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Abstract

Investigations of seismic structures of the upper mantle based on surface wave
analysis can be useful for clarifying the regional tectonics and mantle dynamics, but
such studies have still been limited in the Mongolian region. Although some local areas
in Mongolia have been the targets of several earlier seismological studies, surface-wave
tomography across the nationwide areas of Mongolia with the enhanced coverage of
seismic stations has yet to be investigated.

Over the past decade, a number of seismic stations have been installed in Mongo-
lia. Between 2011 and 2013, 69 temporary broadband seismic stations were installed
in central-south Mongolia as a part of a collaborative project between China and Mon-
golia. From 2012 to 2016, several temporary broadband networks of IRIS-PASSCAL
(Incorporated Research Institutions for Seismology — Program for the Array Seismic
Studies of the Continental Lithosphere) were sporadically installed in western Mongo-
lia. Since 2015, the nationwide regional broadband seismic network in Mongolia has
also been in operation. These seismic networks have enabled us to carry out surface-
wave dispersion measurements, which can be the basis for the construction of a 3-D
S-wave model of the entire Mongolian region.

In this study, we employ the three-stage inversion technique of multimode surface
waves. In the initial stage, we measured multimode phase speeds of Love and Rayleigh
waves for a number of source-receiver pairs by using a fully nonlinear waveform fitting
for individual seismograms based on the Neighborhood Algorithm. In the second stage,
we retrieved multimode phase speed maps using the linearized inversions based on
the method of surface-wave tomography incorporating approximate effects of finite
frequency. In the third stage, localized multimode dispersion curves derived from the
sets of multimode phase speed maps were used to construct local 1-D S-wave profiles,
including radial anisotropy, which formed a final 3-D S-wave speed model beneath
Eastern Eurasia including Mongolia.

The dataset utilized in this study consists of seismic waveforms from over 1655
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teleseismic events (Mw>5.8) that were recorded at permanent and temporary sta-
tions in and around Mongolia between 2009 and 2021. We reconstructed phase speed
maps with 2.0° x 2.0° grids (or greater size, depending on path coverage for each pe-
riod) by covering the study region with many ray paths; e.g., about 70,000 paths for
the fundamental-mode Rayleigh waves, 40,000 paths for the fundamental-mode Love
waves at a period of 100 s, and about 5,000-40,000 paths for higher modes of both
Rayleigh and Love waves. Broadband seismograms from the permanent and tempo-
rary seismic networks in Mongolia, as well as nearby stations of the Global Seismograph
Network and temporary regional networks in Eurasia, were combined to retrieve a high-
resolution S-wave model covering entire Mongolia. The new 3-D model gave us new
insight into the large-scale tectonics of the Mongolian region, including the western
margin of the Amurian plate.

The obtained 3-D S-wave model shows significant lateral variations of S-wave speeds
in the uppermost mantle beneath Mongolia, indicating the structural differences be-
tween western and eastern Mongolia. In the radial anisotropy model, SH waves tend
to be faster than SV waves in most areas of the Mongolian upper mantle above 100
km depth, except for the northeast of the Altay Mountains. The low-velocity anoma-
lies are seen in western Mongolia beneath the Hangay Dome and the northern Altay
Mountains. The low-velocity anomaly in the Altay Mountains persists to a depth of
about 100 km, which may be linked to the northern extension of the collision tectonics
between Asia and India. A large-scale low velocity beneath the northeast of the Hangay
Dome persists to around 150 km depth, accompanied by significant radial anisotropy
with slower SV velocity than SH in the top 100 km that may result from finely layered
or laminated heterogeneity, possibly including partially molten layers. High-velocity
anomalies corresponding to the lithosphere can be seen in the uppermost mantle of
eastern Mongolia, reflecting the relatively stable tectonics in this region, in contrast
to the tectonically active regions of central-western Mongolia. The differential motion
between eastern and western Mongolia may be related to such regional variations of

the upper mantle structure and dynamics beneath the Eurasian and Amurian plates.
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Chapter 1

Introduction

Seismic waves provide us with various information on the Earth’s interior. Large-scale
three-dimensional structures of the Earth’s interior have been investigated through
tomographic studies using seismic waves. In particular, seismic surface waves are the
major tools for the detailed seismic imaging of the Earth’s upper mantle, the main field
where plate tectonics takes place. Unlike body waves, which propagate throughout
the Earth’s deep interior, including the lower mantle and core, surface waves mainly
sample the Earth’s crust and upper mantle, which provides valuable information on
the lithosphere (or tectonic plates) and the asthenospheric mantle underneath. While
the body-wave receiver functions can be used to detect the seismic discontinuities in
the crust and upper mantle, surface waves are essential for reconstructing the three-
dimensional anisotropic S-wave velocity model.

Many surface wave studies have been based on the analysis of fundamental mode,
whose analysis is relatively straightforward. Still, the higher-mode surface waves are
more sensitive to the deep structure of the Earth’s mantle than the fundamental-mode
surface waves. Thus, the use of higher modes can be of great help in improving the
vertical resolution of surface-wave tomography models. In this study, we employ the
method of multimode surface wave tomography to construct a radially anisotropic 3-D
S-wave model in and around Mongolia as part of a large-scale tomography model of
the FEurasian region. In this introductory chapter, we first briefly review the tectonic
backgrounds and some earlier seismological studies in the Mongolian region. Then, the

main purpose of this study and the structure of this thesis will be summarized.
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1.1 Tectonic backgrounds in and around Mongolia

Mongolia is located inside the East Asian continent, bounded by the Siberian craton
in the north, affected by the India-Asia collision zone in the south and probably by the
far-field subduction zone of the Pacific plate in the east (Figure 1.1). The Central Asian
Orogenic Belt (CAOB), a long-lasting accretionary orogen that spans much of central
and eastern Asia, includes Mongolia. The CAOB, extending from North China Cratons
and the northern margins of Tarim Basin to the northern Baikal Rift region, is one of
the biggest Paleozoic orogens from the Mesoproterozoic to Paleozoic, with the accretion
of ophiolites, oceanic islands, accretionary wedges, island arcs, and microcontinental
fragments (Windley et al., 2007).

Due to the collision of the Indian and Eurasian plates as well as the subduction
of the Pacific and Philippine Sea plates beneath Japan, East Asia has experienced
extensive tectonic deformations during the Cenozoic (Wei et al., 2012). India has
been moving steadily northward since 55 million years ago, raising the Himalayas and
Tibetan Plateau, and controlling tectonics in western China and Mongolia (Molnar
& Tapponnier, 1975; Hao et al., 2019). Nonetheless, the subductions of the Pacific
and Philippine Sea plates have been significant contributors to the tectonic stress in
Asia, producing island arcs, marginal seas, and continental rifting (Hall, 2002; Huang
& Zhao, 2006; Yin, 2010; Hao et al., 2019).

The creation of continental rifts and active intraplate volcanoes in Northeast China
has also been suggested by tomographic images that may relate the dynamic processes
of the Western Pacific and East Asia with the subducted Pacific plate stagnated at
the mantle transition zone beneath East China (Huang & Zhao, 2006). There are
several intra-plate volcanoes in Mongolia, the Korean Peninsula, and China (Global
Volcanism Program, 2023). Figure 1.1 displays the locations of Taryatu Chulutu (TC),
Khanuy Gol (KG), Bus Obo (BO), Middle Gobi (MG), Dari Ovoo (DO), and Dariganga
(DG) volcanic eruption sites from the Late Cenozoic. According to Hunt et al. (2012),
Mongolia’s volcanism comprises several alkali-basalt cones that have erupted since 30
million years ago. Even though the greatest lava flows occur in the eastern Dariganga,

the majority of modern volcanism is located near the Hangay Dome and the south of



1.1. Tectonic backgrounds in and around Mongolia 3
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Figure 1.1: Topography and seismicity in the Eastern Eurasian region around Mongolia.
Focal mechanisms (Mw > 6.0) are taken from the Global CMT catalog between 1976
and 2022 (Ekstrom et al., 2012). Dark green lines indicate plate boundaries by Bird
(2003). Triangles represent Holocene volcanoes (Global Volcanism Program, 2023).
Abbreviations from west to east: TB = Tarim Basin, JB = Junggar Basin, TP =
Tibetan Plateau, QB = Qaidam Basin, AM = Altay Mountains, SM=Sayan Mountains,
BF=Bulnay Fault, HD = Hangay Dome, GF=Gobi Altay Fault, KH = Khovsgol, BR
= Baikal Rift, GB = Gobi Basin, SCB=Sichuan Basin, HM = Hentey Mountains, OB
= Ordos Block.

the Baikal Rift.

A number of Precambrian micro-continents, island/continental arcs, accretionary
complexes, and ophiolites make up the Mongolian region (Windley et al., 2007; Sengor
et al., 1993; Badarch et al., 2002; Wilhem et al., 2012) (Figure 1.2). Generally, the
geological structure of Mongolia is separated into the northern and southern domains by
the Main Mongolian Lineament; i.e., an Early Paleozoic domain in the north and a Late
Paleozoic domain in the south (Badarch et al., 2002; Wilhem et al., 2012). Cratonic
pieces, Neoproterozoic ophiolites, Precambrian and Early Paleozoic metamorphic rocks,
Early Paleozoic basins with clastic rock, island arcs, and related volcanoclastic deposits
are the elements that make up the northern domain (Badarch et al., 2002). The

history of the Paleo-Asian Ocean has been connected to Paleozoic island arcs, ophiolite
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Figure 1.2: Tectonic map of Mongolia adapted from Badarch et al. (2002) with per-
mission from Elsevier.
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fragments, and late Carboniferous to Permian volcanic rocks found in the southern
domain (Lamb & Badarch, 2001; Kozakov et al., 2007).

East Asia is indeed a very complex deformation zone that contains many micro-
plates (Zonenshain & Savostin, 1981) and multiple potentially hard blocks (Molnar
& Tapponnier, 1975). Precisely determining the geometry and border of sub-plates
in these locations is challenging due to low seismicity and the absence of a distinct
geographical limit, except for the Baikal rift zone and the Kuril-Japan trenches. The
Mongolian region encompasses the enigmatic western boundary of the Amurian plate,
whose border is not quite visible at the surface. Also, the uplifting of the Hangay Dome
in Middle Mongolia is one of the major targets of tectonic studies in this research area.
In the subsequent sections, two major tectonic features characterizing the large-scale
Mongolian tectonics, the Amurian plate and the Hangay Dome, are reviewed in more

detail, followed by the recent seismological studies in Mongolia.

1.2 Amurian Plate

Geological, seismological, and geodetic data have been used in various studies on East
Asian plate tectonics to investigate the Amurian plate boundary. The Amurian plate
is in northeastern Asia, covering northeast China, the Korean Peninsula, the Sea of
Japan, the eastern shore of Lake Baikal in southeast Russia, and eastern Mongolia.
Western Mongolia belongs to the Furasian plate, whereas Eastern Mongolia belongs
to the Amurian plate in the global plate model by Bird (2003) (Figure 1.1).

The Amurian plate, moving toward the southeast, was postulated as distinct from
the Eurasian plate. The border between these two plates is thought to be confirmed
by the Baikal Rift Zone. Zonenshain & Savostin (1981) investigated the rotation pole
of the Eurasian and Amurian plates using focal mechanism solutions, and the angular
rate estimated from the Baikal opening was about 1 x 1077 degrees/year. Wei & Seno
(1998) calculated the motion of the Amurian plate relative to the neighboring main
plates using the slip vectors of the earthquakes along these boundaries as well as the
NUVEL-1 data (DeMets et al., 1990) along the boundaries of North American-Pacific
plates and Eurasian-North American plates. Based on a four-year continuous GPS

study, Takahashi et al. (1999) proposed that the eastward velocity vectors recorded in
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the western half of the Sea of Japan and south Sakhalin indicate the Amurian plate
motion. The Amurian plate in the global plate model by Bird (2003) is predominantly
grounded in the result of Wei & Seno (1998), as geodetic observations have limitations
in precisely defining plate borders, unlike topography and seismicity.

