frequency range of 0.05-0.1 Hz, which is from
the mean of the average period bands used in the full waveform model
and the teleseismic travel time dataset to a common frequency of
these two models, show melt contents of 0.6-0.8% beneath the

Ulleung Island, 0.3-0.5% beneath Hantangang River Volcanic Field

and Baekdusan, and ~0.05% focused beneath the Jeju Volcanic Island.

Relatively low melt fractions (~0.05-0.2%) are sporadically
distributed beneath the Neogene volcanism around the Korean
Peninsula and the northern part of the East Sea. Pronounced meltings
are found beneath the northern Okinawa Trough and northwestern
Kyushu, which is consistent with a previously imaged strong low

velocity in the depth from 40-100 km (Sadeghi et al., 2000) that
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suggests the partially melted upper mantle. The result for a dry
mantle condition show a similar melt distribution with slightly
reduced (~0.1%) melt contents (Figure 4.16). For all frequency
ranges, we obtain consistent results of requiring higher amounts of
melt beneath the Quaternary volcanoes (Figure 4.17). Different
choices of melt geometry (e.g., a dihedral angle of 40° ) caused only
minor changes (£0.05%) for the estimated melt content at small melt
fractions (<1%).

We observe strong correlations between the distribution of melt,
seismic attenuation, and Vp/Vs (Figure 4.18). The existence of melt
can account for enhanced seismic attenuation and high Vp/Vs (>2%)
(Figures 4.18e and 4.18f) compared to the temperature effect only
(e.g., Chantel et al., 2016). Apparently high seismic attenuations are
observed for rays penetrating the inferred upper mantle melting
areas (Figure 4.18c, 4.18h, and 4.18m). Sharp increases in seismic
attenuations (~0.15 of t; and ~0.75 of t&) and Vp/Vs ratio (~2-4%)
within a lateral distance of ~200 km are geographically correlated
with the presence of melt (Figures 4.18e—4.18g, 4.18j—4.181, and
4.180-4.18q). The synthetic attenuation calculated with an anelastic
model (Figure 4.18e, 4.18j, and 4.180) shows that the predictions
considering only temperature effect have systematically lower
amplitudes than the observations, while the presence of melt with
relatively wet mantle condition (Con = 200 wt ppm) estimated
variations closer to the observed attenuation (Figure 4.19). Similarly,
the observed Vp/Vs variations show relatively higher values (~1%)
than the predictions with only temperature effect or dry melt (Figure
4.18e), while the condition of damp mantle melting closely matches
the observed Vp/Vs (Figure 4.19). Linear fitting of tp versus ti for
Event 1 shows an estimated Qp/Qs of ~ 2.33 £ 0.43 (Figure 4.20),



which 1s consistent with the theoretical value for a Poisson solid
(Anderson et al.,, 1965) and the assumption of negligible bulk
attenuation (Dziewonski & Anderson, 1981; Durek & Ekstrom, 1996).

190 2 M E g



42'N A

40°N

) M

/]

42'N

40'N

36°N

32'N

34N

32'N 1

A Arcvolcano A Neogene
| AeQ

/ trench
y & slab contours

04 06 08
Melt fraction (%)

122°E 124°E 126°E 128°E 130°E 132°E 134°E 122°E 124°E 126°E 128°E 130°E 132°E 134°E 122'E 124°E 126°E 128'E 130°E 132°E 134°E

Figure 4.15 Melt distributions at the upper mantle depths of (a) 80

km, (b) 100 km, and (c) 130 km calculated with the frequency of 0.1
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Figure 4.18 Attenuation of deep focus earthquakes and its
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are circled in bold. (d) Vertical cross section of velocity
perturbations with ray geometries shown by black lines. The yellow
patches indicate the inferred melt distribution with melt contents >
0.05%. (e) Comparison of the observed and synthetic attenuations.
The black dashed lines indicate the average of observations (¢ = 0.0
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dry melt, and wet melt (Con = 200 wt ppm), respectively. (f) Average
d(Vp/Vs) values of 80-120 km depths along the rays of each example
data. Only positive d(Vp/Vs) values are shown. (g) Average melt
contents of 80-120 km depths along the rays of each example data.
(h—i) Same as (c—g) but for P wave attenuation of Event 2 (PDE:
2018-12-30, 14:26:35.11, 38.3792° , 133.8402° , 431.81 km, mb
4.7). (m—q) Same as (c—g) but for P wave attenuation of Event 3
(PDE: 2016—-01-02, 04:22:19.57, 44.8069° , 129.9406° , 585.47
km, Mw 5.8).
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4.4. Discussions

