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ABSTRACT

In this dissertation, I explore seismic phenomena across the Western Pacific subduction zones, em-

ploying computational techniques to analyze and interpret complex geophysical data. The study is

structured into focused chapters, each contributing to a comprehensive understanding of the seismic

velocity structures and the mechanisms driving deep earthquakes in this region.

Chapter 1 provides an overview of subduction zones, crucial regions where one tectonic plate is

forced below another, leading to significant geological phenomena such as earthquakes and volcanic

activity. Focusing on the Western Pacific, the chapter examines the complex interactions at the

subduction zones formed by the convergence of the Pacific and Philippine Sea Plates, especially

in the northern regions, and the unique geological setting of the Tonga subduction zone and the

Lau back-arc basin in the south. These zones are vital for understanding the mechanics of plate

tectonics and the resulting seismic activity. Through a detailed examination of the Earth model and

seismicity, the chapter sets the groundwork for the dissertation’s main scientific inquiries, aiming

to unravel the processes governing seismic phenomena in these tectonically active regions using

seismic imaging and machine learning techniques.

Chapter 2 introduces EARA2023, a detailed seismic velocity model of the crust and upper

mantle beneath East Asia and the northwestern Pacific. This model, constructed through adjoint

full-waveform inversion tomography, is based on waveform data from 142 earthquakes and broad-

band records from around 2000 stations. EARA2023 offers enhanced images of the subducted

oceanic plate, detailing complex slab deformations and providing new perspectives on the origins

of notable intraplate volcanoes in East Asia, such as Changbaishan, Datong-Fengzhen, Tengchong,

and Hainan.

Chapter 3 shifts the focus to the application of machine learning for detecting deep earthquakes,

specifically within the Tonga subduction zone. This part of the research outlines the development of

a deep-learning-based workflow centered around PhaseNet-TF, a new phase picker designed for the

time-frequency domain analysis. This method proves particularly effective for analyzing data from

ocean-bottom seismographs (OBSs), improving the detection and picking of P- and S-wave arrivals.



The chapter discusses the integration of this technology with an improved Gaussian Mixture Model

Associator and the application of a semi-supervised learning approach to refine earthquake catalogs,

thereby enhancing our understanding of the seismic activity in the Tonga region.

Chapter 4 further advances the discussion by examining the use of converted seismic phases,

with an emphasis on PS waves from deep earthquakes in the Tonga subduction zone. The chapter

explores the application of PhaseNet-TF to identify PS-converted wave arrivals, alongside direct

P and S phases, and details the use of beam-forming and a Markov chain Monte Carlo method

for associating detected phases. This approach significantly increases the detection of PS arrivals,

contributing to a higher resolution imaging of the subducted slab and offering insights into the

structural seismology of the Tonga subduction zone.

Collectively, these chapters present a narrative that not only highlights the utility of computa-

tional methods in seismic research but also provides a deeper understanding of the mechanisms

underlying seismic activity in the Western Pacific. This dissertation contributes to the field of seis-

mology by demonstrating the potential of combining seismic modeling, machine learning, and the

analysis of converted seismic phases to investigate subduction zone dynamics and deep earthquake

mechanisms.
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CHAPTER 1

INTRODUCTION

The intricate tectonic landscape of the Western Pacific, highlighted by the convergence of the Pacific

and Philippine Sea Plates along notable trenches such as the Kuril, Japan, Izu-Bonin, Mariana, Yap,

and Tonga, presents a dynamic setting for seismic studies. This region’s active subduction zones,

characterized by frequent earthquakes and arc volcanoes, form a pivotal area for understanding the

interactions between tectonic plates and the resultant geological processes [Zhang, 1997, Allégre

et al., 1984, Yin and Harrison, 2000]. To the north, the collision between the Indian and Eurasian

Plates, forming the Tibetan Plateau and Himalayan Mountains, further contributes to the complexity

of this geologically diverse area [Bruce Watson and Brenan, 1987, Tapponnier et al., 1986]. To the

south, the Tonga subduction zone, in particular, stands out due to its unique geological setting,

hosting the coldest and fastest subducting slab on Earth. This area is crucial for investigating deep-

focus earthquakes and understanding slab dehydration processes and the interaction between the

slab and surrounding mantle [Green and Houston, 1995, Zhan, 2020]. The Tonga trench provides

a natural laboratory for studying deep earthquakes, offering insights into slab geometry and the

mechanisms behind intermediate-depth and deep-focus seismic events.

Advances in seismic imaging, notably through the development of spectral-element methods

(SEM) and full-waveform inversion (FWI), have significantly enhanced our ability to model the

Earth’s interior with high fidelity [Komatitsch and Tromp, 2002a, Fichtner et al., 2009]. These

methods, leveraging high-quality seismic data and considering all usable segments of seismic wave-

forms, have led to the development of detailed seismic velocity models such as EARA2023, pro-

viding valuable insights into the crustal and upper mantle structures beneath East Asia and the

northwestern Pacific.

Parallel to seismic imaging, machine learning, especially deep learning, has revolutionized the

analysis of seismic data. Techniques like PhaseNet with the adaptation of the U-Net and EQTrans-

former with the transformer architectures for seismic phase detection and association have markedly

improved the efficiency and accuracy of identifying seismic events [Ross et al., 2018, Zhu and
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Beroza, 2019, Mousavi et al., 2020]. These developments have been particularly impactful in de-

tecting and analyzing earthquakes in subduction zones, including the challenging offshore regions

covered by ocean-bottom seismographs (OBS) and relatively weak seismic converted phases.

The development of seismic imaging and machine learning has been driven by a confluence of

scientific inquiries, algorithmic advancements, and significant leaps in computational capabilities.

In recent years, computational power has been greatly enhanced by the advent of high-performance

computing (HPC) and the availability of large-scale computing resources, such as those provided

by the Texas Advanced Computing Center (TACC) and the Extreme Science and Engineering Dis-

covery Environment (XSEDE), SUMMIT at Oak Ridge National Laboratory, and Frontera at the

University of Texas at Austin. These resources have enabled the development of sophisticated seis-

mic models and machine learning algorithms, facilitating the analysis of large seismic datasets and

the generation of high-resolution seismic images. The algorithm design and implementation have

also been influenced by the computing architectures, such as the Graphics Processing Unit (GPU)

and the Tensor Processing Unit (TPU), which have accelerated the training of deep learning mod-

els and the computation of seismic wave propagation simulations, such as the GPU-accelerated

SPECFEM3D_GLOBE [Komatitsch and Tromp, 2002a].

This dissertation employs advanced computational techniques and machine learning to explore

the seismic phenomena characterizing the Western Pacific subduction zones. By integrating so-

phisticated seismic modeling with innovative data analysis methods, this work aims to deepen our

understanding of the complex processes driving seismic activity in this region, with a special focus

on the Tonga subduction zone. This research will contribute to the broader scientific community’s

knowledge of subduction zone dynamics and the mechanisms behind deep earthquakes, ultimately

enhancing our ability to predict and mitigate seismic hazards in these tectonically active areas. In

the meantime, the development of advanced computational techniques and machine learning algo-

rithms will continue to play a crucial role in advancing our understanding of the Earth’s interior

and the seismic processes shaping our planet, This dissertation will also serve as a testament to the

power of computational science in the geosciences.
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CHAPTER 2

EARA2023: A NEW RADIALLY ANISOTROPIC SEISMIC VELOCITY MODEL FOR
THE CRUST AND UPPER MANTLE BENEATH EAST ASIA AND NORTHWESTERN

PACIFIC SUBDUCTION ZONES

An edited version of this chapter is under review at Geophysical Journal International. Ziyi Xi,

Min Chen, Songqiao Shawn Wei, Jiaqi Li, Tong Zhou, Baoshan Wang, and YoungHee Kim.