According to the majority of current plate models, eastern Mongolia is considered
to be a part of the Amurian plate, whereas western Mongolia is a part of the Eurasian
plate. Nonetheless, a numerical plate motion model by Petit et al. (1996) and Petit
& Fournier (2005) employed the Amurian plate model encompassing nearly the whole
of Mongolia. They collected data from GPS and focal mechanisms in and around the
Amurian plate to describe the characteristics of its borders as well as its relative speed in
relation to neighboring plates. Then, using constant plate rheology, thermal state, crust
and mantle thicknesses, Petit & Fournier (2005) used the finite-element code SHELLS
to simulate the Amurian plate motion. Ashurkov et al. (2011) used five consecutive GPS
observations on the geodynamic test site (Amurian region) between 2001 and 2007 to
determine the velocity field of horizontal crustal movements. The rotation properties
of the blocks were used to compute the Baikal rift opening rates. In the southern
part of Lake Baikal, the velocity is 2.3 mm/yr, while at its northernmost point, it
is 1.25 mm/yr. The velocity drastically drops further northeast along the Baikal rift
system’s terrestrial basins. Additionally, their computations have demonstrated that
the Amurian Plate’s eastern margin traverses a branch of the Tan-Lu fault system.
Jin (2013) proposed the Amurian plate boundary using GPS data (1998-2005) from
around 85 continuous and over 1000 analyzed campaign sites in East Asia (China,
South Korea, and Japan), suggesting about 1.8 mm/year of extension between the
South Korean and Amurian blocks, and about 3.0 mm /year of spreading at the Baikal
Rift between the Eurasian and Amurian plates.

Based on the studies of active fault kinematics and the paleostress condition of the
Earth’s crust in three regions — the Burgut block, the Selenga block, and the Hangay-
Hentey tectonic saddle —Sankov et al. (2022) postulated the western boundary of the
Amurian plate as claimed by Zonenshain & Savostin (1981) and subsequently endorsed
by other publications. They suggested that the western boundary of the Amurian plate

inside the Mongolian territory represents the margin of the deformation zone covering
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entire Western Mongolia. The eastern margin of the Amurian plate boundary is more
consistent in many earlier studies, compared to other borders. Still, the existence of
the Amurian plate and its geometrical border remain controversial due to the limited

geophysical information.

1.3 Hangay Dome

The Hangay Dome is located in western Mongolia, characterized by a high topog-
raphy, comparatively flat plateau, and widespread Quaternary basalts. The Hangay
Dome area serves as a vital kinematic connection between the actively deforming Indo-
Eurasian collision and the Cenozoic extensional deformation in the Baikal regions.

The N-S compression by the convergence of the Indian plate and Tibetan Plateau
affects tectonically active western Mongolia, including the Hangay Dome, while the
back-arc extension by the subduction of the Pacific plate might influence E-W oriented
tectonics in relatively stable eastern Mongolia (Watson et al., 1987; Zheng et al., 2000;
Meng et al., 2003).

GPS measurements in western Mongolia showed that northward shortening de-
creases from south (10 mm/year) to north (4 mm/year) in the Altay region, but cen-
tral and eastern Mongolia moves eastward/southeastward at 4 mm /year (Calais et al.,
2003). This transition area dominates the Hangay Dome region.

The Hangay topography is often regarded as a relatively recent formation that was
elevated and formed within the past 20 — 30 million years (Walker et al., 2007), and
the greatest active stage from 3 — 4 Ma until now (Barry & Kent, 1998). However,
McDannell et al. (2018) indicated that this mountain environment is very old and
has endured for almost 100 million years based on the geochemical and geological
evidence. From geochemical and petrological investigations, Erdenesaihan et al. (2013)
discussed the tectonic formation history of the Hangay region, which is considered an
accretionary orogen formed by the closure of the Hangay-Hentey paleo-ocean during
the early Paleozoic through early Mesozoic.

Two seismically active strike-slip faults, the Bulnay Fault and the Gobi-Altay Fault,
which generated gigantic intracontinental earthquakes (M > 8.0 in 1905 and 1957, re-
spectively), are situated respectively north and south of the Hangay Dome (Walker
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et al., 2007). Distant influences of the India-Asia convergence, Pacific plate subduc-
tion, mantle plume activity, convective mantle flow, and magmatic underplating have
all been implicated in the mountainous terrain of the Mongolian Plateau (Molnar &
Tapponnier, 1975; Windley & Allen, 1993; Cunningham, 2001; Petit et al., 2002; Bayas-
galan et al., 2005; Zorin et al., 2006; Petit et al., 2008). Thus, the Hangay Dome is one
of Mongolia’s most complex and enigmatic tectonic features that remains debated.

Previous geophysical studies present controversial models which can be categorized
into two major hypotheses. One supposes high topography and intraplate volcanism
are formed due to the deep-rooted mantle plume (Windley & Allen, 1993; Zorin et al.,
2006; Wu & Bao, 2023). The regional heat flow measurements with 60-70 mW /m? in
the Hentey Mountains and Hangay Dome (Khutorskoy & Yarmoluk, 1989), lithospheric
thinning (Zorin et al., 1990), and late Cenozoic alkaline volcanism (Hunt et al., 2012)
supported the mantle plume hypothesis. Also, Chen et al. (2015a) suggested a low-
velocity zone could be caused by hot fertilized peridotite detached from the stagnant
Pacific slab as it falls into the lower mantle (Zorin et al., 2006) based on a large-scale
tomographic image in East Asia. Wu & Bao (2023) reported the thinning of the mantle
transition zone beneath central Mongolia based on a receiver function study, indicating
the evidence of intracontinental mantle upwelling from the lower to the upper mantle,
which may cause the Cenozoic uplift and basaltic volcanism beneath the Hangay Dome.

Another hypothetical model is a lithospheric model that can be explained as the dis-
persed locations of the potential melting zones (Cunningham, 2001; Barry et al., 2003).
This scenario is consistent with a strong negative gravity model (Petit et al., 2002),
the result of magnetotelluric inversions (Comeau et al., 2018), thermo-mechanical nu-
merical modeling (Comeau et al., 2021), and recent tomography models (Feng, 2021;
Wu et al., 2021; Wang et al., 2022).

1.4 Tomographic studies in the Mongolian region

Mongolia and the neighboring regions have been investigated using various seismic
tomography as part of the broader regional models covering eastern and central Asia
(e.g., Tiberi et al., 2008; Bao et al., 2013; Chen et al., 2015b,a; He et al., 2016; Tao et al.,
2018; Wu et al., 2021; Zhao et al., 2021; Witek et al., 2021; Feng, 2021; Huang & Zhao,
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2022; Wang et al., 2022; Li et al., 2022; Wu & Bao, 2023). Radial anisotropy in eastern
and central Asia including Mongolia has also been investigated through large-scale
tomographic studies (e.g., Chen et al., 2015a,b; Tao et al., 2018; Witek et al., 2021),
which generally indicate the positive radial anisotropy (SH>SV) at shallow depths,
except for regions such as Tibet, Japan, and Northeast China, where negative radial
anisotropy (SH<SV) can be observed.

Recent local-scale studies in western and central Mongolia, especially in the Hangay
Dome, indicated a thinner lithosphere (60-80 km) than the surrounding areas, while
the crust was found to be as thick as about 50-55 km (Petit et al., 2008; Feng, 2021;
Zhao et al., 2021). Low-velocity anomalies were seen in the upper mantle at around
70-150 km depths (Tiberi et al., 2008; Chen et al., 2015a; Comeau et al., 2018; Wu
et al., 2021; Feng, 2021; Wang et al., 2022; Huang & Zhao, 2022).

In contrast to western Mongolia, eastern Mongolia has been less investigated, mainly
due to relatively poor seismic station coverage. A receiver function result of He et al.
(2016) showed the crustal thickness varies between 38 and 46 km, and Rayleigh-wave
phase speed maps by Yu et al. (2015) and Pan et al. (2015) exhibited high-velocity
anomalies in Southern Gobi and Hangay-Hentey basin while low-velocity anomalies in
Middle Gobi. Using travel-time tomography, Zhang et al. (2017) found slow P and
S velocities under the Hentey Mountains and areas close to the comparatively low-
lying Gobi Desert. Rayleigh-wave tomography by Wang et al. (2022) suggested that
consistently faster upper mantle velocities may indicate the strong lithosphere beneath

the East Gobi Desert.

1.5 Purpose of this study

Although various seismological studies have been done in and near Mongolia, the na-
tionwide regional 3-D upper mantle image from surface waves beneath the whole areas
of Mongolia, incorporating the enhanced station coverage, has yet to be obtained. This
study aims to construct a new 3-D upper-mantle S-wave speed model, including radial
anisotropy, beneath Eastern Eurasia around Mongolia using multimode surface waves
with enhanced station coverage by employing a large number of permanent and tem-

porary broadband seismic stations inside Mongolia. Such a 3-D model with improved
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lateral and vertical resolutions will enable us to clarify the relationship between the
present Mongolian tectonics and mantle dynamics.

In this study, we employ the three-stage inversion technique by Yoshizawa & Ken-
nett (2004), which has been utilized to construct many regional-scale multimode sur-
face wave tomography models in both continental and oceanic areas in the world (e.g.,
Yoshizawa, 2014; Isse et al., 2019; Tang et al., 2022). The 3-D distributions of SV and
SH wave speeds are obtained from dispersion data of multimode Love and Rayleigh
waves recorded at the permanent and temporary Mongolian networks and neighbor-
ing stations of Global Seismograph Network (GSN) and temporary networks in the
Eurasian continent (e.g., IRIS-PASSCAL networks and NECESSArray). The new 3-D
model exhibits clear lateral structural variations between the Eurasian and Amurian
plates, indicating new seismological evidence of the enigmatic western boundary of the
Amurian plate.

Chapter 2 of this thesis explains our dataset of broadband seismic waveforms and
multimode phase speed measurements based on the method of nonlinear waveform
fitting (Yoshizawa & Kennett, 2002b; Yoshizawa & Ekstrom, 2010). Using a large data
set of path-specific multimode phase speeds derived from the dense seismic networks, we
construct high-resolution phase speed maps in Chapter 3 for the fundamental and up to
the fourth higher modes of Rayleigh and Love waves in the target region. In Chapter 4,
we create radially anisotropic 3-D S wave speed models in the Eastern Eurasian region
around Mongolia using these multimode phase speed maps. The structural features and
their tectonic and geodynamic interpretations are discussed in Chapter 5. In Chapter

6, we summarize this thesis and provide some recommendations for further research.



Chapter 2

Data and Method of Multimode Phase Speed
Measurements

The number of permanent and temporary seismic stations installed in Mongolia has
increased recently, which enables us to investigate the detailed seismic structure in the
Mongolian upper mantle. In this section, we will review the current status of seismic
networks in Mongolia, which are used to extract the multimode phase speeds for global
seismic events. The method of data analysis and results of dispersion measurements

are also summarized in this chapter.

2.1 Seismic observations in Mongolia

Since the first digital seismic station was installed in 1994, Mongolia has gradually
increased the number of digital short-period seismic stations. To enhance the monitor-
ing capability of seismic activity and expand seismological research in the Mongolian
region, many short-period seismometers have been replaced by high-sensitivity broad-
band seismometers from 2013 to 2015. Seismic stations in Mongolia have increased
yearly, and currently, 28 permanent broadband seismic stations (Figure 2.1 (b) blue
triangle) are operated in the country, along with many mini-arrays and five digital re-
gional three-component short-period seismometers. These sixteen broadband stations
were outfitted with Giiralp Inc.’s CMG-3ESPC (60 s and 120 s) broadband seismome-
ters, which have a sensitivity of 2000 V/m/s in the Ulaanbaatar area. A data logger
CMG-DM24S3EAM (Giiralp Inc.) is connected to each sensor. All stations continu-
ously record seismic signals at a 50 Hz sampling frequency.

From August 2011 till July 2013, 69 temporary seismic networks of broadband sta-

11
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Figure 2.1: Seismic stations used in this study. (a) All stations, (b) stations in Mon-
golia.
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Operating time
Stations 2014 Area
2009.8 | 2010 | 2011.8 2012.6 | 2013.7 718 2015 2016.3 | 2017 2018 2019 | 2020 | 2021
57°E-171°E,
GSN network 15ON_TSoN
PASSCAL 115°E~134<E,
NECESSArray 41°N-49-N
PASSCAL 95°E~104°E,
HD*.XL 44°N-50°N
PASSCAL 93°E-97<E,
AT*.XL 44°N-47°N
PASSCAL 98°E-102°E,
HV*XL 49°N-52N
Mongolian 88°E-122°E,
permanent 445N-52°N
station
Mongolian 102°E-113<E,
temporary (CM 42°N-50°N
network)

Table 2.1: Operation period of the seismic networks used in this study.

tions were installed in the central-southeast Mongolian region (103.5°E-111.5°E, 43°N-
49°N) as a part of the China-Mongolian cooperation project. CMG-3ESP seismome-
ters are used at these sites (Figure 2.1 (b) red triangles). Also, through the Central
Mongolian Seismic Experiments (Meltzer et al., 2019), temporary broadband seismic
arrays using the IRIS-PASSCAL instruments were installed in western Mongolia, e.g.,
in the Govi-Altay area (14 stations) and Khovsgol area (26 stations) from August 2014
to March 2016, as well as in the Hangay Dome region (72 stations) from June 2012
to July 2014 (Figure 2.1 (b) yellow triangles). These temporary broadband seismic
stations used the STS-2 seismometers and Quanterra Q330 digitizers with a 100 Hz
sampling frequency.