4.4.1. Possible Other Effects

Compositional heterogeneities can change seismic velocity (Goes et
al., 2000). We test for effects of different mantle compositions on
seismic velocity (e.g., harzburgite, pyroxenite) (Figure 4.21). We
observe only a limited velocity change (£0.5 %) for the harzburgite
composition, which is significantly less than the variabilities among
different attenuation models. This is consistent with previous studies
suggesting that relatively minor influence of chemical composition of
the upper mantle on seismic velocity than the temperature effect (e.g.,
Afonso et al.,, 2010; Cammarano et al., 2003). The presence of
pyroxenite can arise a relatively large velocity variation (>2%)
(Figure 4.21), however, it hardly affects seismic velocity of the
peridotitic upper mantle due to its small proportion (e.g., Hirschmann
& Stolper, 1996). It has been suggested that elastically
accommodated grain boundary sliding (EAGBS) (Karato et al., 2015)
leads to a sharp velocity reduction. This mechanism predicts a
substantial velocity drop (~10%) at the mid—Ilithosphere
discontinuity beneath continental lithosphere and lithosphere and
asthenosphere boundary beneath oceanic plates with ages older than
~60 Ma (e.g., Olugboji et al., 2013; Selway et al., 2015). EAGBS
activates at a characteristic frequency, which is determined by
temperature, pressure, grain size, and water content (Karato et al.
2015). At a frequency range of the analyzed seismic velocity model
of 0.05-0.1 Hz, EAGBS is expected to occur at 1000-1200 K at a 100
km depth. However, given that large velocity reductions (<=6%) are
mostly found beneath recent volcanism (<1 Ma) accompanied with

high surface heat flux 70 mW/m?), it is unlikely that EAGBS

-
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operates at the corresponding depth due to high temperature (e.g.,
Cobden et al., 2018). A different choice of a seismic velocity model
(e.g., Simuté et al., 2016) consistently showed slower velocities at
the same locations where low velocities are observed, indicating that
the observed low—velocity anomalies are robust (Figure 4.10).
Seismic attenuation can arise from extrinsic effects, such as
scattering or frequency dependent focusing/defocusing. Most models
of elastic scattering predicted strongly frequency dependent
characteristics (¢ ~ 0.5) with Qp ~ Qs (e.g., Richards & Menke,
1983). However, this contradicts our results showing that optimum
values of @ determined to be between O and 0.2, and the measured
Qp/Qs ~ 2.33, indicating that elastic scattering is unlikely a dominant
mechanism for the observed attenuation. The relative excess of
long—period energy compared to the short—period energy by
focusing of the long—period wavefield can produce an apparently high
attenuation (e.g., Allen et al., 1999). However, this mechanism is
unlikely to be significant for t; where high frequency energy (>1 Hz)
is dominant (e.g., Bezada et al., 2017). We test for a long period
focusing effect for Swave using 3—D seismic velocity structures. We
find that there are no localized long—period focusing or systematic
increases in wave amplitudes with increasing period beneath the
major upper mantle low velocity zones (Figure 4.22). Based on these
results, we conclude that the observed attenuation variations are
robust and largely reflect intrinsic attenuation, i.e., anelasticity, of the

upper mantle.
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Figure 4.21 Comparison of the relationship between dVs and
temperature for different compositions at a depth of 100 km
calculated with the anelastic model of Yamauchi and Takei (2016).
The velocity perturbations are shown with respect to ak135 global

reference model (Kennett et al., 1995).
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4.4.2. Physical Properties of the Upper Mantle

The temperature profiles based on seismic velocity without allowing
the presence of melt show excessively high temperatures at the
upper mantle depths ~90-150 km (Figure 4.23a). The profiles show
a steep increase in temperature with increasing depths, which
reaches >1800 K at ~80-120 km and gradually decreases and
approaches the mantle adiabat with the potential temperature (Tp) of
~1573 £ 100 K at deeper depths. The temperatures at shallower
depths (< 80 km) follow conductive continental geotherms with 65—
75 mW /m?, which is consistent with regional surface heat flux (Lee
et al., 2009). The inferred Tp is broadly consistent with previous
results of basalt geochemistry of ~1523-1673 K (Ball et al., 2021;
Brenna et al., 2014; Choi, 2021; Kimura et al., 2018; Kuritani et al.,
2019; Sakuyama et al., 2014), which are within the range of the
normal upper mantle temperature (Lee et al., 2009). Pronounced
temperature increases at 80-120 km are difficult to be reconciled
with the adiabatic mantle temperature or the conductive geothermal
gradient. Instead, our results predict the presence of a small fraction
of melt (0.1-0.8%) at the corresponding depth range (Figure 4.23b).