EARA2023: A New Radially Anisotropic Seismic Velocity Model for the Crust and Upper

Mantle beneath East Asia and Northwestern Pacific Subduction Zones

2.1 Abstract

We present a new 3-D radially anisotropic seismic velocity model EARA2023 of the crust and

mantle beneath East Asia and the northwestern Pacific using adjoint full-waveform inversion to-

mography. We construct the EARA2023 model by iteratively minimizing the waveform similarity

misfit between the synthetic and observed waveforms from 142 earthquakes recorded by about 2,000

broadband stations in East Asia. Compared to previous studies, this new model renders significantly

improved images of the subducted oceanic plate in the upper mantle, mantle transition zone, and

uppermost lower mantle along the Kuril, Japan, Izu-Bonin, and Ryukyu Trenches. Complex slab

deformation and break-offs are observed at different depths. Moreover, our model provides new

insights into the origins of intraplate volcanoes in East Asia, including the Changbaishan, Datong-

Fengzhen, Tengchong, and Hainan volcanic fields.

2.2 Introduction

East Asia and the northwestern Pacific subduction zones consist of various tectonic structures

and host diverse and active geological processes in the crust and upper mantle (Figure 2.1). In

the east, the Pacific Plate subducts westward along the Kuril, Japan, Izu-Bonin, Mariana, and Yap

Trenches, and the Philippine Sea Plate subducts along the Nankai, Ryukyu, Malina, and Philippine

Trenches. These subduction zones, with numerous earthquakes and arc volcanoes, are one of the

most geologically active regions in the world. In the middle, the Xing’an-East Mongolia Block,

North China Block, and South China Block form the east-central end of the Eurasian continent
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[Zhang, 1997]. In the west, the collision between the Indian and Eurasian Plates forms the Tibetan

Plateau and Himalayan Mountains [Allégre et al., 1984, Yin and Harrison, 2000]. The complex

geological structure and active tectonics in this region provide a natural laboratory for studying

inter-plate and intra-plate tectonics. For instance, the collision of the Indian Plate and Eurasian Plate

results in the Karakorum, Kunlun, Altyn-Tagh Faults and the Tarim, Junggar, and Qaidam Basins

[Bruce Watson and Brenan, 1987]. The resistance of the Yangtze Block in southern China to the

subducted Indian Plate causes numerous intra-plate earthquakes in southwestern China [Tapponnier

et al., 1986]. Furthermore, the subducted Pacific Plate in the mantle transition zone (MTZ) also has

significant influences on the evolution of the East Asian lithosphere [Zhao et al., 2007, 2009, Lei

et al., 2013, He et al., 2014, Tang et al., 2014, Guo et al., 2016, 2018].

High-resolution seismic images provide valuable information about the crustal and upper man-

tle structures and geological processes in this region. Since decades ago, body-wave traveltime

tomography, based on either the high-frequency approximation or 3-D finite-frequency kernels of

seismic wave propagation, has been widely used to image East Asia [Aki and Lee, 1976, Dziewon-

ski et al., 1977, Friederich, 2003, Lei and Zhao, 2005, 2016, Huang and Zhao, 2006, Zhao et al.,

2007, 2009, Kustowski et al., 2008b, Lei et al., 2009, Tian et al., 2009, Li and Van Der Hilst, 2010,

Obrebski et al., 2012]. In addition, ambient noise, surface wave dispersion, and Rayleigh wave el-

lipticity also have been used to image the subsurface structure beneath East Asia [Yao et al., 2006,

2008, Zheng et al., 2006, Witek et al., 2014, Bao et al., 2015, Li et al., 2016, Yang et al., 2019].

Finite-difference methods of simulating wave propagation provide another tool for studying the East

Asian crust and upper mantle [Wang et al., 2013].

The development of the spectral-element method (SEM) provides another way to simulate wave

propagation and naturally considers the finite-frequency effects [Komatitsch and Tromp, 2002a,b].

Its combination with the adjoint state method provides an effective way to compute the gradients of

3-D model parameters and thus can be used for tomographic imaging. The full-waveform inversion

(FWI) method based on SEM and adjoint state methods images the Earth’s interior by iteratively

applying SEM to simulate seismic waveforms in 3-D models and then updating the model with
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finite-frequency kernels. By considering all usable segments of seismic waveforms, this method

uses much more information than other seismic tomography methods, thus potentially enhancing

the model resolution. Furthermore, there is no need for a crustal correction, a common practice in

conventional tomography methods, because the crust is explicitly included in the simulations. This

approach also makes it easy to consider the effects of the Earth’s ellipticity, bathymetry, topography,

and internal discontinuities in the full waveform simulation. Several global or regional models have

been developed using this method [Tape et al., 2007, Fichtner et al., 2009, 2010, Tape et al., 2009,

2010, Zhu et al., 2012a,b, Lei et al., 2013, French and Romanowicz, 2014, Chen et al., 2015, Bozdağ

et al., 2016, Tao et al., 2018, Lei et al., 2020, Zhou et al., 2022, Ma et al., 2022].

In this work, we use SPECFEM3D_GLOBE [Komatitsch and Tromp, 2002a,b, Peter et al.,

2011] to invert 10 years of high-quality seismic data collected from East Asia and the northwestern

Pacific to image the crustal and mantle structure. This paper presents our latest FWI tomography

model of this region: EARA2023. First, we will introduce our dataset and methods. Second, we

will assess our model with resolution tests and waveform comparisons. Third, we will describe

the model and compare our model with previous models. Last, we will discuss slab morphology

in northwestern Pacific subduction zones and the origin of four intra-plate volcanoes based on our

new model.

2.3 Data and Method

2.3.1 Data selection and processing

We defined our study region in East Asia and the northwestern Pacific as a nearly square region

centered at 36°N, 123°E, with a length of 60° on each side, and anti-clockwise rotated by 10° (Fig-

ure 2.1). We selected 142 earthquakes with Mw 5.2–7.0 from the global centroid moment tensor

(CMT) catalog [Ekström et al., 2012] between 2008 and 2018 in our study region (Figure 2.2).

These earthquakes were carefully chosen to provide balanced data coverage. We excluded events

less than 2 degrees away from the study region boundary to further reduce the numerical noise from

the boundary effect, even though Clayton–Engquist–Stacey absorbing conditions [Clayton and En-

gquist, 1977, Stacey, 1988] had been used in our simulations. 58 of these 142 earthquakes were
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deeper than 150 km for better constraining deep mantle structures, such as the subducted slabs

and MTZ. We also excluded events with Mw larger than 7.0 or source half duration time longer

than 7 s to avoid complex rupture processes that might complicate the structural inversion. Con-

sequently, our earthquake catalog consisted of 142 events in the Kuril, Japan, Izu-Bonin, Mariana,

Nankai, Ryukyu, Manila, and Philippine subduction zones down to about 650 km depth, as well as

continental events shallower than 30 km in the Eurasian lithosphere.

We used three-component seismic waveforms recorded by about 2,000 stations from the China

Earthquake Administration Array (CEArray) [Zheng et al., 2009], F-net [Okada et al., 2004], NEC-

ESSAray [Tang et al., 2014], INDEPTH IV project [Wei et al., 2010, Yue et al., 2012], the central

Mongolia seismic experiment [Meltzer et al., 2019], the Korean seismic network and other regional

or global seismic networks. More than 90% of the stations had broadband (BH and HH) seismome-

ters, whereas other stations had short-period high-gain (SH) seismometers. After detrending and

tapering, we first removed the instrumental response to get displacement waveforms in three com-

ponents: vertical (Z), east (E), and north (N). We then rotated the two horizontal components (E

and N) to the radial (R) and tangential (T) components. In the next step, the R and T components of

stations with misorientation were corrected according to the methods described in previous studies

for CEArray [Niu and Li, 2011] and the Korean seismic network [Lim et al., 2018]. In the first in-

version stage, we applied a second-order zero-phase Butterworth bandpass filter between 10 and 40

s for body waves and 40 to 120 s for surface waves. In the second stage, we tried to achieve higher

resolution with higher-frequency signals and filtered body waves at 8–40 s and surface waves at

30–120 s. In the third stage, we kept the same bandpass filter range for body waves as the second

stage, and filtered surface waves at 30–120 s. Finally, we down-sampled the filtered data to 10

samples per second.