Seismic waveform data from the regional seismic stations are invaluable for facil-
itating seismological research and seismic hazard assessments in Mongolia and un-
derstanding the current tectonics and mantle dynamics in the Mongolian region. By
incorporating local data from temporary and permanent broadband seismic stations
installed and operated inside Mongolia for about a decade, the detailed seismic velocity

structure of the whole region is expected to be unraveled.
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Figure 2.2: Seismic events with moment magnitude 5.8 or greater from 2009 to 2021
used for the multimode phase speed measurements.

2.2 Seismic stations and events for dispersion measurements

We employed three-component broadband seismograms of the permanent and tem-
porary Mongolian networks, Global Seismograph Network (GSN), Central Mongolian
Seismic Experiments (Meltzer et al., 2019) (PASSCAL network), and temporary net-
works in Northeast China (NECESSArray). In total, 425 broadband seismic stations
(Figure 2.1) are used for the dispersion measurements. Table 2.1 summarizes the op-
eration period of the seismic networks used in this study. We have analyzed 1655
teleseismic events with a moment magnitude 5.8 or greater, located at an epicentral
distance longer than 1000 km (Figure 2.2). At first, all original waveforms are de-
convolved with corresponding instrument responses. Then, the horizontal components
are rotated to the radial and transverse components. Using the vertical and trans-
verse components independently, path-average multimode phase speeds of Rayleigh

and Love waves are measured for each event-station path across the target area using
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the single-station waveform fitting method described in the next subsection.

Table 2.2: Time-window setting and multiple band-pass filters employed to fit synthetic
and observed waveforms, following Yoshizawa & Ekstrém (2010). The begin and end
times of each window are specified by group speeds and/or the theoretical travel times
of S or SS wave (Ts) for the ak135 model (Kennett et al., 1995).

Rayleigh Wave Love Wave
window group speed freq. range group speed freq. range
(km/s) (mHz) (km/s) (mHz)
Winl 2.9-48 5-10 3.3-1Tg 5—-10
712 7-12
Win2 3.2-45 10 — 18 3.5 -Tg 10 — 20
15 - 25 15 - 30
Win3 4.3 - Tg 20 — 33 4.3 - Tg 20 — 33
25 — 50 25 - 50
Win4 29Ty 5-12
10 — 20
15 - 30

2.3 Multimode phase speed measurements

Using global seismic events and many seismic stations in and around the Mongolian re-
gion, we measure the multimode phase speeds of Rayleigh and Love waves. This is the
initial step for the three-stage surface wave tomography (Kennett & Yoshizawa, 2002;
Yoshizawa & Kennett, 2004). To extract path-average multimode phase speeds for each
event-station pair, we performed fully nonlinear waveform inversion for path-specific
1-D S-wave profiles by fitting observed and synthetic waveforms based on global opti-
mization approach (Yoshizawa & Kennett, 2002b; Yoshizawa & Ekstrom, 2010). The
details of the automated measurement technique are explained by Yoshizawa & Ek-
strom (2010). Appendix A.1 concisely explains this procedure with some fundamental
formulations. Here, we summarize the essence of the measurement technique briefly
with examples of actual waveform fitting results for Rayleigh and Love waves (Figures
2.3 and 2.4).

Table 2.2 summarizes the multiple time-window settings and band-pass filter ranges
employed for the waveform fitting. Figure 2.3 displays an example of the Rayleigh-wave
case for an event near Mindanao, Philippines (Ms 7.0, 80 km depth) observed at the
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U05M station in Mongolia close to the capital city with an epicentral distance of about
5100 km. Figure 2.4 displays another example of the Love-wave case for an event near
the Kuril Islands Ms 7.2, 110 km depth) observed at the HDO1 station in Mongolia
with an epicentral distance of about 3600 km.

For each event-station path, more than 5000 path-specific 1-D S wave profiles are
sampled using the Neighborhood Algorithms by Sambridge (1999), which is used as a
global optimizer. The surface-wave WKBJ method (e.g., Dahlen & Tromp, 1998) is
used to compute synthetic waveforms for all models by employing the focal mechanism
from the global CMT catalog (Ekstrém et al., 2012). Multiple time windows are
selected automatically for the fundamental and higher modes based on the predefined
group-speed ranges (Table 2.2). Waveform misfits between the synthetic and observed
seismograms are assessed in these time windows with multiple band-pass filters in
the frequency range from 5 to 30 mHz for the fundamental mode and up to 50 mHz
for the higher modes (Figures 2.3 (d) and 2.4 (d), Table 2.2). Then, the best 1-D
profile, which provides the minimum waveform misfit, is selected (the red solid line
in Figures 2.3 (c) and 2.4 (c)) to compute the path-average multimode phase speeds
for each path (Figures 2.3 (f) and 2.4 (f)). To evaluate the quality of measured phase
speeds, we employ the frequency-dependent reliability parameter (Figures 2.3 (e) and
2.4 (e)) computed from the relative power of each mode and relative waveform fit
as defined by Yoshizawa & Ekstrom (2010). In this study, we employed the same
empirically determined constraints and thresholds as Yoshizawa & Ekstrom (2010)
(Table A.1) for selecting reliable dispersion measurements and outlier removal. The
reliable phase speeds used in the subsequent tomographic inversions are chosen by
considering multiple quantitative information, including the waveform misfit values
representing the entire waveform matching, the reliability parameter, and the relative
radiation amplitude of each mode at the seismic source as summarized in Table A.1.

In general, the higher modes are overlapped in a seismogram due to similar group
speeds of multiple modes over a broad frequency range, making it challenging to extract
the individual higher-mode phase speeds without mode separation (e.g., van Heijst &
Woodhouse, 1997; Matsuzawa & Yoshizawa, 2019; Brown et al., 2022). However, the

full waveform fitting procedure based on fully nonlinear inversion with global optimiza-



2.3. Multimode phase speed measurements 17

Station:UB.UO5M, Event:C202101211223A

(a) Ms:7.0, Dist:45.8deg Dep:80(km) () Orlglnal waveform
L L | L L L L | L L
_ | | |
1000 Time (s) 2000
(© S-velocity (km/s) (d) [ T R
3.0 3.5 40 45 5.0 55 60 6.5 7.0 | |
0 < i Win4:5-30mHz |-
100 ] ) i
200 1 .
2 e Win3:20-50mHz
4 400 1 ] ' i
=
Bl 500 ] «/\N*’\[VM I
}5) i s
A 600 - _| Win2:10-25mHz ! |
700 - O\ \ _ \ o B
800 - | \ | Win1:5-12mHz /
I B e e A m e s ol
200 1 ‘ 800 1000 1200 1400 1600 1800
1000 T . T T . — 1
3.0 3.5 40 45 50 55 60 65 7.0 Tlme (S)
0 1000 2000 3000 4000 5000 IDISPICI'SIOll'l ClIlI'VCSI
(e) Rank of models ;r' =
100 | | | | ! | ! | II/ . 2
/; g - -1
» el
L8 e
2 = !
2 i
! by - --mode 2
" v —mode0 ---mode3 __.,ff"-
; \ mode 1 mode 4 =
0.1 T T T T T T L iddhdid B
40 60 80 100 120 140 160 180 200 I ——

40 60 80 100 120 140 160 180 200
Period (s)

Period(s)

Figure 2.3: An example of the nonlinear waveform inversion for multimode Rayleigh
waves in the vertical component at station U0O5SM of the Mongolian seismic network.
(a) Locations of the earthquake (red star) with Ms 7.0 at 80 km depth on January 21,
2021, and the UO5M station (purple triangle) in Mongolia. (b) An original observed
seismogram at UO5M. (continue)
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Figure 2.3: (continued.) (c) Path-specific 1-D S-wave profiles for the path in (a). The
5050 models evaluated during the inversion are sorted in order of decreasing misfit and
shown with colors from green (greater misfit) to yellow (lower misfit). The red line is
the best 1-D profile with the lowest waveform misfit. (d) Best-fit waveforms between
the observed (solid black lines) and synthetic (red dashed lines) seismograms for 4-
time windows defined in Table 2.2. (e) The reliability parameters for the dispersion
curves as a function of the period for each mode. In this example, the threshold values
for the reliability parameters are set to 8.0 for the fundamental mode and 2.0 for the
higher modes. (f) The estimated dispersion curves of the fundamental and up to 4th
higher modes are calculated from the best-fit 1-D profile. The colored dots with error
bars represent the selected frequencies of dispersion data whose reliability parameter is
higher than the threshold value shown in (e), while gray dots with error bars indicate
less reliable measurements, which are excluded in subsequent phase speed mapping.
The error bar for each measurement is estimated from the standard deviation of the
best 1500 models.

tion used in this study allows us to compute the multimode phase speeds using the
path-specific 1-D profile that provides the best waveform fit between the synthetic and
observed seismograms, including the higher-mode time window. Although we do not
consider the mode separation during the waveform fitting process, we must carefully
consider the practically available frequency range for each mode, because the relative
amplitudes of overlapped higher modes depend significantly on the depth of seismic
sources. For the quantitative evaluation of the extracted multimode phase speeds, we
employ the reliability parameters (Figures 2.3 (e) and 2.4 (e)), which reflect the quality
of individual measurements. Since the reliability parameter reflects the effects of the
relative excitation power of each mode at the seismic source, the frequency ranges with
similar group speeds, which result in severe overlap of different modes in an observed
seismogram, tend to exhibit lower reliability and be automatically discarded. This fact

is well reflected in Figures 2.3 (e,f) and 2.4 (e,f)) and 2.5.

2.4 Data sets of multimode phase speeds

Our phase speed dataset derived from the waveform fitting consists of about 70,000
paths for the Rayleigh-wave fundamental mode, around 40,000 paths for the Love-
wave fundamental mode at a period of 100 s, and about 5,000 — 40,000 paths for higher
modes of both Rayleigh and Love waves (Figure 2.5 a, b). Figure 2.5 (¢, d) shows the
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Figure 2.4: Same as Figure 2.3, but for Love waves in the transverse component at the
HDO1 station in Mongolia, for an event near the Kuril Islands with Ms 7.2 at 110 km
depth on April 19, 2013.
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average phase speeds with corresponding standard deviations from 30 to 200 s, which
are computed from all measurements for each mode and discrete frequency. Reference
phase speed dispersion curves for the PREM model (Dziewonski & Anderson, 1981)
are also plotted as dashed black lines in Figure 2.5 (¢, d). We could collect reliable
phase speeds for many paths with reasonable levels of standard deviations around the
average phase speeds.

The ray path coverage and ray density maps for the fundamental and higher modes
at the selected periods of Rayleigh and Love waves are displayed in Figures 2.6 —
2.8. The entire study region is covered well with the dense ray paths owing to many
broadband seismic stations deployed in and around Mongolia. We could obtain high
ray-path density with good azimuthal coverage, particularly in East Asia and Mongolia.
However, the ray density in the western marginal region of Mongolia is somewhat
limited compared to central and eastern Mongolia. As described in the subsequent
section, we reconstructed phase speed maps for each mode and frequency, for which we
could gather more than 5000 paths. These multimode phase speed maps are employed
to compute a 3-D shear wave model of the continental lithosphere and asthenosphere

beneath Eastern Eurasia around Mongolia.
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Figure 2.5: Numbers of measured multimode phase speeds for each period: (a) Rayleigh
wave, and (b) Love wave. The average phase speeds from all the measurements for each
period for (c¢) Rayleigh wave and (d) Love wave with corresponding standard deviations.
Different colors represent the dispersion curves of different modes (fundamental mode
and up to the 4-th higher modes).
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Figure 2.6: The ray-path coverage of the selected periods of the fundamental and higher
modes of Rayleigh and Love waves.
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Figure 2.7: Ray-path density maps for the fundamental-mode Rayleigh and Love wave

at 100 s. The numbers of ray paths are counted in 2° x 2° grids.
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Figure 2.8: The numbers of ray-paths in 2° x 2° grids for the selected periods of the
fundamental and higher modes of Rayleigh and Love waves in the Mongolian region.



Chapter 3

Multimode Phase Speed Mapping

The measured multimode phase speeds from the previous chapter are utilized to retrieve
2-D phase speed maps for each mode and frequency. This process corresponds to the
second stage of the three-stage surface wave tomography. In this chapter, we summarize
the method and results of multimode phase speed maps, which provide intermediary
structural information for the construction of the final 3-D S-wave model in the next
chapter. Some results of the experiments to check the spatial resolution and model
uncertainty are also discussed. We have also performed additional model recovery

tests in Appendix B.2 to confirm the validity of the tomographic inversions.