Given that the Tp is within the range of ambient mantle potential
temperature, localized excess heat, such as by hot mantle plume, is
unlikely for generating partial melting. Also, decompressional melting
under dry mantle condition with normal mantle temperature (Tp
~1573-1673 K) favors shallower melting (<65-85 km) (e.g, Rychert
et al., 2012), which is inconsistent with the observed deeper melts
(Figure 4.23c). Calculated mantle temperature and melt distribution
suggest an upper mantle condition of average mantle temperature

with reduced peridotite solidus. For Tp of ~1673 K, which is in the
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middle of possible potential temperature range, the seismically
derived geothermal profile shows crossover of the mantle peridotite
solidus with Cogu = 450 wt ppm. The estimated water content is
possible to be an upper bound to account for the observed depth
extent of the melt considering that the presence of CO, as well as
water can also reduce the solidus, which was not accounted for by
our analysis (e.g., Dasgupta et al., 2013). The variations in the
observed seismic attenuation and Vp/Vs show a better fit with
predictions of a hydrated condition than those of a dry condition
(Figure 4.18). Mantle condition inferred from joint interpretation of
electrical conductivity and P wave velocity (Ichiki et al.,, 2006)
suggests a wet (Con = 1000 ppm H/Si) pyrolytic upper mantle with
moderate temperature (~1550 K) at shallower mantle depths (<200
km). In addition, water content of source mantle estimated from
basalts in Baekdu (Cop = 450 wt ppm, Kuritani et al., 2019) and
Ulleung Island (Con = 600 wt ppm, Choi et al., 2021) indicate
hydrated upper mantle conditions, which are in accord with our

results.
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volcanic regions. The green line indicates the melt content in
northeast Asia from global tomography (Debayle et al., 2020). (c)
Illustration with mainly interpreted features. The inferred mantle
upwellings are shown by curved green arrows. The curved black line
represents Moho interfaces (solid: Chang & Baag, 2007, dashed:
Laske et al.,, 2013). The red triangles on the surface indicate
Quaternary volcanism, and the red line indicates surface topography.

The location of the profile is shown in the inset map at the top right.
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4.4.3. Active Upwelling and Melt Focusing Beneath Intraplate
Volcanism in Northeast Asia

Our results show spatially separated and confined melt distributions
(Figure 4.15). The global upper mantle melt model from seismic

velocity and attenuation (Debayle et al., 2020) showed widespread

shallow mantle melts (~0.2-0.4%) beneath the northeast Asia margin.

Our attenuation results show distinct spatial variations that show
contrasts between the inferred partial melting regions and the
surrounding areas (Figures 4.18e, 4.18j, and 4.180). This feature is
difficult to reconcile with the widespread distribution of the upper
mantle melt, since diffusion creep viscosity is expected to be sharply
reduced at a small fraction of melt (K0.01%) (Holtzman, 2016;
McCarthy & Takei, 2011), after which relatively moderate variation
exists for higher melt concentrations (0.1%) (Figures 4.8c and
4.8d). Therefore, the observed sharp lateral change in attenuation is
more likely to occur by the contrast between the areas with and
without melt, rather than local variations in melt concentrations
within a widespread distribution. The discrepancy between the global
and our model possibly results from different spatial resolutions
owing to different seismic frequency ranges: the global model, using
a dataset with a dominant period of ~100 s, reflects relatively long
wavelength structures, which represents the spatially averaged
characteristics of the upper mantle in our study area.