2.3.2 Configuration of the Spectral-Element-Method Simulation

We use the spectral-element method [Komatitsch and Tromp, 2002a,b] to simulate wave prop-

agation and compute sensitivity kernels based on the adjoint state method. In addition, we use

the conjugate gradient method to maximize the waveform similarity and phase matching between
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data and synthetics. The 3-D model space extends from the Earth’s surface, as delineated by the

Crust1.0 model [Laske et al., 2013], down to the center of the Earth. We construct the initial model

by combining two regional models, FWEA18 [Tao et al., 2018] and EARA2014 [Chen et al., 2015],

embedded in two global models, S362ANI [Kustowski et al., 2008b] for the mantle and CRUST1.0

for the crust. FWEA18, a radially anisotropic model, contributes to the majority of this initial

model. In regions not covered by FWEA18, the initial model relies on EARA2014 instead. This

approach leverages the consistency and compatibility of the methodologies behind these models

and is driven by the progression in model development, where each new model builds upon the

previous one, supplemented by additional data. It is highly likely that the most recent model pro-

vides a better estimation of the real Earth. By starting with a model that is as close to reality as

possible, we aim to enhance the efficiency and accuracy of our inversion process. Our model con-

struction process involved merging the velocity perturbations of FWEA18 and EARA2014 relative

to S362ANI in the mantle and to Crust1.0 in the crust. To facilitate a smooth integration of these

models and mitigate numerical instability, we apply Gaussian smoothing to the combined pertur-

bations. The extent of these models are shown in Figure 2.25. We fix the topography of the 410-

and 660-km discontinuities to that from S362ANI and the attenuation structure to that from QL6

[Durek and Ekström, 1996] during the inversions.

In the crust and upper mantle, we use five parameters to parameterize our model: density 𝜌,

isotropic bulk sound speed 𝑉𝐶 , horizontally propagating S wave speeds 𝑉𝑆𝑉 (polarized in the ver-

tical direction) and 𝑉𝑆𝐻 (polarized in the horizontal direction), and a non-dimensional parameter 𝜂

measuring the anellipticity of P wave phase slowness. Radial anisotropy is introduced to the crustal

part of our model because previous studies indicate the presence of radial anisotropy in this region

[Witek et al., 2021, Xie et al., 2013, Tao et al., 2018]. Since previous studies [e.g., Panning and

Romanowicz, 2006] suggest that the upper part of the lower mantle is nearly isotropic, we parame-

terize it with isotropic P wave speed 𝑉𝑃, isotropic S wave speed 𝑉𝑆, and density 𝜌. Because density

𝜌 cannot be well constrained by our data, we scale 𝜌 with isotropic shear wave speed perturba-

tion 𝛿𝑙𝑛𝑉𝑆 as 𝛿𝜌 = 0.33𝛿𝑙𝑛𝑉𝑆 [Panning and Romanowicz, 2006]. Here the perturbation reference
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model STW105 [Kustowski et al., 2008a] is crucial in the inversion process, as we update model

perturbations rather than the absolute values of model parameters.

The horizontal dimension of the spectral element is set as ∼20 km in the crust and doubled

in the mantle, and the vertical dimension is ∼10 km in the crust and ∼35 km in the mantle. The

shortest period for waveform forward modeling is 8 s. Each spectral element contains 125 Gauss-

Lobatto-Legendre interpolation points. In total, the simulation involves about 2.3 million elements.

To simulate a 30-minute wave propagation for one event, the SPECFEM_GLOBE takes ∼30 min-

utes wall time for the forward simulation and ∼70 minutes for sensitivity kernel calculation using

441 cores on the SKX nodes of the Stampede2 supercomputer at the Texas Advanced Computing

Center (TACC). The total volume of seismic data and synthetics in each iteration is ∼800 GB. To

improve I/O efficiency, we develop a Python-based data analysis and inversion workflow based on

the Adaptable Seismic Data Format (ASDF) [Krischer et al., 2016] and ObsPy [Beyreuther et al.,

2010] to store and process the seismic data.

2.3.3 Waveform Misfit Measurement

We group our measurements into 6 categories: P-SV body waves on the vertical and radial

components, SH body waves on the transverse component, Rayleigh waves on the vertical and radial

components, and Love waves on the transverse component. We use a conjugate gradient method to

iteratively minimize the misfit between recorded waveforms and synthetics. More specifically, we

define the misfit function as a normalized zero-lag cross-correlation coefficient (NZCC) because

this coefficient reflects the model based on waveform similarity and thus works more effectively

compared to other misfit functions that only use traveltime information [Tao et al., 2017, Zhou

et al., 2021]. The NZCC for each measurement window is defined as:

NZCC𝑐,𝑒,𝑠,𝑤 =

∫
𝑠𝑐,𝑒,𝑠,𝑤 (𝑡) · 𝑢𝑐,𝑒,𝑠,𝑤 (𝑡)𝑑𝑡∫

𝑠𝑐,𝑒,𝑠,𝑤 (𝑡)𝑑𝑡 ·
∫
𝑢𝑐,𝑒,𝑠,𝑤 (𝑡)𝑑𝑡

(2.1)

where 𝑠(𝑡) is the synthetic and 𝑢(𝑡) is the observed waveform in category 𝑐 and window 𝑤 for event

𝑒 recorded by station 𝑠. We measure all major body-wave and surface-wave phases, including P,

pP, sP, PP, S, sS, SS, ScS, Rayleigh wave, and Love wave.
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Compared with other misfit measurements that utilize dispersion or frequency-dependent phase

arrival time, the NZCC is a fixed frequency measurement method. Previous studies introduce sev-

eral waveform inversion strategies to address dispersion, including generalized seismological data

functionals [Gee and Jordan, 1992], multi-taper delay time measurements [Tape et al., 2010], in-

stantaneous phase and envelope misfits [Bozdağ et al., 2011, Rickers et al., 2012], exponentiated

phase [Yuan et al., 2020], and time-frequency phase misfit for waveform misfit objectives [Fichtner

et al., 2009, 2010, 2013, Krischer et al., 2018]. However, these methods are predominantly focused

on the first arrival time. The arrival time misfit, dominated by the first arrival’s large amplitude,

means that the corresponding adjoint sources do not account for waveform distortions associated

with later arrivals. In contrast, NZCC considers the entire waveform window, and thus offers bet-

ter performance in complex scenarios, as evidenced by both synthetic tests [Tao et al., 2017] and

real-data studies [Tao et al., 2018, Zhou et al., 2021, 2022]. To take frequency-dependent arrival

times into consideration, we utilize different frequency bands at various stages of our analysis.

Following Tao et al. [2018], we select a measurement window based on a predicted traveltime

because this strategy is more computationally efficient compared to the conventional FLEXWIN

method [Maggi et al., 2009]. We define the body-wave measurement windows from 20 s before

to 50 s after the predicted phase arrival times based on the AK135 model [Kennett et al., 1995].