3.1 Inversions for 2-D phase speed maps

We used linearized tomographic inversion considering approximate influences of finite-
frequency for surface waves (Yoshizawa & Kennett, 2002a). At first, phase speed maps
were obtained from the inversions using the great-circle path. These initial phase speed
maps were then updated, incorporating the effects of ray-path bending due to lateral
heterogeneity and the influence zone around the propagation path that allows us to
account for the approximate finite-frequency effects of surface waves. The procedure
of phase speed mapping has been explained by Yoshizawa & Kennett (2004) in detail.
Appendix A.2 also briefly describes the methodology with formulations. Phase speed
distribution is parameterized using spherical B-spline functions at rectangular grids.
The grid spacing of this study depends on the ray-path coverage for each mode and
frequency; i.e., 2.0° for the fundamental mode with more than 30,000 paths, 3.0° for
more than 15,000 paths, 4.0° for more than 8,000 paths, and 5.0° for all modes with

25
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more than 5000 paths. We also considered additional criteria for the minimum grid
size for each mode and frequency so that the grid size must not be smaller than half
of the wavelength. We solve the linear inverse problem with a damped least-squares
method based on the LSQR algorithm (Paige & Saunders, 1982), using the reliability

parameters for individual phase speed measurements as a weight on each path.

3.2 Resolution test

We performed checkerboard tests to clarify the lateral resolution of our tomography
model. The input checkerboard models include velocity fluctuations of around +5 %
from the reference velocity. We employed various cell sizes to investigate the spatial
resolution of phase speed maps.

We show the results of checkerboard tests for the fundamental-mode Rayleigh wave
at 100 s and fourth higher-mode Rayleigh at 50 s in Figure 3.1, and those for Love wave
in Figure 3.2. Figure 3.3 shows the results of checkerboard tests for the fundamental
mode at 100 s and the fourth higher mode at 50 s of Rayleigh and Love, focusing on the
Mongolian region. The retrieved checkerboard patterns of these figures suggest that
our data set achieves a reasonably good lateral resolution of about 3.0° or greater for
Rayleigh-wave phase speed maps beneath entire Mongolia owing to many crossing paths
in each cell. The checkerboard results indicate that the southern and central parts of
the study regions are particularly well resolved by denser ray coverage, which allows
us to discuss even smaller-scale heterogeneity of about 3.0°. In contrast, the rest of the
parts, including the western edge of Mongolia, show somewhat smeared patterns due to
limited numbers of crossing paths for smaller-scale checkerboards. Since the numbers
of available ray paths are smaller, the lateral resolution of Love waves is somewhat
limited compared to that of Rayleigh waves, although the large-scale features of about
4° or greater can be mostly recovered well in the target region. Additional model

recovery tests for phase speed maps are also summarized in Appendix B.2.

3.3 Jackknife resampling test

We performed jackknife resampling tests to estimate standard errors in our multimode

phase speed maps following Panning & Romanowicz (2006) and Isse et al. (2019).
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Figure 3.1: Results of checkerboard resolution tests for the fundamental and fourth
higher modes of Rayleigh wave with 3.0° — 6.0° cells. Fundamental-mode Rayleigh
(RO) wave at 100.0 s with (a) 3° x 3° and (b) 4° x 4° cell patterns, 4th higher-mode
Rayleigh (R4) wave at 50.0 s (c¢) 5° x 5° and (d) 6° x 6° cell patterns. Purple dashed
line indicates the well-resolved area.

Jackknife resampling was made by dividing the original phase speed data set into 10
subsets by random selection without overlap. Then, we performed 10 inversions by
removing one subset to obtain 10 phase speed maps. The standard error at each
location is estimated from the inverted models.

Figure 3.4 shows the results of the jackknife resampling test for the fundamental-

mode and 2nd higher-mode of Rayleigh and Love waves at 100 s. The spatial average of

RO __

estimated errors for the fundamental-mode Rayleigh wave (average phase speed: ¢;\) =

4.11 km/s) and Love wave (c£0 = 4.61 km/s) in the study area are about 0.03 km/s,

ave

R2

e = T7.18 km/s) and Love wave

while those for the 2nd higher-mode Rayleigh wave (c
(cE2 = 7.38 km/s) are around 0.05 and 0.04 km/s, respectively. The larger errors are
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Figure 3.2: Same as Figure 3.1, but for Love waves (Fundamental-mode Love (L0) and
4th higher-mode Love (L4)), with greater cell patterns of (c¢) 6° x 6° and (d) 8° x 8°
for L4 at 50.0 s.
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Figure 3.3: Results of checkerboard resolution tests focusing on the Mongolian region
for the fundamental and fourth higher modes of Rayleigh wave and Love with 4.0° —
6.0° cells. These results are the same as Figures 3.1 and 3.2, but the Mongolian region
is magnified in these plots. Fundamental-mode Rayleigh (R0) wave and Love (LO) at
100.0 s with (a) 4° x 4° and (b) 4° x 4° cell patterns, 4th higher-mode Rayleigh (R4)
wave and Love (L4) at 50.0s (c¢) 6° x 6° and (d) 6° x 6° cell patterns.
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Figure 3.4: Results of jackknife resampling tests for (a) the fundamental-mode Rayleigh
wave, (b) the second higher-mode Rayleigh wave, (c) the fundamental-mode Love wave,
and (d) the second higher-mode Love wave at 100 s.

seen in some limited areas such as Tiksi and Yakutsk of Russia, where we do not have
sufficient ray paths with limited lateral resolution. The resultant error distributions

suggest that the estimated errors in Mongolia are sufficiently small.

3.4 Variance reduction for phase speed maps

Here, we summarize the achieved variance reductions (VRs) for all phase speed maps
of Rayleigh and Love waves as a period function in Figure 3.5. VRs are computed as,
[1—1]d - Gm|2/|d|2] x 100 (%), where d is the data vector, G is the kernel matrix,
and m is the model parameter vector, as given in Appendix A.2. VRs reach about 65 —
90 percent for shorter periods than 100 s and decrease in the longer period range (25 —

65 percent) for the fundamental-mode Rayleigh and Love waves, while VRs are about
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Figure 3.5: Variance reductions for all multimode phase speed maps as a function of
period. (a) Rayleigh wave and (b) Love wave.

30 — 80 percent for higher modes. In general, VRs for higher modes tend to be smaller

than those for fundamental modes, though it depends on the modes and periods.

3.5 Multimode phase speed maps

The phase speed maps are constructed in the period range of 30 — 200 s for Rayleigh,
and 33 — 200 s for Love waves, depending on modes. The period ranges for all modes are
summarized in Table 3.1. To reduce the influence of outlying dispersion measurements
with large residuals relative to the initial phase speed maps derived from preliminary
tomographic inversions, we eliminated outliers whose absolute residuals were greater
than 2 o, where the standard deviation o is derived from all the measured phase speeds
for each mode and period, based on the approach by Bao et al. (2013, 2015). Note that
all the results of model-checking processes in this thesis (e.g., resolution tests, jackknife
tests, etc.) are done with such updated phase speed data sets.

Figures 3.6 and 3.7 show examples of phase speed maps for the fundamental-mode
and higher-modes of Rayleigh and Love waves in the Eurasian region and the Mongolian
region, respectively. Additional examples of multimode phase speed maps for Rayleigh
and Love waves are displayed in Appendix B.3. The average phase speed Cj shown
in each map is used as a reference for the representation of fractional phase speed
perturbations. The reference phase speed is derived from the average of path-specific
phase speeds within the whole area of this study.

The large-scale features of the fundamental-mode maps show fast anomalies in the
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Table 3.1: The period ranges of the multimode phase speed maps used to construct
3-D S wave models of this study

Mode Rayleigh wave  Love wave

Fundamental 30.3 —200.0 s 33.3 —200.0 s
Ist-higher 55.5 —166.7 s 66.7 — 166.7 s
2nd-higher  55.5 - 1429s 62.5 - 111.1s
3rd-higher 45.5-90.9s  50.0 -83.3s
4th-higher 35.7-625s 455 -66.5s

Siberian Craton, Tarim Basin, Sichuan Basin, and Ordos area and slow anomalies
in Tibet, Okhotsk, and western Mongolia. The overall patterns of the phase speed
distribution of the fundamental-mode Rayleigh and Love waves are consistent with the
global model GDM52 (Ekstrom, 2011) as shown in Figure 3.8. While the large-scale
structural features are consistent with the global model, the lateral resolution of our
model is much higher than that of the global model, particularly in our target region,
owing to the use of many regional seismic networks in and around Mongolia. These
phase speed maps will be used in the next section to obtain the 3-D S-wave speed

model.
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Figure 3.6: Phase speed maps for the fundamental and higher modes of Rayleigh (R)
and Love (L) waves, with the numbers representing the mode number and period.
Purple dashed line indicates the well-resolved area estimated from the checkerboard
tests.
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Figure 3.7: Phase speed maps for the fundamental and higher modes of Rayleigh (R)
and Love (L) waves focusing on the Mongolian region, with the numbers representing
the mode number and period.
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Figure 3.8: Comparison of phase speed maps of this study (left) with those of the
GDM52 model (right) for the fundamental modes of Love (L) and Rayleigh (R) waves
at 50 s and 100 s.



Chapter 4

Radially Anisotropic 3-D S-wave Model

The multimode phase speed maps described in the previous chapter are inverted for the
3-D S-wave model, which is the final step of the three-stage surface wave tomography.
In this chapter, we briefly review the employed method of inversions for localized 1-D
velocity profiles, including numerical experiments for crustal corrections and vertical
resolution tests. Then, the final 3-D S-wave model on a broader scale in Eastern
Eurasia, including Mongolia, is displayed, which will be further discussed in detail in

the next chapter.

4.1 Inversions for radially anisotropic 1-D S wave models

To build the 3-D radially anisotropic S-wave model using the multimode phase speed
maps, we repeatedly perform inversions for local 1-D S-wave models using the local
multimode phase dispersion curves derived from the phase speed maps in the previous
chapter. We employed the generalized nonlinear least-squares inverse scheme of Taran-
tola & Valette (1982), following Yoshizawa (2014). The detailed procedure has been
described by Yoshizawa (2014), and some technical aspects of the method are briefly
summarized in Appendix A.3. Here we briefly summarize the essence of the method.
We consider a set of 6 independent model parameters (p, oy, ay, Bu, By, 1), where
p is density, ay and ay represent horizontally and vertically polarized P wave speeds,
B and Py represent horizontally and vertically polarized S wave speeds, 7 is a dimen-
sionless anisotropic parameter. P wave speeds and density are considered via scaling
relations for S wave speeds (e.g., Gung et al., 2003; Panning & Romanowicz, 2006),
following Montagner & Anderson (1989). We invert local multimode Rayleigh and

36
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Love wave phase speeds simultaneously for local SV (fy) and SH (8g) models, which
is repeatedly performed for all locations in the target areas at 1.0 degree grid interval,
to construct the final anisotropic 3-D S wave model. The employed period ranges for
each mode are summarized in Table 3.1.

To control the amplitude of shear wave speed perturbations and the smoothness
of the vertical velocity model during the inversions, we employ the model covariance
matrix comprising two a priori parameters; standard deviations ¢ and correlation
length L between the vertical grids (e.g., Nishimura & Forsyth, 1989; Yoshizawa &
Kennett, 2004; Yoshizawa, 2014). We used the following a priori parameters, i.e., 0 =
0.045 km/s from Moho to 670 km depth, L= 10 km from Moho to 400 km depth and
L = 15 km from 400 to 670 km depth. Beneath 670 km depth, ¢ decreases linearly
to 0.025 km/s, and L increases linearly to 30 km at 1500 km depth. The velocity
in the crust can be perturbed with ¢ = 0.025 km/s and L = 5 km. Thus, the crust
and uppermost mantle structures change rapidly while the deeper structure changes
gradually.