Major Quaternary volcanic activities (<0.5 Ma) (Figure 4.24) are
located right above the potential melting regions (Figure 4.15),
indicating that there are possible linkages between the two. The
depth ranges of the melt zones identified in our model are comparable
to the petrological constraints, which show melting depths extending

to ~100 km beneath Ulleung Island (Chen et al., 2018), 75-90 km

-
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beneath Hantangang River Volcanic Field (Sakuyama et al., 2014),
90-105 km for Baekdusan (Choi et al., 2020), and 75-105 km beneath
Jeju Volcanic Island (Brenna et al., 2012). This coincidence indicates
that the imaged melt zones are the possible magmatic source for
volcanism.

The distribution of melt and its spatial coincidence of the
Quaternary volcanism suggest localized decompressional melting at
shallower mantle depths (<140 km) as a possible mechanism for the
intraplate volcanoes (Figure 4.23c). Previous studies suggested
mantle upwelling from deeper upper mantle mechanically or
chemically instigated by the Pacific slab (Richard & Iwamori, 2010;
Zhao et al., 2009; Tang et al.,, 2014; Yang & Faccenda, 2020).
Although the subducting slab could facilitate mantle convection (e.g.,
Faccenna et al., 2010), a diapiric nature of deeper upper mantle
melting makes it infeasible to be retained at shallower depths (e.g.,
Yang & Faccenda, 2020), indicating that other formational processes
are needed to explain the imaged melt distributions. Convective
upwelling can arise by thermal or structural heterogeneities in the
upper mantle (e.g., King & Anderson, 1998; Conrad et al., 2010).
Sharp variations in lithospheric thickness can derive localized shallow
mantle convection beneath thinned lithosphere (Conrad et al., 2010).
Heterogeneous lithospheric structures with a sharp transition have
been imaged by seismic tomography adjacent to the Cenozoic
volcanoes (e.g., S. Kim et al., 2016; Song et al., 2018), which have
been suggested to be formed by lithospheric removal events (e.g.,
delamination) in recent geological period, the Quaternary, based on
the spatial coincidence of recent volcanic regions in the eastern
margin of the Korean Peninsula with higher topography, higher

surface heat flux, and relatively low mantle velocity (Song et al.,
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2020). The observed depth extent of melt is consistent with the
results of geodynamic simulation that depicts mantle melting derived
by edge—driven convection with hydrated upper mantle conditions
(e.g., Kaislaniemi et al., 2014). The depth ranges of melt that extends
to shallower depths (~65 km) with higher melt content (Figure 4.23c¢)
are found beneath Ulleung Island, where continental lithosphere has
been extended by the opening of the East Sea (Kim & Yoon, 2017).
Relatively shallow depths of lithosphere—asthenosphere boundary
could provide larger headspace Dbeneath lithosphere for
decompression melting, generating a larger melt content (e.g., Guo
et al., 2020). A similar depth extent (~140 km) of the inferred melt
distribution among different intraplate volcanoes possibly indicates a
common mechanism under similar mantle condition operates for the
intraplate volcanoes.

Depressed peridotite solidus by a mildly hydrated condition
possibly facilitates the formation of buoyant shallow mantle melts
through adiabatic upwelling. The presence of melt can lead to shear
localization (Katz et al., 2006), which could promote melt segregation
and active upwelling (Conrad et al., 2011) that further enhances and
sustains the melt focusing beneath the Cenozoic volcanoes (e.g.,
Gallacher et al., 2017; Hirano et al., 2006). Concentrated low—
velocity anomalies at shallow mantle depths (~80-120 km) are also
observed beneath Cenozoic intraplate volcanism in the eastern China
(e.g., Guo et al.,, 2016a,b; Rhie et al., 2018), suggesting that the
process of small—scale convective upwelling and shallow
decompressional melting is ubiquitous beneath intraplate volcanoes
in northeast Asia. A similar process can be applied to intraplate
volcanism in other areas where heterogeneous lithospheric