If multiple body-wave windows overlap with each other, we merge them into a single one. For

surface waves, the measurement window starts 50 s before a predicted phase arrival time, assuming

a wave speed of 4.6 km/s, and ends 50 s after a predicted phase arrival time, assuming a wave

speed of 3.3 km/s. We only measure surface waves from events shallower than 150 km. In total,

we measure ∼650,000 body-wave windows and ∼150,000 surface-wave windows that satisfy our

criteria of signal-to-noise ratio (SNR), cross-correlation coefficient (CC), and time shift. The three

criteria are described in Appendix 2.7.1 in detail. It is worth noticing that the absolute amplitude

information is not taken into account because the NZCC is normalized. Therefore, our inversion

is insensitive to seismic attenuation even though it may slightly distort waveforms. Therefore, we

only focus on the Earth’s elastic properties in this study.
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We apply categorical and geographical weighting (Table 2.1) to balance the misfits from differ-

ent categories and regions. The weighted misfit function is

𝜒 =
𝑁𝑐∑
𝑐=1

𝑊𝑐

𝑁𝑒∑
𝑒=1

𝑁𝑒,𝑠∑
𝑠=1

𝑊𝑒,𝑠

𝑁𝑐,𝑒,𝑠,𝑤∑
𝑤=1

𝑊𝑤 (1 − NZCC𝑐,𝑒,𝑠,𝑤) (2.2)

where 𝑁𝑐 represents the number of categories (i.e., 6) used in our inversion, 𝑁𝑒 indicates the total

number of events, 𝑁𝑒,𝑠 is the number of stations for event 𝑒, and 𝑁𝑐,𝑒,𝑠,𝑤 is the number of mea-

surement windows in the corresponding category 𝑐 for event 𝑒 and station 𝑠. 𝑊𝑐 is a categorical

weighting term, balancing the misfit contribution from different categories. 𝑊𝑒,𝑠 is a geographical

weighting term, balancing the misfit contribution from different regions and mitigating the bias

due to nonuniform station distribution [Ruan et al., 2019]. 𝑊𝑤 is a weighting term to control the

waveform quality in each measurement window.

The corresponding adjoint source of NZCC is defined as

𝛿𝜒 =
𝑁𝑐∑
𝑐=1

𝑊𝑐

𝑁𝑒∑
𝑒=1

𝑁𝑒,𝑆∑
𝑠=1

𝑊𝑒,𝑠

𝑁𝑐,𝑒,𝑠,𝑤∑
𝑤=1

𝑊𝑤
𝜕𝜒𝑐,𝑒,𝑠,𝑤

𝜕𝑡
𝛿𝑡 (2.3)

where:
𝜕𝜒𝑐,𝑒,𝑠,𝑤

𝜕𝑡
=
𝑠𝑐,𝑒,𝑠,𝑤 (𝑡) − 𝐴𝑐,𝑒,𝑠,𝑤𝑢𝑐,𝑒,𝑠,𝑤 (𝑡)

𝑊𝑐,𝑒,𝑠,𝑤
(2.4)

𝐴𝑐,𝑒,𝑠,𝑤 is defined as

𝐴𝑐,𝑒,𝑠,𝑤 =

∫
𝑠𝑐,𝑒,𝑠,𝑤 (𝑡)𝑑𝑡

∫
𝑢𝑐,𝑒,𝑠,𝑤 (𝑡)𝑑𝑡∫

|𝑢𝑐,𝑒,𝑠,𝑤 (𝑡) |2 𝑑𝑡
(2.5)

And the normalization factor 𝑊𝑐,𝑒,𝑠,𝑤 is defined as

𝑊𝑐,𝑒,𝑠,𝑤 =

√∫
|𝑠𝑐,𝑒,𝑠,𝑤 (𝑡) |2𝑑𝑡

∫
|𝑢𝑐,𝑒,𝑠,𝑤 (𝑡) |2𝑑𝑡 (2.6)

The structural inversion details will be described below in Section 2.3.5.

2.3.4 Source Inversion

Earthquake source parameters also influence seismic waveforms, and thus we have to invert for

source and structure iteratively. Here we use the steepest descent method to optimize the source

model and the adjoint state method to compute the gradients following Kim et al. [2011]. The misfit
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function and the adjoint source of event 𝑒 for the source inversion are defined in similar ways:

𝜒𝑒 =
𝑁𝑐∑
𝑐=1

𝑊𝑐

𝑁𝑒,𝑠∑
𝑠=1

𝑊𝑒,𝑠

𝑁𝑐,𝑒,𝑠,𝑤∑
𝑤=1

𝑊𝑤 (1 − 𝑁𝑍𝐶𝐶𝑐,𝑒,𝑠,𝑤) (2.7)

𝜕𝜒𝑒
𝜕𝑡

=
𝑁𝑐∑
𝑐=1

𝑊𝑐

𝑁𝑒,𝑠∑
𝑠=1

𝑊𝑒,𝑠

𝑁𝑐,𝑒,𝑠,𝑤∑
𝑤=1

𝑊𝑤
𝜕𝜒𝑐,𝑒,𝑠,𝑤

𝜕𝑡
(2.8)

The subscripts and superscripts here have the same definitions as those in Section 2.3.3. Categorical

weighting is defined only for a single event:

𝑊𝑐 =
1∑𝑁𝑒,𝑠

𝑠=1 N𝑐,𝑒,𝑠,𝑤

(2.9)

The invertible source parameters include centroid moment tensor 𝑀 , 3-D centroid location 𝑋 , and

source time function 𝑆(𝑡). Readers are referred to Appendix 2.7.2 for technical details.

2.3.5 Inversion Process

The inversion process is divided into three stages, and each stage includes source inversions

followed by structure inversions using a preconditioned conjugate gradient method [Polak and Ri-

biere, 1969]. In the first stage, after 3 iterations of source inversion based on the initial model 𝑚00,

the source parameters remain unchanged, and we perform 5 iterations of structural inversion, using

body waves filtered at 10-40 s and surface waves filtered at 40-120 s. Then we change the dimension

of the Gaussian smoother to sensitivity kernels from 50 km horizontally and 25 km vertically to 25

km horizontally and 10 km vertically for another 5 iterations. In the second stage, we start from

the output model from the first stage and use higher-frequency body waves filtered at 8-40 s and

surface waves filtered at 30-120 s. In this stage, after 3 iterations of source inversion, we perform

another 10 iterations of structure inversion. In the third stage, we have also performed the same

number of inversions as the second stage, but the surface waves are further filtered at 20-120 s. In

sum, we run 9 iterations of source inversion and 30 iterations of structure inversion. Readers are

referred to Appendix 2.7.3 for technical details about the structure inversion. We conclude each

stage after 10 iterations for efficiency. Although the inversion does not necessarily converge at

the end of each stage, the misfit reduction is small with additional iterations (Figure 2.21). More

importantly, the subsequent stage can further reduce the data misfit with the frequency band used
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in the previous stage. Figure 2.3 shows that the inversions converge after 30 iterations where misfit

reduction becomes minimal. The whole inversion process consumes about 4.5 million CPU hours

on Stampede2.

2.4 Results and Model Assessment

2.4.1 Average 𝑉𝑃 and 𝑉𝑆 models

The final structure model is named EARA2023 (East Asia Radial Anisotropic Model 2023).

Average 𝑉𝑃 and 𝑉𝑆 are calculated following Panning and Romanowicz [2006]:

𝑉2
𝑆 =

2𝑉2
𝑆𝑉 +𝑉2

𝑆𝐻

3
(2.10)

𝑉2
𝑃 =

𝑉2
𝑃𝑉 + 4𝑉2

𝑃𝐻

5
(2.11)

The model shows 𝛿𝑙𝑛𝑉 perturbations as large as 6%. The 𝛿𝑙𝑛𝑉𝑆 perturbations are typically

larger than the 𝛿𝑙𝑛𝑉𝑃 perturbations, but both show similar large-scale features (Figures 2.4 and S1).

S-wave radial anisotropy (𝑉𝑆𝐻 − 𝑉𝑆𝑉 )/𝑉𝑆 is about 3% in the lithosphere and varies from -3% to

3% in the asthenosphere (Figure 2.5). For the rest of this paper, we focus on the S-wave model

because it is better resolved than the P-wave model due to the constraints from surface waves.