Figure 4.1 displays an example of the radially anisotropic local 1-D S-wave model
(SH and SV wave speeds) derived from the inversions of local multimode dispersion
curves at 46°N and 99°E. Based on the retrieved SH (Sy) and SV (fy) models, we
compute their Voigt average as the isotropic S wave model, 85, = 1/(2/3)8% + (1/3) B%

(e.g., Panning & Romanowicz, 2006) and the radial anisotropy parameter & = (8x/8v)>.
Measured dispersion curves derived from the multimode phase speed maps in the pre-

vious section can reasonably fit well in all modes over the wide period ranges.
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Inversions for radially anisotropic 1-D S wave models

Figure 4.1: (a) An example of the 1-D shear wave model at a location of 46°N and 99°E
in Mongolia, and (b) Radial anisotropy. The reference SV and SH velocities as well as
radial anisotropy (dashed lines) are taken from the modified PREM with a smoothed
220 km discontinuity. (c, d) The results of dispersion curve fitting of synthetic phase
speeds computed from the inverted SV and SH velocity models in (a) and the measured
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4.2 Effects of the crustal corrections

Since we employ surface-wave phase speeds in the period range longer than 30 s, our
phase speed data have limited vertical sensitivities to the shallow crustal structure (see,
e.g., Figure A.1). Therefore, we need a proper local crustal model in the target region
to make corrections for the crust in the inversions for local 1-D velocity profiles. We
performed experiments to examine the effects of the crustal corrections on the shear
wave speed model using two 3-D crustal models and without the crustal correction
(with fixed crust to PREM). Figures 4.2 and 4.3 show the comparisons of the retrieved
shear wave models with crustal corrections using 3SSMAC (Nataf & Ricard, 1996) and
CRUST1.0 (Laske et al., 2013) and without the crustal correction using a modified
PREM (Dziewonski & Anderson, 1981) with a smoothed 220 km discontinuity. The
inverted 1-D SH and SV models using the three crust models are compared in Figure
4.2. Note that in these figures (and all equivalent figures in this thesis), the depth is
measured from the average Earth’s radius (6371 km), although the local topography is

considered during the inversions.
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Figure 4.2: Examples of SH and SV wave models derived from the different crust
models (PREM, 3SMAC, and CRUST1.0). The depth in the vertical axis is measured
from the average Earth’s radius and the local topography is omitted in the diagram.

The two different crust models (3SMAC and CRUST1.0) provide us with similar
results of 1-D SV and SH models in the upper mantle despite the slight differences

in the crustal thickness and velocity, while the use of PREM’s crust (which does not
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represent the thick Mongolian crust) results in unstable S velocities in the upper mantle,
indicating the importance of the use of a proper crust model.

The retrieved 3-D isotropic S wave speed model (the Voigt average of SH and
SV models) in the Mongolian region is compared in Figure 4.3. According to local
studies, the crustal thickness in western Mongolia has been reported to be around 50—
55 km (Petit et al., 2008; Feng, 2021; Zhao et al., 2021), while that in eastern Mongolia
around 38-46 km (He et al., 2016). The CRUST 1.0 model with a 1-degree grid is likely
to better represent the local crustal structure in Mongolia compared to the 3SMAC
model with a 2-degree grid. Thus, in this study, we employed the local reference models
combining the CRUST1.0 model for the crust and the modified PREM (with smoothed
220 km discontinuity) for the mantle.

CRUST 1 0

90° 95 100° 105° 110° 115° 120°

o - 40° —
90° 95° 100° 105° 110° 115° 120° 90° 95° 100° 105° 110° 115° 120°
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Figure 4.3: Comparison of isotropic S wave speed model beneath Mongolia with crustal
corrections from PREM (left), 3SMAC (middle), and CRUST1.0 (right).



4.8. Vertical resolution tests 41

4.3 Vertical resolution tests

To confirm the depth resolution of the 3-D model, we performed vertical resolution tests
using synthesized S-wave models with spike-like anomalies in the upper mantle. To
generate synthetic dispersion curves for multimode Love and Rayleigh waves including
higher-modes up to the 4-th mode, we create five synthetic models with a 5 % faster
anomaly relative to the reference model (modified PREM with a smoothed 220 km
discontinuity) in a limited depth range around 80, 100, 150, 200, and 300 km. Then,
using the same parameter sets for the real data inversions as explained in the earlier
section, radially anisotropic S-wave speed profiles are retrieved through the linearized
inversions. The results of the vertical resolution tests are summarized in Figure 4.4,
which indicate that we can achieve sufficient vertical resolution down to 300 km depth
with the current dispersion data sets, despite the vertical smearing effects from the
long-period surface waves.

0 L L L L I L L L L L L

100

200

depth (km)

300 A

400

T T T T
40 45 50 4.0
S wave speed (km/s)

0 L : L L L L L L 1 L L L

! ! Il (] |/
1 | [ \ |
[ | |
|

T T T T T T T T T T T T T T T
09 1.0 11 09 1.0 1.1 09 1.0 1.1 09 1.0 11 09 1.0 1.1

Retrieved SV Retrieved SH Retrieved §
————— True SV ————- True SH True §
------- Reference SV - —--—-- Reference SH -+ —:+—- Reference &

Figure 4.4: Examples of depth resolution tests for radially anisotropic shear wave
models. (Top) SV and SH wave speed models, and (bottom) radial anisotropy profiles.
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4.4 3-D S-wave model in Eastern Eurasia and Mongolian re-
gions

4.4.1 Regionally-averaged 1-D S-wave profiles

The radially anisotropic local 1-D S-wave models at every 1.0-degree grid across the
target region are merged to form the final 3-D SV and SH wave models. Figure 4.5
displays regionally-averaged 1-D S-velocity profiles for (a) the Eurasian region and (b)

the entire Mongolian region, in comparison with the modified PREM. Some of these

1-D profiles are used as a reference model for plotting the perturbation maps and cross
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Figure 4.5: The average 1-D velocity profiles of SV (red), SH (blue), isotropic S wave
speeds (green) and radially anisotropy ¢ (magenta) for (a) the whole region of this
study (Eastern Eurasia), (b) the entire Mongolian region, (c) western Mongolia, and
(d) eastern Mongolia. Colored dashed lines represent the same parameter for the
modified anisotropic PREM with a smoothed 220 km boundary. The areas used for
computing the regional average in (b, ¢, and d) are shown in Figure 4.6.
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Figure 4.6: S-velocity model in Mongolia indicating the western and eastern areas of
Mongolia used to compute the averaged 1-D profiles in each region in Figure 4.5 (c, d).

sections of the 3-D S-wave models displayed in this section and the next chapter.

The average 1-D profiles of the SV and SH wave speeds below 60 km in the broader
Eurasian region are somewhat faster than the modified anisotropic PREM model (Fig-
ure 4.5 a), while those in the Mongolian region tend to exhibit slower shear wave speeds
(Figure 4.5 b). The average radial anisotropy in the Mongolia region is similar to the
PREM model.

We also display the averaged 1-D profiles for the western and eastern Mongolian
regions in Figure 4.5 (¢) and (d), respectively, indicating the regional variations of the
seismic structure across Mongolia, which will be discussed in the next chapter in detail
based on the 3-D S-wave model. Figure 4.6 shows regions used to compute the locally

averaged 1-D profiles in western and eastern Mongolia.

4.4.2 3-D S-wave model in broader areas of Eurasia

Figure 4.7 shows the final 3-D SH and SV wave speed models, and Figure 4.8 shows
isotropic S wave speed model (f;5,) and radial anisotropy models £ in the whole region

of this study. For the 3-D model plots, we apply the 2-D Gaussian filter with a standard
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deviation of 0.67° to smooth our 3-D velocity model laterally.

Here we briefly overview the large-scale features of the retrieved 3-D model at
various depth slices shown in Figure 4.7 (SH and SV wave speed models) and in Figure
4.8 (isotropic S wave speeds and radially anisotropy & ). Some selected vertical cross-
sections (E-W and N-S directions) of isotropic S wave speeds and radial anisotropy in
Eastern Eurasia are summarized in Figure 4.9. In Appendix C, we also show a gallery
of broader-scale cross-sections across Eastern Eurasia (Figures C.1 — C.5).

In the 3-D model at 80 — 100 km depth, we find relatively low velocities in western
Mongolia, Tibet, and in the East and South China Seas, Yellow Sea, Ryukyu Trench,
Sea of Japan, and Sea of Okhotsk, while other areas in the Siberian craton, Sichuan
basin, Ordos block, and Tarim basin exhibit higher velocities. At a depth of 150 km, the
low-velocity anomalies in western Mongolia have weakened, while the eastern marginal
seas and Tibet still show slower anomalies, reflecting the higher temperature in the
mantle wedge region in the subduction zone. The fast S-wave anomalies in the Tarim,
Ordos, and Sichuan basins are apparent in both SH and SV wave models down to 150
km depth. Earlier surface wave studies agree well with the overall pattern of shear
wave speed anomalies in the upper mantle in this region (Ritzwoller & Levshin, 1998;
Chen et al., 2015b; Bao et al., 2015; Tao et al., 2018; Witek et al., 2021).

In the radial anisotropy maps at 80 — 100 km depth, most regions exhibit positive
radial anisotropy (£ > 1 or g > [y), except for some regions such as a part of Tibet,
and under Japan. Below 150 km depth, the strength of radial anisotropy tends to be
weaker than shallower depth in most of the region.

Figure 4.9 summarize vertical cross-sections for locations indicated in Figure 4.8
(g). In profiles A-A’, C-C’, D-D’, and E-E’, notable fast velocity anomalies are seen
beneath the Siberian Craton, Sichuan Basin, Tarim Basin, Ordos Block, and Pacific
Plate. Significant low-velocity anomalies can be seen in profiles C-C’, D-D’, and F-F’,
beneath the Tibet and Yellow Sea.

In the next chapter, we will further discuss characteristic seismological features in

the Mongolian region inferred from the anisotropic 3-D S-wave model.
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Figure 4.7: SH and SV wave speed models for whole areas of this study from 80 to
200 km depth. Reference velocities are indicated in each map. Plate boundaries (green
lines) are taken from Bird (2003). Magenta dashed line indicates the well-resolved area
estimated from the checkerboard tests.
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Figure 4.8: Same as Figure 4.7, but for isotropic S wave speed model (55, left) and
radial anisotropy model (£, right). The arrows in (a) indicate relative plate motions
based on the MORVEL plate model (DeMets et al., 2010). Locations of cross sections
in Figures 4.9 are shown in (g).
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Figure 4.9: Cross-sections for fractional perturbation of f;s, (top), absolute isotropic

S velcoity f;s, (middle), and radial anisotropy & (bottom) along the profiles (A) A-A’,

(B) B-B’, (C) C-C’, (D) D-D’, (E) E-E’, and (F) F-F’ shown in Figure 4.8 (g). The
reference isotropic S wave speed profile (a modified PREM) used for the perturbation
plot is shown as a dashed green line in Figure 4.5(a). The surface topography on top
is from ETOPO1 (Amante & Eakins, 2009). Major tectonic provinces are labeled on
topography. The vertical red dashed lines show the vertical extension of the Amurian
plate boundary by Bird (2003).



Chapter 5

Discussion of Mongolian Upper Mantle Struc-
ture

We constructed a new 3-D S-wave model including radial anisotropy beneath Mongolia
and its surrounding region using a number of local seismic stations in this region.
The lateral structural changes revealed by our new 3-D S-wave model beneath the
Mongolian region suggest some intriguing geographical relations that reflect Mongolian
tectonics and mantle dynamics. Here we focus on the S-wave structure in the upper
mantle from 60 to 250 km depth, which has been well resolved by our surface wave
dispersion data, and discuss some prominent features of the 3-D model in relation to

the tectonic and dynamics processes in the Mongolian region.

5.1 Entire Mongolia

Figure 5.1 displays various depth slices of the original SH and SV wave speed models,
and Figure 5.2 displays the isotropic S wave speed model (;5,) and radial anisotropy (€)
beneath Mongolia. Cross sections in Figure 5.3 depict some significant characteristics
in our model in the depth range from 60 to 250 km. Many more figures are displayed
in Appendix C.2, with a gallery of cross-sections focusing on the Mongolian region
(Figures C.6 — C.10).

In the shallower depth at 75 — 100 km beneath Mongolia, the isotropic S-wave speeds
(Figure 5.2) are generally slower in the tectonically active western area and become
faster in the relatively stable eastern area. The fast anomaly in eastern Mongolia
indicates the lithosphere with a thickness of around 70-100 km, which disappears in
the west of the expected Amurian plate border by Bird (2003) (Figure 5.3 (A)). Slower

48
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Figure 5.1: SH and SV wave speed models beneath Mongolia from 75 to 200 km depth.
Green dashed line is the Amurian plate boundary by Bird (2003). Black triangles
denote the Holocene volcanoes; Taryatu Chulutu (TC), Khanuy Gol (KG), Middle
Gobi (MG), Bus Obo (BO), Dari Ovoo (DO), and Dariganga (DG).
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Figure 5.2: Same as Figure 5.1, but for isotropic S wave speed (f;s,)and radial
anisotropy (£) model. Green circles in (a) indicate seismicity from the event cata-
log by IAG (Institute of Astronomy and Geophysics of Mongolia) from January 1964
to May 2023 with M;>3.5. Some historical large earthquakes (Mw>8.0) are labeled.
(continue.)
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Figure 5.2: (continued.) Focal mechanisms greater than Mw 4.0 taken from the Global
CMT catalog between January 1976 and May 2023 (Ekstrom et al., 2012) are shown
in (a). Black arrows in and around Mongolia in (c¢) denote the rates of crustal motion
relative to Eurasia (Calais et al., 2003). Black and red lines in (g) indicate the locations
of cross sections in Figure 5.3. Small colored triangles in (g) indicate the employed
seismic stations.

velocities in western and central Mongolia can be linked to tectonics under the Hangay
Dome and Altay Mountains, which are also seen in earlier tomography models (e.g.,
Ritzwoller & Levshin, 1998; Chen et al., 2015a; Tao et al., 2018; Witek et al., 2021; Li
et al., 2022).