structures have been observed to play a critical role in the upper
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mantle convection (e.g., Kaviani et al.,, 2021), such as southern
Australia (Davies & Rawlinson, 2014) or Middle East (Kaislaniemi et
al., 2014).
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Figure 4.24 Distribution of Late Oligocene to recent (25-0 Ma)
volcanic centers around the Korean Peninsula. (a) The volcanic
centers investigated in this study are indicated by triangles colour—
coded by time of eruption. (b) Eruption ages during 25-0 Ma for
major Cenozoic volcanism. The numbers of list correspond to those
in Figure 4.24a. The eruption events are indicated by circles colour —
coded by eruption ages. The names of the volcanic regions are
indicated in right. The horizontal error bars of each circle indicate
age uncertainty. The dashed and dotted vertical lines represent the
divisions between the Quaternary and Neogene, and the Neogene and
Paleogene, respectively. References for Baekdusan: Choi et al.
(2020), Wei et al. (2007), Ganseong: Choi et al. (2006), Jeongok:
Choi et al. (2014), Kim et al. (2014), Baengnyeong island: Choi et al.
(2006), Ulleungdo island: Brenna et al. (2014), Chen et al. (2017),
Dokdo island: Chen et al. (2017), Asan—Pyeongtaek: Shin et al.
(2006), Boeun; Arai et al. (2001), Yeonil—Eoil basin: Kim et al.
(2005), Jeju island: Brenna et al. (2015a).
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4.5. Conclusions

Pronounced volcanic activities found in intracontinental regions
reflect intense mantle dynamics beneath plate interiors. Imaging of
the distribution of mantle melting can provide direct evidence for
understanding thermodynamic state of the upper mantle, which
controls the emplacement of melt and surface volcanism. Northeast
Asia margin, where there are active intraplate volcanoes isolated
from tectonic boundaries or hot spots, is an ideal place for assessing
the role of upper mantle dynamics on the intraplate volcanism, yet
the physical mechanism controlling localized volcanism remains
enigmatic. Here we show evidence of the presence of shallow upper
mantle melts (~70-150 km) focused beneath the Quaternary
intraplate volcanoes based on high—resolution seismic tomography,
thermodynamic calculations, and seismic attenuation. Our results
indicate mantle melting confined at shallow mantle depths without
anomalously hot or wet plumes from deeper upper mantle as
previously suggested. Instead, we propose that focused upper mantle
upwellings of normal mantle temperature (T, of ~1300 ° C) with
mildly hydrated conditions (Con < 450 wt ppm) control localized,

long—lived (>5 Ma) intraplate volcanism in northeast Asia.
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Summary and Conclusions

Here, we have applied teleseismic body—wave traveltime
tomography to image the detailed upper mantle structures in
northeast Asia. We began in Chapter 1 by imaging Jeju Volcanic
Island located off the southern Korean Peninsula based on the unique
dataset from the temporary broadband array deployment. We imaged
a strong low—velocity anomaly focused at sublithospheric depth (~60
km) beneath the central shield volcano and ramified low—velocity
conduits connected from the deeper low—velocity anomaly to the
surface volcanic field. We suggested the focused decompressional
melting attributed to the transition of lithospheric thickness beneath
the island as a possible mechanism for the volcanism. In Chapter 2,
we constructed high—resolution crust and upper mantle 3—D Pand S
wave velocity models beneath the Archean—Proterozoic massifs in
the southern Korean Peninsula by using datasets from local arrays
consisting of permanent broadband, short period, and accelerometers
for more than 5 years. We found the possible presence of a thick
lithospheric root in the southwest with a sharp lateral decrease in
lithospheric thickness in the northeast and along the eastern margin
of the Korean Peninsula. Also, there are clear associations between
high—temperature upper mantle and Cenozoic volcanism, high—heat
flow, and high topography, which potentially indicates the ongoing
modification of current continental margins. Based on our results, we
suggested heterogeneous modification and ongoing reactivation of a
craton lithosphere beneath the Korean Peninsula at the Sino—Korean
craton margin in the eastern Eurasian plate. In Chapter 3, by including
seismic data from southwestern Japan and using the data from the
southern Korean Peninsula, we imaged the high—resolution stagnant
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Pacific slab and the mantle transition zone structures beneath the
northeast Asia margin. Based on comparisons with previous
seismological studies, and together with a 3—D waveform simulation,
we suggested the possible presence of a pronounced gap within the
stagnant Pacific slab. In addition, we found a geographic correlation
between the inferred slab gap area and the previously observed a
melt layer atop the MTZ. We suggest that the observed correlation
provides possible evidence of the dynamic interaction between the
subducting slab and the surrounding upper mantle. In the last chapter,
we conducted quantitative interpretation of the high—resolution
upper mantle velocity model by applying thermodynamic calculations.
We found focused shallow upper mantle melts beneath major
Quaternary volcanoes at common depths between ~65 to 130 km. We
verified the existence of shallow mantle melting by observing lateral
variations in the attenuation of local deep earthquake signals that
coincide with the imaged features. Based on our results, we
concluded that intraplate volcanism in our study area formed by
focused decompressional melting. Our model favored the melt
generation at moderate temperature (Tp ~ 1300 ° C) possibly with
a mildly hydrated condition. We further propose that a similar process
can be applied to other areas with localized and long—lasting
intraplate volcanic activities when localized convective instability can
derive in the upper mantle such as by heterogeneous lithospheric
thickness or dynamic influences by subducting slab.