As discussed by Tao et al. [2018], thin anomalies ∼60 km above and below the 410- and 660-

km discontinuities are likely artifacts due to the discontinuity topography model from S362ANI

[Kustowski et al., 2008a] that is fixed during inversions. For the same reason, some high-velocity

anomalies, interpreted as subducted slabs, seem to be split into two parts separated by a thin low-

velocity layer in between, with the upper part in the MTZ and the lower part in the uppermost

lower mantle. These are common artifacts shown in previous models using the same approach of

handling discontinuities [Tao et al., 2018, Lei et al., 2020], and should not be over-interpreted. To

avoid over-interpretation, we place semi-transparent bands ±60 km around the 410- and 660-km

discontinuities to mask potential artifacts due to the discontinuity topography.

The EARA2023 model reveals several important tectonic structures similar to previous models

in this region [Chen et al., 2015, Tao et al., 2018]. Figure 2.4 shows high-velocity anomalies beneath

the Kuril, Japan, Izu-Bonin, and Ryukyu subduction zones, as well as the Sichuan Basin, eastern
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Tibet Plateau, and Ordos Block in China at lithospheric depths. Compared to previous models,

one obvious improvement is the high-resolution structure of the Japan slab beneath the Chang-

baishan volcano in the MTZ. Figure 2.6 compares cross-sections of multiple tomography models

EARA2023, FWEA18 [Tao et al., 2018], EARA2014 [Chen et al., 2015], GLAD_M25 [Lei et al.,

2020], SPiRaL [Simmons et al., 2021], and GAP_P4 [Obayashi et al., 2013]. In global models

(GLAD_M25, SPiRaL, and GAP_P4), the flat slab appears to be continuous in the MTZ. However,

Tang et al. [2014] used regional traveltime tomography to first image a gap in the flat slab beneath

the Changbaishan volcanoes. Over the course of developing FWI models EARA2014, FWEA18,

and EARA2023, this gap structure gradually emerges and becomes more complex than previously

thought. The EARA2023 model shows that there are at least 2 holes in the flat slab at 125°E and

129°E. Their implications will be discussed in Section 2.5.2.

Here we only highlight a few complex crustal and upper mantle structures beneath the Tibetan

Plateau, Sichuan Basin, and North China Craton (Figure 2.7) while keeping thorough interpreta-

tions for future studies. The Tibetan Plateau is the world’s highest and largest plateau, resulting

from the ongoing collision of the Indian and Eurasian Plates. The Sichuan Basin, located to the

east of the plateau, is a sedimentary and tectonic basin. We observe high-velocity anomalies in the

upper mantle beneath the Tibetan Plateau and Sichuan Basin (Figures 2.7a, 2.7b, and 2.7c). The

upper crust of the Sichuan Basin is characterized by high-velocity anomalies (Figure 2.20). West of

100°E, we image a large high-velocity anomaly zone with a maximum 𝛿𝑙𝑛𝑉𝑆 perturbation of 4%,

potentially indicating a subducted plate reaching the MTZ and uppermost mantle (see discussions

in Section 2.5.1). Moving eastwards, another high-velocity anomaly is observed below the Sichuan

Basin at about 100 km depth, with a maximum 𝛿𝑙𝑛𝑉𝑆 perturbation of 6%, representing the western

edge of the South China Block and extending to a depth of around 300 km. We find significant

low-velocity anomalies in the crust and uppermost mantle beneath the North China Craton (NCC)

(Figures 2.7d and 2.7e), a stable continental region that has experienced significant tectonic defor-

mation and lithosphere thinning [Zhu et al., 2011]. Beneath the Huabei Plain, the eastern part of the

NCC, the strong low-velocity anomaly at 80–150 km depths reveals a thinned lithosphere above it.
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In contrast, the lithosphere beneath the Ordos Block, indicated by a high-velocity anomaly, extends

to at least 200 km depth.

In summary, our study provides a detailed model of the crustal and upper mantle structures

beneath different tectonic features in East Asia and the northwestern Pacific. These observations

offer valuable insights into the underlying geological processes in this region.

2.4.2 Model Assessment

To assess the model, we first compute the phase time residual (Δ𝑇) between synthetic (Itera-

tion #30) and observed waveforms. Figure 2.8 shows that the EARA2023 model has significantly

reduced phase time residuals, particularly for surface waves, compared to the initial model. Addi-

tionally, the final model shows improved waveform similarity, as measured by normalized zero-lag

cross-correlation coefficient (NZCC) and cross-correlation coefficient (CC). NZCC measures both

phase time shift and similarity, while CC only measures phase similarity. These results demon-

strate that the final model provides a more accurate representation of the seismic structure in this

region.

To further assess the model resolution, we conduct a point spread function (PSF) test [Fichtner

and Trampert, 2011b], a widely used method for resolution tests in FWI studies [Chen et al., 2015,

Tao et al., 2018, Zhou et al., 2022]. Compared to traditional checkerboard methods, which are

computationally expensive for FWI, the PSF test provides a more efficient way to evaluate smooth-

ing, distortion, and parameter trade-offs in the inversion process. The PSF test results are shown in

Figure 2.9. For a checkerboard-shaped model perturbation to 𝑉𝑆𝑉 (Figure 2.9a), we expect the PSF

response for 𝑉𝑆𝑉 to resemble the input in high-resolution regions. The 𝑉𝑆𝑉 response (Figure 2.9b)

shows that the EARA2023 model has good resolutions in central-eastern China, Korea, the Japan

Sea, the Yellow Sea, and the East China Sea at 100 km depth. However, due to the event distribution,

the 𝑉𝑆𝑉 PSF response is distorted in Mongolia, the South China Sea, and the Izu-Bonin-Mariana

Arc. At greater depths, the 𝑉𝑆𝑉 PSF response remains similar to that at 100 km but with smaller

amplitudes. At depths greater than 900 km, the resolution is low, and the model should not be

over-interpreted. Ideally, perturbations to 𝑉𝑆𝑉 should not affect 𝑉𝑆𝐻 , and thus the PSF response
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for 𝑉𝑆𝐻 should be 0. However, the results show non-zeros 𝑉𝑆𝐻 response (Figure 2.9c), suggest-

ing weak trade-offs between 𝑉𝑆𝑉 and 𝑉𝑆𝐻 , as they both rely on the same elastic moduli. In other

words, a small portion of 𝑉𝑆𝑉 heterogeneity is artificially mapped into 𝑉𝑆𝐻 , slightly biasing radial

anisotropy. Similarly, Figure 2.9d shows the bulk velocity 𝑉𝐶 response being nearly 0 everywhere

(Figure 2.9d), suggesting that the inversion can perfectly distinguish 𝑉𝑆 and 𝑉𝐶 . More technical

details of the PSF tests are presented in Appendix 2.7.4.

Waveform comparisons between observed waveforms, synthetic waveforms based on the initial

structure and source models, and synthetic waveforms based on the final EARA2023 and source

models also demonstrate the improvements. Figure 2.10 shows an example of such comparisons

for a 21-km deep event on May 7, 2008 (GCMT ID: 200805071602A) in the Japan subduction zone

recorded by a CEArray station (JX.JIJ) in southeastern China. The results show that the final models

provide better waveform fitting than the initial models, particularly for surface waves. Figure 2.19

offers another example of fitting triplicated waveforms with the final models. Additionally, Figures

2.22 and 2.23 provide independent validation of our models using recent earthquakes (GCMT ID:

202307011438A and 202306220124A) which are not used for inversions. The waveforms of these

earthquakes at several GSN stations are better fitted with our final models.