In western Mongolia, slow velocity anomalies are seen in the southeastern area of
the Khovsgol Rift Zone (Khanuy Gol volcanic field), Baikal Rift, eastern Hangay Dome,
the northern edge of the Altay Mountains, and Valley of the Lake. On the contrary, in
the eastern regions at shallower depths from 70 to 100 km, fast anomalies are observed
in the Gobi Desert, Hentey Mountains, and Dariganga. The fast anomalies around the
Hentey Mountains and the Gobi Desert have weakened at a greater depth of around
150 km (Figures 5.1 and 5.2).

The radial anisotropy model exhibits a faster SH wave speed (Sg) than SV (5y) in
nearly the entire Mongolian lithosphere above 150 km depth, except for the southern
part of the western Sayan Mountains. The Altay and Sayan Mountains have experi-
enced strong convergence as a result of the northward motion of the Asian blocks (such
as Junggar and Tarim Basins) due to the India-Asia collision (Huang & Zhao, 2022).
The P-wave velocity model by Huang & Zhao (2022) showed low velocity down to 200
km depth beneath the Altay Mountains, suggesting that lithosphere-scale interactions
may have caused it. Our S-wave model also shows the low-velocity anomalies along the
northern Altay Mountain border, which can persist to about 100 km depth (Figures
5.1 (a, b, d, and f), 5.2 (a and ¢), and 5.3 (A)).

The Hentey Mountains show slower S wave speed anomaly at depths below around
120-150 km (Figures 5.3 (A, C, and F), C.7, and C.8). The notable low velocity found
under the Hentey Mountains agrees well with a recent tomographic study by Chen et al.
(2015a) who have reported the low-velocity anomaly may stretch from the uppermost

mantle to 200 km depth at least. He et al. (2019) noted that the tectonic setting and
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Figure 5.3: Cross-sections of f;s, perturbation (top), fis, (middle), and & (bottom)
along the profiles (A) A-A’, (B) B-B’, (C) C-C’, (D) D-D’, (E) E-E’, and (F) F-F’
shown in Figure 5.2 (g), with surface topography on top. The reference isotropic S
wave speed profile (the average of entire Mongolia) used for the perturbation plot
is shown as a solid green line in Figure 4.5(b). The surface topography on top is
from ETOPO1 (Amante & Eakins, 2009). Major tectonic provinces are labeled on
topography. The vertical red dashed lines show the vertical extension of the Amurian
plate boundary by Bird (2003).
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Figure 5.4: Schematic illustration of major structural features of our shear wave model
across Mongolia (west-east cross section) at around 48°N. The Moho depth (dark orange
part) is taken from the CRUST1.0 model (Laske et al., 2013). The surface topography
on top is derived from ETOPO1 (Amante & Eakins, 2009), and the Bouguer gravity
anomaly (blue curve on top) is from the WGM2012 model (Bonvalot et al., 2012).
A vertical green dashed line indicates the vertical extension of the Eurasian-Amurian
plate boundary from Bird (2003).

dynamic processes beneath the Hentey Mountains and Hangay Dome are distinctive.
They also suggested that low-velocity anomalies beneath the Hentey Mountains might
indicate partially molten or heated material in the upper mantle. Our radial anisotropy
model suggests the low-velocity anomalies with radial anisotropy of £y > Sy beneath
the Hentey Mountains below around 180 km might reflect mantle upwelling (Figures
5.2 (e-h) and 5.3 (A, C, and F)).

Figure 5.4 illustrates the schematic west-east cross section across Mongolia based
on our tomography model with other geophysical information, indicating the major
structural features and lateral variations in the upper mantle beneath Mongolia at
around 48°N. The Moho depth (dark orange part) is taken from the CRUST1.0 model
(Laske et al., 2013) and the Bouguer gravity anomaly (blue curve on top) is extracted
from the WGM2012 model (Bonvalot et al., 2012). Western Mongolia is characterized
by the high elevation, northward motion, thick crust, negative Bouguer anomaly, and

the active seismic zone with low-velocity anomaly in the uppermost mantle. On the
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Figure 5.5: Three-dimensional visualization of major structural features of slow and
fast shear velocity anomalies of the isotropic S-wave speed model in the Mongolian
region.

contrary, eastern Mongolia is characterized by lower elevation, southeastward motion,
thinner crust, positive (or weakly negative) Bouguer anomaly, and tectonically stable
with high-velocity anomaly in the uppermost mantle.

A typical three-dimensional view of our isotropic S-wave model with isocontour
plots is displayed in Figure 5.5, which corresponds to a bird-eye-view version of Figure
5.4. Major structural characteristics of the slow and fast shear velocity anomalies in
the Mongolian region at around latitude 48°N is depicted in Figure 5.4; the mantle
lithosphere beneath eastern Mongolia has a higher velocity (4.46 km/s contour); a
weak low-V anomaly beneath the Altay Mountains (4.39 km/s contour); and a large-
scale Low-V anomaly beneath the Hangay Dome (4.36 km/s contour). The distinctive
structural variations between western and eastern Mongolia can be related to the dif-
ferential motion between the Eurasian and Amurian plates. Rapid lateral variations
of shear wave speed anomalies in the Mongolian region are reflected well as the major
structural features displayed in Figure 5.5.

In Figure 5.6, other geophysical observations in the Mongolian region are displayed
along with our 3-D S-wave model in the upper mantle. The crustal thickness taken

from the CRUST1.0 model (Laske et al., 2013) is generally thicker in western Mongolia
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Figure 5.6: Comparison of various geophysical observations in the Mongolian region.
(a) Crustal thickness of the Crustl.0 model (Laske et al., 2013), (b) The Bouguer
gravity anomaly from the WGM2012 model (Bonvalot et al., 2012), (c¢) Plate motion
from the GPS observation (Calais et al., 2003) and regional seismicity, and (d) isotropic
S-wave speed map at the 70 km depth (this study).

(Figure 5.6 (a)), suggesting the large-scale variation of crustal structure between east-
ern and western Mongolia. The Bouguer gravity anomaly derived from the WGM2012
model (Bonvalot et al., 2012) (Figure 5.6 (b)) shows the significant negative anoma-
lies in western Mongolia, while eastern Mongolia is characterized by weak or slightly
positive anomalies, which may indicate the influence of thicker crust in western Mon-
golia. We can also see a good correlation between the negative gravity anomaly and
a slow shear velocity anomaly in western Mongolia (Figure 5.6 (d)). GPS observation
by Calais et al. (2003) (Figure 5.6 (c)) suggested that eastern and western Mongolia
move in different ways. While central and eastern Mongolia moves about 4 mm/year

eastward /southeastward, western Mongolia moves northward with varying speeds of
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about 10 mm/year in the southern area and about 4 mm/year in the northern area.

Our S-wave speed model in the upper mantle (Figure 5.6 (d)) suggests fast anoma-
lies in the stable eastern region and slower anomalies in the tectonically active west,
which may be related to other geophysical information as above. Further investiga-
tions, including joint geophysical inversions of multiple data sets, may be worth doing
to unravel the cause of seismic velocity anomalies found in our model.

In the subsequent sections, we will further discuss the major features shown in
Figures 5.4 and 5.5, such as the low-velocity Hangay Dome region in western Mongolia
(Eurasian plate) in Section 5.2, and relatively stable high-velocity region in eastern

Mongolia (Amurian plate) in Section 5.3.

5.2 Hangay Dome: Western Mongolia

The Hangay Dome in western Mongolia is considered one of the most significant tec-
tonic units in this region. Significant earthquakes have not been recorded in the Hangay
Dome itself, but some major earthquakes occurred around this area, e.g., the Mw 7.1
earthquake (1967) on the Mogod fault to the east of the Hangay Dome, Mw 8.3 earth-
quake (1905) on the Bolnay fault to the north, and Mw 8.1 Gobi-Altay earthquake
(1957) on the Bogd faults to the south. As mentioned earlier, existing seismic tomog-
raphy models showed significantly slow shear wave speeds in the upper mantle beneath
the Hangay Dome and its surroundings (e.g., Tiberi et al., 2008; Chen et al., 2015a;
Comeau et al., 2018; He et al., 2019; Wu et al., 2021; Feng, 2021; Wang et al., 2022;
Huang & Zhao, 2022).

Chen et al. (2015a) found a large-scale slow anomaly in the upper mantle beneath
the Hangay Dome, the Khovsgol rift system, parts of the Gobi-Altay Mountains, and
the Sayan Mountains between 50 and 90 km depth, although the data set used in
their tomography model lacks local seismic data in Mongolia. With low shear velocity
(Vsy) of less than 4.2 km/s, they proposed that partial melting might spread over
the area beneath the Hangay Dome and its surroundings. However, a recent shear
velocity (Vsy) model by Feng (2021), who employed more extensive local data sets in
this region, demonstrated that the partial melting zones are distributed not directly

beneath the Hangay Dome. The partial melting and convective loss of the lithosphere
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may result in the uplift of Hangay Dome and may cause such slow anomalies. Recent
P-wave tomography by Huang & Zhao (2022) suggested a velocity anomaly around 250
km depth, indicating that the lithosphere beneath the Hangay Dome may have been
delaminated (Zhao et al., 2021).

Numerical experiments by Elkins-Tanton (2005) on continental delamination sug-
gested the necessity of ductile mid-lithosphere to allow delamination, implying that the
delamination can occur in regions that have experienced high heat flow from volcan-
ism or mantle upwelling. Based on thermo-mechanical numerical models incorporating
geological, geochemical, and geophysical data, Comeau et al. (2021) have investigated
the conditions for lithospheric removal by delaminations. They have found that cen-
tral Mongolia satisfied the conditions for lithospheric delamination, supported by lines
of evidence such as the high and dome-shaped surface topography, thin lithosphere,
and elevated temperature at the crust-mantle interface. These findings suggest that
mechanical delamination or thermal processes may be to blame for the lithosphere
beneath the Hangay Dome being significantly weaker than the surrounding regions
(Fullea et al., 2012).

Vertical cross-sections along profiles A-A’, B-B’, and D-D’ in Figure 5.3 display
the structure below the Hangay Dome. Anomalous low velocity beneath the Hangay
Dome in our model is consistent with recent results by Feng (2021), showing low-
velocity anomalies down to about 150 km depth, mainly beneath the northeast of
the Hangay Dome, Khanuy Gol volcanic field. These low-velocity anomalies persist
northeastward in the upper mantle beneath the Khovsgol and the south of Baikal rift
regions, reaching a depth of about 200 km (Figure 5.3 (B)). The slow anomaly tends
to be confined at shallower depths above 80 km right beneath the Baikal rift, though
the lateral resolution of our model is limited in the north of Mongolia.

Beneath the Hangay Dome and on the northeastern side of the Hangay Dome,
Khanuy Gol volcanic field, our 3-D model (Figures 5.1 and 5.2) shows slower SV wave
speed anomalies with positive radial anisotropy (g > Pv), particularly at depths
of about 70 — 150 km (Figure 5.3 (A), (B), and (D)). Such features may indicate
the presence of layered or laminated heterogeneity, possibly including partially molten

layers, which can generate significant positive radial anisotropy (Sy > 5y) accompanied
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by slow shear velocity anomaly on average (e.g., Aki, 1968). Thus, our results suggest
that the Hangay Dome region may be accompanied by partially molten layers in the
top 100 km depth, where strong positive radial anisotropy can be seen in our model.
The lithosphere here may be significantly weaker or may have been lost or delaminated,
as indicated by Feng (2021), Zhao et al. (2021), Huang & Zhao (2022), and Wu & Bao
(2023).