Seismic body—wave travel time provides profound information
on the interior of the Earth. Extraction of the arrival times of the
seismic body waves offers a unique opportunity to directly constrain
the three—dimensional properties of the mantle at various depths. In
order to constrain the detailed properties of the Earth's structure,
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high—quality records of seismic rays are required. Currently, though
there are many seismic arrays deployed around the globe, numerous
uncertainties remain to be concerned in the seismically constrained
structure, such as 1) data noise, 2) variable model parameterizations,
3) non—uniqueness of the solution model, and 4) variable spatial
density of the sensitivities of seismic rays. We can present a better
solution model by integrating more datasets and reducing the effects
from data uncertainties, model non—uniqueness, and uneven data
sensitivity. Deploying seismic stations can be one of the remedies to
deal with the problem. However, with a limited number of seismic
stations, it 1S necessary to extract as much information as possible
from the currently collected data. We could use a variety of body—
wave phases from a single seismic event, e.g., core phases, reflected
phases. Since these phases have low signal—to—noise ratios due to
extended ray trajectories, an improved technique for signal detection
is needed. Indeed, recent studies have suggested various approaches
for it, e.g., waveform stacking (Nelson & Grand, 2018) or array
interferometry (Lin et al., 2013). Also, we could use different model
parameterizations that correlate data sensitivity and uncertainties
with velocity parameters, such as by statistical methods (e.g.,
Burdick & Leki¢, 2017). As seismic travel times and waveforms are
also sensitive to anisotropic properties as well as isotropic properties,
one could better represent a seismic model by incorporating various
elastic parameters (e.g., Wang et al., 2014). Accounting for a finite
frequency effect of seismic phases (e.g., Dahlen et al., 2000; Hung
et al., 2000; Montelli et al., 2004) could also improve data sensitivity
compared to the ray—theoretical approach for a limited data set.

Various characteristics of seismic body wave signals (e.g., amplitude,
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waveform) as well as travel time can also be used to provide more
information on the properties of the mantle structures.

The limitation of teleseismic travel time tomography majorly
comes from its low vertical resolution owing to the near vertical
(<257 ) incidence angle of teleseismic rays. To alleviate this problem,
we could use local earthquakes with high incident angles, surface
waves, or ambient noise datasets to improve the resolution. The
improved solution model will allow the observed structure to be
guantitatively analyzed in a finer scale. Joint assessments of multiple
datasets, e.g., by joint inversion, could complement the spatial
resolution of different datasets. Pursuing a joint interpretation of the
current data set with other seismological data sets, such as the
receiver function, enables us to obtain a higher resolution throughout
the upper mantle, possibly across the major discontinuities, such as
interfaces between the crust to the upper mantle and the upper and
lower mantle.

The current limitation in constraining the mechanism of intraplate
volcanism in northeast Asia based on seismic tomography models is
that the seismic models mainly reflect physical properties of the
upper mantle, not chemical properties (e.g., volatiles, trace element
contents), which are possibly have significant impact on mantle
convection (e.g., Richard & Iwamori, 2010; Hier—Majumder & Tauzin,
2017). How much chemical heterogeneity in the upper mantle affects
convective instability or emplacement of melt is an essential part to
be constrained to comprehend the development of volcanism. Despite
this limitation, it is evident that the seismic tomography has by far
the highest resolution compared to other geophysical or geochemical
methods. We further extend our study to investigate thermodynamic
properties of the whole upper mantle, and constrain the physical (or
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chemical) interaction between different parts of the upper mantle
(e.g., lithosphere, asthenosphere, stagnant slab, mantle transition
zone). Geodynamic simulation will be helpful for thorough
understanding of the upper mantle convective system by providing a
timescale for a change in the physical behavior of mantle convection
and its thermodynamic evolution (e.g., Ballmer et al., 2011; Liu &
Stegman, 2012). Joint interpretation with geochemical results is
necessary to verify the proposed mechanisms from seismological

methods.
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