Since the final models integrate both source and structural inversions, it is crucial to distinguish

the improvements attributable to source inversions and structural adjustments. Figure 2.8 compares

histograms of Δ𝑇 , NZCC, and CC for three different cases: (a) using the initial structural and source

models; (b) using the initial structural model with inverted source models after 3 iterations of the

source inversion updates in the first stage of inversions; and (c) using the final structural and source

models. This approach highlights that while the source inversions mainly adjust phase time shifts

Δ𝑇 , structural inversion plays a significant role in improving NZCC and CC. Additionally, Figure

2.24 offers a comparative analysis between observed waveforms and synthetics produced for the

three different cases mentioned above. This comparison shows the collaborative improvements for

the waveform fitting through both the source and structure inversions.

Moreover, we use the phase time residualΔ𝑇 as a key indicator of source parameter variations, as
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Δ𝑇 is mostly influenced by the change of event origin time in the source inversions. For body waves,

the source inversions greatly reduce the mean and standard deviation of Δ𝑇 . For surface waves,

which are more sensitive to the crustal and mantle structures, our analysis leads to insignificant

improvement of the mean and standard deviation of Δ𝑇 in the source inversions. Therefore, the

structure inversions should have contributed most of the improvements for the crustal and mantle

structures. Therefore, we are confident with the EARA2023 model in capturing seismic structures

beneath East Asia and northwestern Pacific subduction zones.

2.5 Discussion

2.5.1 Slab morphology of Northwestern Pacific Subduction Zones

The northwestern Pacific region hosts a number of subduction zones. The Pacific Plate subducts

westwards beneath the Eurasian Plate along the Kuril, Japan Trenches and beneath the Philip-

pine Sea Plate along the Izu-Bonin, Mariana, and Yap Trenches, whereas the Philippine Sea Plate

subducts beneath the Eurasian Plate northwestwards along the Nankai, Ryukyu, Malina, and Philip-

pine Trenches. Numerous earthquakes and arc volcanic activities occur in these subduction zones.

Figure 2.11 presents vertical cross-sections of the 𝛿𝑙𝑛𝑉𝑆 perturbation for the Kuril, Japan, Izu-

Bonin, Nankai, and Ryukyu subduction zones. We also create a 3-D slab model in this region by

identifying all fast-𝑉𝑆 anomalies of > 1.5% (Figure 2.12).

The Kuril, Japan, and Izu-Bonin slabs are the subducted Pacific Plate along the Kuril, Japan,

and Izu-Bonin Trenches, respectively. The Kuril slab is characterized by a nearly constant dipping

angle of∼36° and a significant maximum 8% 𝛿𝑙𝑛𝑉𝑆 perturbation reaching the 660-km discontinuity

(Figure 2.11a). A substantial low-velocity anomaly zone above 200 km depth represents the vast

mantle wedge, with a maximum 𝛿𝑙𝑛𝑉𝑆 perturbation of 4%. The Japan slab, characterized by high-

velocity anomalies, subducts with a shallower dipping angle of ∼25° in the upper mantle and is

deflected and extends horizontally in the mantle transition zone (MTZ) for at least 800 km. There are

two holes within the slab at ∼125°E and 129°E (Figures 2.11c). Their implications and relationship

to Changbaishan volcanoes will be discussed in Section 2.5.2. The Japan slab may extend further

to ∼115°E, with a big slab hole between ∼120°E and ∼123°E. Figure 2.11b shows the transition
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between the Kuril slab to the Japan slab, where the subducted Pacific plate starts to flatten in the

MTZ. It is worth noting that the Japan slab beneath the East China Sea (Figure 2.11g) is much thicker

than that beneath Northeast China (Figure 2.11c), extending into the uppermost lower mantle.

The mantle wedge above the Japan slab shows a low 𝛿𝑙𝑛𝑉𝑆 anomaly of as much as -6%, reaching

depths between 200 and 300 km. Another low-velocity anomaly is detected beneath the Japan slab

in the MTZ, with a peak 𝛿𝑙𝑛𝑉𝑆 anomaly of -2%. Because the major part of this anomaly is well

above the 660-km discontinuity, we believe it is a real feature and may indicate sub-slab partial

melting that is entrained by subduction from the shallow depths [Kawakatsu et al., 2009, Wang

et al., 2020].

The Izu-Bonin slab, the Pacific Plate subducted beneath the Philippine Sea Plate along the Izu-

Bonin Trench, is characterized by a maximum 𝛿𝑙𝑛𝑉𝑆 anomaly greater than 6%, and has a steeper

dipping angle of ∼40° in the upper mantle. The slab appears flat but heavily deformed in the mid-

mantle, with pieces of high-velocity anomalies at varying depths in the MTZ and uppermost lower

mantle (Figures 2.11d and 2.11e). The slab deformation is particularly clear in the southern part of

the Izu-Bonin slab, although we lose the resolution of the Mariana slab to the further south. Our

observations of high-velocity anomalies are consistent with a previous study [Zhang et al., 2019a]

that interpreted the anomalies as evidence of a single contiguous slab undergoing tearing.

The Philippine Sea Plate is much younger and thus warmer than the Pacific Plate in this re-

gion. As the Philippine Sea Plate subducts beneath the Eurasian Plate along the Nankai Trough and

Ryukyu Trench, the Nankai and Ryukyu slabs show distinct characteristics. The Nankai slab, one

of the warmest slabs globally, subducts with a dipping angle of ∼20° to 200 km depth, with a maxi-

mum 𝛿𝑙𝑛𝑉𝑆 perturbation of only 1% (Figure 2.11f). Consequently, the Nankai slab does not appear

in our 3-D slab morphology model (Figure 2.13), which shows the 1.5% isosurface of high-velocity

anomalies. The Ryukyu slab subducts with a nearly constant dipping angle of ∼50°and extends to

∼500 km depth (Figure 2.11g), consistent with previous studies [Li et al., 2008, Tao et al., 2018].

Wu et al. [2016] interpret the thick high-velocity anomaly in the MTZ and uppermost lower mantle

beneath the Yellow Sea as the subducted Philippine Sea Plate overlying the Pacific Plate. However,
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our model shows a ∼300-km-wide gap between the Ryukyu slab beneath the East China Sea and

the Pacific Plate beneath the Yellow Sea. Therefore, the thick high-velocity anomaly beneath the

Yellow Sea is more likely the Japan slab ponding around the 660-km discontinuity, as suggested by

Tao et al. [2018].

Similar to Tao et al. [2018], we also image a NE-SW striking high-velocity anomaly in the MTZ

beneath the South China Block. It appears to connect to the Japan slab beneath the Yellow Sea.

However, this connection may be an artifact due to low resolution, as there is no evidence suggesting

that the subducted Pacific Plate reaches this far to the southwest. Tao et al. [2018] speculate that this

anomaly is related to the subduction of a proto-South China Sea, although a plate reconstruction

model places this structure further to the east [Wu et al., 2016].

2.5.2 Intra-plate Volcanoes

Intra-plate volcanoes are intriguing because they cannot be easily explained by the classic the-

ory of plate tectonics. Some of them, e.g., the Hawaiian volcanoes, are related to mantle plumes

originating from the lower mantle [e.g., Wolfe et al., 2009, French and Romanowicz, 2015]. Some

of them, e.g., Bermuda Island, are rooted in the MTZ [e.g., Mazza et al., 2019]. However, the ori-

gins of other intra-plate volcanoes, especially those on continents, e.g., the Yellowstone volcano,

are under debate [Nelson and Grand, 2018, Zhou, 2018, Zhou et al., 2018]. Here we focus on four

intra-plate volcanic fields, Datong-Fengzhen, Tengchong, Changbaisan, and Hainan in East Asia,

and try to explore their origins. These volcanoes are far away from any active subduction zones and

thus are unlikely to be related to arc or back-arc volcanism. They are also distant from any known

divergent plate boundaries.