5.3 Amurian plate and its western boundary: Eastern Mon-
golia:

Zonenshain & Savostin (1981) proposed the ” Amurian plate” covering eastern Mongo-
lia, north China, and southeastern Russia in the extensional areas southeast of Lake
Baikal. The Amurian plate and its geometrical boundary in East Asia have been stud-
ied extensively using space geodetic observations (e.g., Takahashi et al., 1999; Heki
et al., 1999; Jin, 2013), a six-plate analysis of earthquake slip vectors and NUVEL-1
data (Wei & Seno, 1998), kinematics of the active faults (Sankov et al., 2022), and
topography and seismicity (e.g., Bird, 2003). The southernmost edge of the Amurian
plate is unclear compared to other areas. Heki et al. (1999) suggested that the south
boundary of the Amurian Plate may be the Qinling Fault because it is consistent with
the Euler vector and predicts left-lateral movement along its boundary with the South
China block. However, Jin (2013) defined the tectonic boundary between the North
China and Amurian plates as the Yin Shan—Yan Shan Mountain belts with about 2.4
mm/yr extension. Because of the sparse and limited data, these earlier investigations
of tectonics in this region are inconclusive. Thus, the existence of the Amurian plate
and the geometry of its boundary remains to be determined.

Figure 4.8 shows the isotropic S wave speed (;5,) and radial anisotropy (£) from 80
to 200 km depths in the broader areas covering the whole Amurian plate. Correspond-
ing cross-sections along the selected profiles in Figure 4.8 (g) are displayed in Figure
4.9, which also indicate the location of the Amurian plate boundary by Bird (2003).

The arrows in Figure 4.8 (a) show the relative plate motion; the Indian plate moves
northward at a rate of about 44 mm/year, the Pacific, Okhotsk, and Philippine Sea

plates move northeastward at about 93 mm/year, 84 mm/year and 67 mm/year, re-
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spectively, and the Amurian plate moves southeastward at about 5 mm/year, for the
fixed Eurasian plate based on the MORVEL plate model (DeMets et al., 2010). The
GPS measurements in Mongolia by Calais et al. (2003) are displayed with black arrows
in Figure 5.2 (c). In western Mongolia, we can see northward shortening in the Altay
area, which varies from 10 mm/year in the south to 4 mm/year in the north. However,
central and eastern Mongolia moves eastward or southeastward at a rate of about 4
mm/year.

Owing to a large number of local broadband seismic stations in Mongolia, our new
3-D model shows distinct lateral variations near the expected boundary between the
Eurasian and Amurian plates (Figures 5.3 (A), 5.4 , 5.5, 4.8 (a, ¢, e), and 4.9 (A, B,
E, F)), especially near the northern and western edges of the Amurian plate. Still, the
southern border of the Amurian plates in China is unclear in our model, where our
station coverage is limited. We can observe a notable velocity contrast between the
Eurasian and Amurian plates along the Stanovoy range in the depth slices from 80 to
150 km (Figure 4.8). The Baikal Rift is one of the surface evidence that divides the
Amurian and Eurasian plates, where the Amurian plate moves southeastward relative
to the Eurasian plate at a rate of 3.4-5 mm/yr (Calais et al., 2003). The Baikal Rift
Zone is characterized by a low-velocity anomaly at shallow depths above 70-80 km
as seen in the cross-sections of Figures 4.9 (A), 5.3 (B, C). The western area of the
Amurian plate (in eastern Mongolia) is characterized by fast anomaly which is likely to
represent a comparatively thin (around 70-100 km) but relatively stable lithosphere,
as seen in the cross-sections (Figure 4.9 (A, B, E, F) and Figure 5.3).

Figure 4.9 (A, E) indicates that the Amurian lithosphere beneath eastern Mongolia
is much thinner than the surrounding cratonic lithosphere, such as the North China
craton (e.g., Xu et al., 2022) and Siberian craton (e.g., Lebedev et al., 2006), whose
thickness reaches about 200 km. Based on seismological evidence of upper-mantle
tomography and seismic anisotropy, Lebedev et al. (2006) argued that this asymmetry
between the thick cratonic lithosphere in Siberia (~ 200 km) and the thinner lithosphere
in eastern Mongolia (60-70 km) may affect the intra-continental volcanism in the Baikal
Rift area, accompanied by subhorizontal flow in the shallower asthenosphere beneath

eastern Mongolia. This hypothesis is consistent with our model, showing the SH>SV
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radial anisotropy with a slow anomaly in the asthenosphere beneath the thinner eastern
Mongolian lithosphere.

The lateral variations of the S wave model at 75 km depth (Figure 5.2 (a)) show
slow velocities in seismically active regions in western Mongolia (1964 — 2023 M; > 3.5)
and fast velocities in relatively stable eastern Mongolia, which is likely to reflect the
tectonic and structural differences between the two regions.

Note that, although our 3-D model well constrains the large-scale (> 2°) upper
mantle structure below 60 km depth, the shallower structure, including the crust,
cannot be fully constrained due to the limited vertical resolution of the dispersion data
used in this study. Also, the long-wavelength surface waves tend to blur the lithosphere
images, limiting the lateral resolution of surface wave tomography. Additional seismic
data, such as ambient noises and H/V ratios of Rayleigh waves, may help constrain
the shallower structure. Moreover, body-wave travel times from local and teleseismic
events, as well as receiver functions, will also help in higher-resolution imaging of mantle
structure. Such further seismological constraints will enable us to clarify more detailed

tectonic and dynamics processes in the enigmatic western border of the Amurian plate.



Chapter 6

Conclusions

6.1 Summary of this thesis

We constructed a new radially anisotropic 3-D S-wave model in and around the Mon-
golian region from multimode surface waves using the three-stage inversion technique
of surface-wave tomography (Yoshizawa & Kennett, 2004). By combining broadband
seismograms from the permanent and temporary seismic networks in Mongolia as well
as neighboring GSN, PASSCAL, and NECESSArray stations, we could obtain the high-
resolution 3-D S wave model under the whole areas of Mongolia, which provides new
insight into large-scale tectonics of the Mongolian region, including the western border
of the Amurian plate.

The data sets and multimode phase speed measurements — the initial step of the
three-stage inversion technique — were presented in Chapter 2. We applied the method
of nonlinear waveform fitting with the Neighborhood Algorithm. Through waveform
fitting, phase speed dispersion curves for the fundamental and higher modes were
extracted by matching synthetic and observed seismograms for each path. Utilizing
many large earthquakes that occurred in the world, we analyzed seismic waveform
data from many seismic stations distributed in and around Mongolia to measure the
multimode phase speeds of Rayleigh and Love waves. We could collect many reliable
path-specific phase speeds of approximately 70,000 Rayleigh wave paths, and 40,000
Love wave paths for the fundamental mode, most of which are in a reasonable range
of standard deviations around the average dispersion curves.

In Chapter 3, we presented the second stage of the three-stage tomography, in

which the collected dispersion curves were used to reconstruct multimode phase speed
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maps as a function of frequency. We used the linearized inversions for surface-wave
tomography taking account of the finite-frequency effects. We obtained phase speed
maps from the fundamental to 4-th higher modes in the period range between 30 and
200 s. The general patterns of the fundamental-mode maps of Rayleigh and Love waves
are consistent with the global model GDMb52, but the lateral resolution of our model
in the target region is significantly higher than the global model.

Chapter 4 described the construction of 3-D SH and SV wave structures using the
multimode phase speed maps of Rayleigh and Love waves from the previous step. Fol-
lowing Yoshizawa (2014), we employed the method of generalized nonlinear inversions
(Tarantola & Valette, 1982) for radially anisotropic S-wave speed models. The local
dispersion curves were inverted for 1-D SH and SV wave speed models at each grid
point of the region. The 3-D SH and SV wave speed models were constructed by assem-
bling the local 1-D profiles. The multimode phase speed models over a broad period
range enable us to construct the continental upper mantle structure of this region.

In Chapter 5, we discussed the relationship between the current tectonics and man-
tle dynamics under Mongolia, particularly focusing on the Amurian Plate and Hangay
Dome based on our 3-D radially anisotropic shear wave model. The retrieved S-wave
speeds in the upper mantle beneath Mongolia are generally slower in the tectonically
active west and faster in the stable east above 100 km depth. The significant velocity
contrast between western and eastern Mongolia corresponds well with existing geophys-
ical studies in this region, which is likely to reflect the enigmatic plate boundary be-
tween the Eurasian and Amurian plates. In western Mongolia, two major low-velocity
anomalies are found beneath the northern Altay Mountains and the Hangay Dome.
The former persists to 100 km depth, which may relate to the northward movement
of Asian blocks due to the India-Eurasia collision (Huang & Zhao, 2022). The latter
continues down to about 150 km depth beneath the Hangay Dome region, particularly
the Khanuy Gol volcanic field in the northeast of the Hangay area, accompanied by
significant positive radial anisotropy with slower SV in the top 100 km which might
indicate the presence of partially molten layers. In eastern Mongolia, located in the
western Amurian plate, high velocities in the upper mantle suggest the lithospheric

signature of the Amurian plate. The fast anomaly in eastern Mongolia indicates the
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relatively stable lithosphere with a thickness of around 70-100 km, which is not seen
in the west of the expected Amurian plate border. The new 3-D S-wave model exhibits
significant velocity contrast between the Furasian and Amurian plates and structural
differences in the underlying upper mantle, implying the differential motions in eastern
and western Mongolia can be related to such structural variations and local mantle

dynamics.

6.2 Future directions

Seismic waves provide a variety of information on the Earth’s internal structure with
a better spatial resolution than other geophysical observations, such as gravity and ge-
omagnetic data. Many kinds of seismological observations and analysis methods, such
as surface wave dispersion, body wave travel times, ambient noises, receiver functions,
and the ellipticity (or H/V ratio) of Rayleigh waves, have been employed to scrutinize
the structure of the crust and upper mantle in continental areas. Yet, these seismolog-
ical observables have different sensitivities and lateral and vertical resolutions. Each of
these observed data and methods of analysis has some advantages and disadvantages,
so the joint use of multiple seismological observations generally provides us with a sta-
ble estimation of the structure of the Earth. Here, we summarize some ideas for further

studies to expand our knowledge of the seismic structure in the Mongolian region.

6.2.1 Improved constraints on the crustal structure

Using the multimode surface wave dispersion data in a period range from 30 — 200 s, the
large-scale (> 2°) upper mantle structure below 60 km depth has been well constrained
by our 3-D model in this study. However, the vertical sensitivity of the dispersion data
in this period range tends to be limited to the upper mantle (Figure A.1), which
prevents constraining the shallower structure, including the crustal velocity and the
Moho depth. Thus, additional seismological observables that may be more sensitive to
the shallower structure, such as the short-period dispersion curves (e.g., down to about
10 s period or less) from ambient noises (e.g., Bao et al., 2015) and Rayleigh-wave
ellipticity (H/V ratios) (e.g., Attanayake et al., 2017), might be useful in constraining

the crustal structure. Such surface-wave observables can be jointly used with our
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longer-period phase speed data sets, which will enable us to construct the crust and

upper mantle models with improved vertical resolution.

6.2.2 Joint use of body and surface waves

Body-wave travel times from teleseismic and local events will enable us to retrieve
higher-resolution mantle structure images since the wavelength of body waves is gener-
ally shorter than that of the long-period surface waves used in this study. Body wave
data are also helpful in retrieving the deeper mantle structure at the mantle transition
zone or below (e.g., Zhang et al., 2017). With the help of such additional seismological
constraints, we will be able to better understand the tectonic and dynamic processes

in this area.

6.2.3 Seismic discontinuities in the crust and upper mantle

Surface wave dispersion data used in this study are not very sensitive to discontinuities
in the Earth. On the contrary, receiver functions that represent the converted body
wave phases are more sensitive to the impedance contrast across the interface, which
can constrain the depth of internal discontinuities and relative velocity differences (e.g.,
Taira & Yoshizawa, 2020). The joint inversions of multimode surface waves and re-
ceiver functions will enable us to retrieve the crust and upper mantle structure with
internal discontinuities, such as the MLD (Mid-Lithosphere Discontinuity) and LAB
(Lithosphere-Asthenosphere Boundary) beneath the continental lithosphere, which can
be of great use for better constraining the 3-D anisotropic S-wave models and further

detailed arguments on tectonic evolution in this region.



Appendix A

Methods of Three-stage Surface Wave To-
mography

In this study, we have used the three-stage inversion method for multimode surface wave
tomography developed by Yoshizawa & Kennett (2004). This appendix summarizes the

essence of the practical methods in each stage.

A.1 1st-stage: Multimode phase speed measurements

In Chapter 2, we employed a fully nonlinear waveform fitting method by Yoshizawa &
Ekstrom (2010), which is an extended version of the original technique developed by
Yoshizawa & Kennett (2002b) for the multimode phase speed measurements. To match
the observed synthetic seismograms, we utilize the Neighbourhood Algorithm (NA) by
Sambridge (1999), which allows us to explore a model parameter space efficiently. Here
we briefly explain the fundamental aspects of this method.