The Datong-Fengzhen volcanoes in northern China predominantly consist of Cenozoic basaltic

lava flows and pyroclastic deposits [Xu et al., 2005, Smithsonian-Institution, 2023]. Lei [2012] im-

age the upper mantle beneath the North China Craton with teleseismic wave traveltime tomography

and suggest that Datong-Fengzhen volcanoes are generated by hot materials upwelling from the

lower mantle. In contrast, Kim et al. [2021] image the S-wave velocity structure of East Asia with

teleseismic traveltime tomography and suggest that these volcanoes are generated by slab-induced
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dehydration of the hydrous mantle transition zone. Moreover, by imaging mantle discontinuities

beneath eastern North China with receiver functions, Zuo et al. [2020] find a normal MTZ thickness

in this region, ruling out the possibility of an abnormally hotter mantle plume. Instead, they sug-

gest that the mantle return flow induced by lithospheric delamination beneath the southern Great

Xing’an Range generates decompression melting to feed these volcanoes. Our results show a low-

velocity zone immediately below the Datong-Fengzhen volcanoes, extending to ∼400 km depth

(Figure 2.13a and Figure 2.18a). The origin of the Datong-Fengzhen volcanoes thus appears to be

not a mantle plume from greater depths. In addition, the subducted Pacific Plate, characterized by

high-velocity anomalies in the MTZ and uppermost lower mantle beneath the Bohai Sea, is hun-

dreds of kilometers away from the low-velocity anomalies beneath Datong-Fengzhen volcanoes.

Instead, we observe high-velocity anomalies in the upper mantle and MTZ beneath the southern

Great Xing’an Range, possibly indicating lithospheric delamination. Therefore, we propose that

the mantle return flow induced by the delaminated lithosphere is the most plausible cause for the

Datong-Fengzhen volcanoes, as suggested by Zuo et al. [2020].

The Tengchong volcanic field in southwestern China is characterized by Cenozoic basalts and

andesites [Wang et al., 2007, Smithsonian-Institution, 2023]. Previous traveltime tomography im-

ages [Wei et al., 2012, Huang et al., 2015, Lei and Zhao, 2016, Lei et al., 2019] show a high-

velocity anomaly, interpreted as the subducted Burma microplate beneath Tengchong, suggesting

that the volcanism is related to slab dehydration and partial melting in the so-called big mantle

wedge (BMW). However, our results show no strong high-velocity anomalies in the MTZ beneath

Tengchong, and the Burma slab subducts with a high dip angle to only the 410-km discontinuity

northwest of Tengchong (Figure 2.13b). Our observation is consistent with the global tomogra-

phy model UU-P07 [Amaru, 2007]. Therefore, we conclude that the Tengchong volcanic field is

not caused by slab dehydration of the Burma slab. Instead, we suspect the volcanism is related to

small-scale mantle convection and upwelling between the subducting Burma slab and the 200-300

km thick lithosphere of the Sichuan Basin.

The Changbaishan volcanoes, located in northeastern China along the border with North Korea,
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are primarily composed of trachytic and basaltic lava flows, as well as pyroclastic deposits [Zhang

et al., 2018, Smithsonian-Institution, 2023]. These stratovolcanoes have been active since the late

Pleistocene epoch and are renowned for their large-scale eruptions. Early seismic traveltime to-

mography studies of Northeast Asia, such as Huang and Zhao [2006] and Lei and Zhao [2005],

image a flattened slab in the MTZ, suggesting the dehydration of the stagnant Pacific slab releases

water to the so-called big mantle wedge (BMW) and triggers partial melting in the upper mantle

beneath these volcanoes. However, this BMW hypothesis cannot explain the specific location of

these volcanoes. In contrast, recent tomography studies empowered by regional permanent and

temporal seismic stations [e.g., Tang et al., 2014, Tao et al., 2018] have uncovered a slab gap in

the MTZ, suggesting that the sub-slab asthenosphere entrained by subduction escape through the

slab gap and upwells to trigger decompression melting to feed the Changbaishan volcanoes. A new

receiver-function study Wang et al. [2020] observes hydrous melting atop the MTZ and hydrous slab

crust segments in the MTZ, supporting the BMW hypothesis. However, Li et al. [2023] compares

seismic waveform modeling with an electrical resistivity model in this region, arguing that seismic

anomalies atop the MTZ are likely caused by moduli reduction during phase transformation rather

than hydrous melting. Our results show low-velocity anomalies immediately beneath the Chang-

baishan volcanoes, extending into two slab holes in the MTZ (Figure 2.13c). This observation is

consistent with that from Tang et al. [2014] and Tao et al. [2018], suggesting that the Changbaishan

volcanoes are fed by decompression melting from upwelling materials through the slab holes. The

origin of the upwelling materials remains uncertain. Since there is no surface geological evidence

of a deep-rooted mantle plume, Tang et al. [2014] hypothesize that the sub-slab asthenosphere is

entrained by the subduction of the Pacific Plate and escapes through the slab holes. Our results

show a sub-slab low-velocity anomaly in the MTZ at ∼135°E, possibly indicating the entrained

asthenosphere. On the other hand, we cannot rule out another possibility that the upwelling mate-

rials come from the lower mantle, as evidenced by the low-velocity anomalies immediately below

the slab holes extending down to at least 1000 km depth. To verify the source of the upwelling

materials, more tomographic images of the lower mantle in this region are needed.
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The Hainan volcanic field in the Leizhou Peninsula and Hainan Island in southern China is

covered by late Cenozoic basalts [Zhou and Armstrong, 1982, Smithsonian-Institution, 2023]. An

early global finite-frequency tomography model by Montelli et al. [2004] proposed a mantle plume

in this region. Later regional traveltime tomography studies with higher resolution [Huang and

Zhao, 2006, Lei et al., 2009] showed more details of this Hainan mantle plume. Furthermore, a

receiver function study imaged a thinner-than-normal MTZ beneath this region, suggesting that the

Hainan mantle plume is about 170-200°C hotter than the surrounding mantle [Wei and Chen, 2016].

In our study, Figure 2.13d shows strong low-velocity anomalies (more than a 2% reduction for 𝑉𝑠)

extending from the surface to the lower mantle, suggesting a deep-rooted Hainan mantle plume.

2.6 Conclusions

We present a new 3-D radially anisotropic seismic velocity model EARA2023 of the crust and

mantle down to 1,000 km depth beneath East Asia and northwestern Pacific subduction zones us-

ing full waveform inversion (FWI) tomography. Adjoint tomography based on a spectral element

method is applied to a large dataset of about 640,000 body-wave and 148,000 surface-wave mea-

surement windows. The new model provides high-resolution images of the subducted plates, con-

tinental lithosphere, asthenosphere, and mantle transition zone (MTZ) in this region. Compared

to the previous FWI models of East Asia (FWEA18 and EARA2014), EARA2023 shows more

small-scale velocity anomalies, better delineating the continental lithosphere thickness variations,

slab morphology at different depths, and mantle upwelling. In particular, the shear wave velocity

structures of EARA2023 provide the following new insights into slab morphology and origins of

intraplate volcanoes in this region.

• The Japan slab is flattened in the MTZ west of the Japan Sea. At least two slab holes, ∼200 km

wide each, are imaged in the subducted Pacific Plate beneath the Changbaishan volcanoes.

These holes provide the pathway for mantle upwelling that feeds the intra-plate volcanoes

(Figure 2.6, 2.11c, and 2.13c).

• The Izu-Bonin slab is heavily deformed and fragmented, with pieces of subducted Pacific
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Plate residing in the MTZ or uppermost lower mantle (Figure 2.11d and 2.11e).

• The Philippine Sea Plate subducts along the Ryukyu Trench and reaches 500 km depth.