Based on the WKBJ approximation (e.g., Dahlen & Tromp, 1998), a synthetic

seismogram in the frequency domain can be given as follows,

uw(A,w) = Z Rj(w) exp {i(k)(w) + 6k;(w))A} Sj(w), (A1)

where A is the epicentral distance, w is the angular frequency, R; is the receiver
term for the j-th mode, which includes attenuation and geometrical spreading terms,
and S; is the source term for the j-th mode derived from a given moment tensor.
The exponential term represents the surface-wave propagation of the jth mode with

a wavenumber k? for the reference model, and the wavenumber perturbation dk; due
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Figure A.1: Normalized sensitivity kernels of (a, ¢) Love waves and (b,d) Rayleigh
waves for (a, b) fundamental mode and (c, d) higher modes calculated for PREM.

to a lateral heterogeneity. N is the number of modes used to compute full synthetic
seismograms.

dk; can be represented by the vertical integration of model parameters (perturba-
tions of S-wave speed 03, P-wave speed da, and density dp), multiplied by the sensitivity

kernels for each parameter, as follows,

Ok;(w) = i E{Ki(r, w)da(r) + Ké(r, w)dp(r) + Kg(r, w)op(r)}dr, (A.2)

where Rp is the Earth’s radius, K7, Kg, and K7 represent the sensitivity kernels of
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Table A.1: Threshold values of the reliability parameters (for the fundamental and
higher modes) and normalized radiation amplitude as a function of waveform misfit
range, which are used to select reliable multimode phase speeds following Yoshizawa
& Ekstrom (2010).

Waveform Minimum reliability Minimum
misfit Fundamental mode Higher modes radiation
0.00 - 0.01 8.0 2.0 0.5
0.01 - 0.02 9.0 2.5 0.6
0.02 - 0.03 10.0 3.0 0.7

surface-wave phase speed of j-th mode for P-wave speed «, S-wave speed [, and density
p, respectively. Figure A.1 displays examples of K for several modes. Surface-wave
phase speeds are primarily sensitive to S-wave speed, with weak influence from P-wave
speed and density. In general applications, the S-wave speed perturbation is employed
as an independent model parameter, and P-wave speed and density perturbations are
often disregarded or scaled to the S-wave speed perturbation. In this study, we con-
sidered the influence of P-wave speed and density through the conventional scaling
relationship with the S-wave speed perturbations (e.g., Panning & Romanowicz, 2006).

We employed a set of B-spline functions, B(r), as a function of radius r, to express
the S-wave speed perturbation 03(r) = Zf\il b;B;(r), where b; are the model parame-
ters to be searched by the NA that enables us to find models with minimum misfits (or
global minima) in the model parameter space. The resultant best 1-D model, which
provides the minimum misfit between the observed and synthetic seismograms, is used
to compute the multimode phase speed curves as shown in Figures 2.3 and 2.4. The re-
liability parameters are computed by evaluating the waveform misfit and relative power
(amplitude) of each mode with respect to the full synthetic seismograms, providing us
with the reliability of measured phase speeds for each mode and frequency. To select
the reliable phase speeds that will be used in the subsequent tomographic inversions,
we have employed multiple quantitative information, including the waveform misfit,
the reliability parameter, and the relative radiation amplitude of each mode from the
seismic source. The threshold values for our data selection criteria are the same as the

original method by Yoshizawa & Ekstrém (2010), summarized in Table A.1.
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A.2 2nd-stage: Inversions for multimode phase speed maps

For the multimode phase speed mapping in Chapter 3, we employed the linearized to-
mographic inversions considering approximate influences of finite frequency (Yoshizawa
& Kennett, 2002a, 2004). In this section, the methodology for the finite-frequency to-
mography is briefly summarized. We consider a ray-centered coordinate system (s,n),
where s is the distance along a path and n is a perpendicular axis to the path. The
relationship between a phase perturbation of seismograms dv and a two-dimensional

distribution of phase speed perturbation dc(s, n) may be expressed as a linearized form,

S ds/‘dhdnKlp(s,n) 6C(S’n), (A.3)

path Co

where K, is the two-dimensional sensitivity kernels for phase speed, and dc/co is a
fractional phase speed perturbation to be obtained by the inversion. The observed
phase perturbation 61/°** for each path can be related to the observed phase speed
perturbation (dc)? as, 61 = —koA(dc)?* /cy, where ky and ¢y are respectively the
reference wavenumber and phase speed, and A is the distance along a path.

The linearized equation (A.3) may be represented by a general vector form, d =
Gm, where d is a data vector, G is the kernel matrix, and m is a model parameter
vector. The components of m can be given as m;(j = 1,2,.., N), where N is the number
of model parameters. We use spherical B-spline functions Fj(6,¢) (Wang & Dahlen,
1995) at the rectangular geographical grids to express the phase speed perturbation on

a sphere,

N
o =m0 (A4
Thus, our model parameter m; corresponds to the coefficient for the j-th B-spline
function Fj. The grid (or knot) spacing of this study depends on the ray-path coverage
for each mode and frequency; i.e., 2.0° for the fundamental mode with more than
30,000 paths, 3.0° for more than 15,000 paths, 4.0° for more than 8,000 paths, and 5.0°
for all modes with more than 5000 paths. We also considered additional criteria for
the minimum grid size for each mode and frequency so that the grid size must not be

smaller than half of the wavelength.

We solved the linear equation iteratively, using a damped least-squares approach
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based on the LSQR method by Paige & Saunders (1982). To apply weight on each
phase speed datum, we used the reliability parameters for the individual measurements
in the previous section. Damping parameters that control the trade-off between the
model roughness and the data misfit are carefully checked for each phase speed model
via visual checks of trade-off curves for each mode and frequency. Then, the best-
compromised models are selected to be used in the final stage to construct the 3-D

S-wave model.

A.3 3rd-stage: Inversions for local 1-D S wave models

We employed the generalized nonlinear least-squares inversion of Tarantola & Valette
(1982) to construct the radially anisotropic 3-D S wave speed model in Chapter 4,
following Yoshizawa (2014). To represent the radial anisotropy (or transverse isotropy
with vertical symmetry axis), we consider six independent model parameters (p, ay,
av, Bu, Bv, n), where, p is density, ay and ay represent horizontally and vertically
polarized P wave speeds, Sy and [y represent horizontally and vertically polarized S
wave speeds, 7 is an anisotropic parameter that controls the incident-angle dependence
of seismic wave speeds.

The relationship between observed phase speed perturbation and model parameter
perturbations can be represented in a linearized form as follows (e.g., Takeuchi & Saito,

1972; Dahlen & Tromp, 1998),

e For Rayleigh wave:

dr, (A.5)

5™ Rp X X )6 )6 B B
R :/ K2k aV+K5 5H+Kg" 5V+K(” 14 2P
Co 0 am, ay, B, Bva Mo Po

e For Love wave:

oci” /RE OB o) 0By op
— K" + K" + K™\ dr, A6
Co 0 B B By, ? po (4.6)

where Rp is the Earth radius, (5021), 5C(L") are phase speed perturbations of the nth-

mode Rayleigh and Love waves. K\, K", K", K /(37;)7 K g‘? and K" are the vertical
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sensitivity kernels for each model parameter (or partial derivatives of phase speed with
respect to model parameters).

Rayleigh-wave phase speeds are the most sensitive to SV wave speeds (), while
the Love-wave phase speeds to SH wave speeds (Sy). Thus, we jointly invert the
multimode phase speeds of both Rayleigh and Love waves for the SV and SH wave
speeds simultaneously. Since the sensitivity to P-wave speeds and density is lower
than that to S-wave speeds, we employ a conventional scaling relation for density and
P-wave speeds in proportion to S-wave speeds, in the same way as Yoshizawa (2014).
Therefore, we consider only the perturbations of SV and SH wave speed as model

parameters for inversions.



Appendix B

Phase Speed Maps

In this appendix, we show many phase speed maps and the results of additional model
recovery experiments to confirm the validity of our phase speed data sets and 2-D phase

speed maps, which are the basis of the final 3-D S-wave model.

B.1 Phase speed maps of the whole region of inversion

In this section, we summarize ray-path coverage (Figure B.1) and phase speed maps
(Figure B.2) for some selected modes and periods, which display the whole areas of
inversions that encompass all the seismic events and stations used in our tomographic

mversions.
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Figure B.1: The ray-path coverage of the selected periods of the fundamental and
higher modes of Rayleigh and Love waves. Blue triangles represent all employed seismic
stations, and red dots seismic events.
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Figure B.2: Phase speed maps of the entire inversion area for the selected periods of
the fundamental and higher modes of Rayleigh and Love waves. The corresponding
ray paths are shown B.1.
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B.2 Model recovery tests

To check the validity of the tomography models and the plausible artifact that may be
caused by biased ray coverage, we performed model recovery tests, following similar
procedures as we have done in the checkerboard resolution tests. Instead of using input
checkerboard models, we have employed pre-computed phase speed maps as an input
model. Synthetic phase speeds are computed along the great-circle paths using the in-
put phase speed model. These synthetic phase speed data are treated as observed data,
and tomographic inversions are performed to reconstruct the phase speed model by as-
suming the great-circle path propagation. The model parameterization and damping
parameters are the same as those used in real data inversions.

Unlike the checkerboard tests, which consider a specific scale of regular-grid het-
erogeneity that includes only the structural information for a specific wavelength (or
a wavenumber), this experiment, incorporating the realistic heterogeneity models, al-
lows us to visually confirm the retrieval of the multi-scale heterogeneity over a wider
wavenumber range.

The results of the model recovery tests are shown in Figures B.3 and B.4. In all
cases, the large-scale model patterns and heterogeneity strength are fairly well recovered

despite some minor differences in the smaller-scale heterogeneity.
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Figure B.3: Model recovery tests for multimode Rayleigh waves. (Left) Input models
(the phase speed maps obtained in this study), and (right) recovered models.
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Figure B.4: Same as Figure B.3, but for multimode Love waves.
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B.3 Phase speed maps gallery

In this section, we summarize selected multimode phase speed maps (Figures B.5-B.8),
which have been used for the construction of the radially anisotropic 3-D S-wave model

of this study.



B.3.  Phase speed maps gallery

— o °  — °
1000 200 ‘\AO 1000 1 200 \A‘O

O

00° 120°
R0 200.0's

o 800
o

T
4 3 -2 -1 0 1 2 3 4
Perturbation [%]

Figure B.5: Phase speed maps for the fundamental-mode Rayleigh waves.
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Figure B.6: Phase speed maps for the higher-mode Rayleigh waves (1st—4th higher
modes).
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Figure B.7: Phase speed maps for the fundamental-mode Love waves.
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Figure B.8: Phase speed maps for the higher-mode Love waves (1st—4th higher modes).



Appendix C

3-D S-wave model gallery

In this appendix, we display a number of cross-sections of the radially anisotropic 3-D
S-wave model developed in this study for broader areas in Eastern Eurasia (Appendix

C.1) and the Mongolian region (Appendix C.2).

C.1 3-D S-wave model in a broader region in Eastern Eurasia

In this section, we show many cross-sections in the Eastern Eurasian region (Figures

C.2-C.5) along the lines shown in Figure C.1.

Isotropic S wave speed
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30° ¥

I — — — —
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Figure C.1: Isotropic S wave speed model at 80 km depth, indicating the locations of
cross sections in Figures C.2-C.5.
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Figure C.2: Vertical W-E cross-sections of SH (fy) and SV (f5y) wave speeds at lati-
tudes from a) 56°N to k) 26°N. The reference SH and SV wave speed profiles (modified

PREM) are shown in Figure 4.5 (a, dashed blue and red lines).
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Figure C.3: Same as Figure C.2, but for isotropic S wave speed (f;s,) and radial
anisotropy (£). The reference isotropic S wave speed profile (modified PREM) is shown
in Figure 4.5 (a, dashed green line).
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C.2 3-D S-wave model in the Mongolian region

In this section, we show many cross-sections in the Mongolian region (Figures C.7-C.8)

along the lines shown in Figure C.6.
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Figure C.6: Isotropic S wave speed model at 75 km depth, indicating the locations of
cross sections in Figures C.7-C.10.
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Figure C.7: Vertical W-E cross-sections of SH (fy) and SV (f5y) wave speeds at lati-
tudes from a) 50° to g) 44°. The reference SH and SV wave speed profiles (the average
1-D model in Mongolia) are shown in Figure 4.5 (b, solid blue and red lines).
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Figure C.8: Same as Figure C.7, but for isotropic S wave speed (f;s,) and radial
anisotropy (£). The reference isotropic S wave speed profile (average 1-D model in
Mongolia) is shown in Figure 4.5 (b, solid green line).
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