Although both are in the MTZ, the subducted Philippine Sea Plate beneath the East China

Sea is not attached to the subducted Pacific Plate beneath the Yellow Sea (Figure 2.11f).

• Beneath the Datong volcanoes, low-velocity anomalies are imaged from the lithosphere down

to ∼400 km depth. The mantle upwelling is more likely induced by lithospheric delamination

beneath the southern Great Xing’an Range (Figure 2.13a).

• The low-velocity anomalies beneath the Tengchong volcanic field are confined within the top

200 km. There is no obvious connection between the Tengchong volcano and the subducted

Burma microplate. The intra-plate volcanism is more likely to be triggered by small-scale

asthenospheric convection and upwelling between the subducting Burma slab and the 200-

300 km thick lithosphere of the Sichuan Basin (Figure 2.13b).

• We clearly image the Hainan mantle plume, characterized by low-velocity anomalies extend-

ing from the surface to the lower mantle (Figure 2.13d).

2.7 Appendix

2.7.1 Data quality control weighting

As shown in Equation (2.2) of the main texts, 𝑊𝑤 is the weighting term to control the data

quality in each measurement window. Following Tao et al. [2018], 𝑊𝑤 is defined as

𝑊𝑤 = 𝑓1(CC) 𝑓2(SNR) 𝑓3(𝛿𝑡CC) (2.12)

where

𝑓1(CC) =


0, CC < 0.5

1
2 + 1

2 cos
(
𝜋 0.7−CC

0.7−0.5

)
, 0.5 ≤ CC < 0.7

1, CC ≥ 0.7

(2.13)
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𝑓2(SNR) =


0, SNR < 10

1
2 + 1

2 cos
(
𝜋 15−SNR

15−10

)
, 10 ≤ SNR < 15

1, SNR ≥ 15

(2.14)

𝑓3(𝛿𝑡CC) =


0, |𝛿𝑡CC | ≥ 10

1
2 − 1

2 cos
(
𝜋 10−|𝛿𝑡CC |

10−8

)
, 8 ≤ |𝛿𝑡CC | < 10

1, |𝛿𝑡CC | < 8

(2.15)

SNR is the signal-to-noise ratio for each measurement window:

SNR = 10𝑙𝑜𝑔
1

𝑡signal

∫
𝑢2

signal(𝑡)𝑑𝑡
1

𝑡noise

∫
𝑢2

noise(𝑡)𝑑𝑡
(2.16)

where 𝑢signal(𝑡) represents displacement within the measurement window, 𝑡signal is the correspond-

ing window length, 𝑢noise(𝑡) is displacement in the noise window defined as from the event origin

time to 10 s before the predicted first P wave arrival time based on the AK135 model [Kennett

et al., 1995], and 𝑡noise is the corresponding window length. CC and 𝛿𝑡CC are the cross-correlation

coefficient and time shift between the data and synthetics in the measurement window.

2.7.2 Source inversion details

The invertible source parameters include centroid moment tensor 𝑀 , 3-D centroid location 𝑋 ,

and source time function 𝑆(𝑡). Assuming a Gaussian source time function, we have

𝑆(𝑡) = 1
√
𝜋𝜏

𝑒−(
𝑡−𝑡0
𝜏 )2 (2.17)

where 𝜏 means the half duration time and 𝑡0 represents the event’s origin time. Because the fre-

quency band of our inversion cannot well constrain 𝜏, we only invert for 𝑡0 and use 𝜏 determined

by the magnitude in the Global CMT solution [Ekström et al., 2012].

Following Kim et al. [2011], we have ten source parameters to invert, including 6 elements of

the moment tensor 𝑀11,𝑀22,𝑀33,𝑀12,𝑀13,𝑀23, 3 elements of the 3-D centroid location 𝑥1,𝑥2,𝑥3,

and the centroid origin time 𝑡0. The gradient to the data misfit 𝜒𝑒 is

𝑔 = { 𝜕𝜒𝑒
𝜕𝑀11

,
𝜕𝜒𝑒
𝜕𝑀22

,
𝜕𝜒𝑒
𝜕𝑀33

,
𝜕𝜒𝑒
𝜕𝑀12

,
𝜕𝜒𝑒
𝜕𝑀13

,
𝜕𝜒𝑒
𝜕𝑀23

,
𝜕𝜒𝑒
𝜕𝑥1

,
𝜕𝜒𝑒
𝜕𝑥2

,
𝜕𝜒𝑒
𝜕𝑥3

,
𝜕𝜒𝑒
𝜕𝑡0

} (2.18)
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By using 𝜎𝑀 =
√

2(( 𝜕𝜒𝑒
𝜕𝑀11

)2 + ( 𝜕𝜒𝑒
𝜕𝑀22

)2 + ( 𝜕𝜒𝑒
𝜕𝑀33

)2 + ( 𝜕𝜒𝑒
𝜕𝑀12

)2 + ( 𝜕𝜒𝑒
𝜕𝑀13

)2 + ( 𝜕𝜒𝑒
𝜕𝑀23

)2)− 1
2 and 𝜎𝑋 =

(( 𝜕𝜒𝑒𝜕𝑥1
)2+ ( 𝜕𝜒𝑒𝜕𝑥2

)2+ ( 𝜕𝜒𝑒𝜕𝑥3
)2)− 1

2 to non-dimensionalize 𝑀 and 𝑋 , we have non-dimensional parameters

�̂� = 𝑀
𝜎𝑀

, �̂� = 𝑋
𝜎𝑋

and gradients 𝜕𝜒𝑒
𝜕�̂�

= 𝜎𝑀
𝜕𝜒𝑒
𝜕𝑀 , 𝜕𝜒𝑒

𝜕�̂�
= 𝜎𝑋

𝜕𝜒𝑒
𝜕𝑋 . The non-dimensionalization will

guarantee different types of parameters contribute equally to the gradient’s magnitude.

Each source inversion step contains 3 iterations of the steepest descent update, after which the

source parameters will almost not change. To do a line search of the steepest descent update in each

iteration, we first calculate the waveform synthetics of the perturbed source model {𝑀 − 𝜖 𝜕𝜒𝑒
𝜕�̂�

, 𝑋 −

𝜖 𝜕𝜒𝑒
𝜕�̂�

, 𝑡0}, where 𝜖 = 0.01. By assuming a linear relationship between the source model and the

waveform perturbations, we approximate the waveform synthetics 𝑠𝛼 (𝑥, 𝑡) for the source model

{𝑀 − 𝛼 𝜕𝜒𝑒
𝜕�̂�

, 𝑋 − 𝛼 𝜕𝜒𝑒
𝜕�̂�

, 𝑡′} with arbitrary step length 𝛼 and origin time 𝑡′ as

𝑠𝛼 (𝑥, 𝑡) = 𝑠0(𝑥, 𝑡 − (𝑡′ − 𝑡0)) +
𝛼

𝜖
(𝑠𝜖 (𝑥, 𝑡 − (𝑡′ − 𝑡0)) − 𝑠0(𝑥, 𝑡 − (𝑡′ − 𝑡0))) (2.19)

where 𝑠0(𝑥, 𝑡) is the synthetics for the starting source model {𝑀, 𝑋, 𝑡0} of this iteration, 𝑠𝜖 (𝑥, 𝑡)

is the perturbed synthetics for the source model {𝑀 − 𝜖 𝜕𝜒𝑒
𝜕�̂�

, 𝑋 − 𝜖 𝜕𝜒𝑒
𝜕�̂�

, 𝑡0}. 𝑠0(𝑥, 𝑡 − (𝑡′ − 𝑡0))

and 𝑠𝜖 (𝑥, 𝑡 − (𝑡′ − 𝑡0)) shift the synthetics by 𝑡′ − 𝑡0 to align the waveforms. We use a Bayesian

optimization method to efficiently find an optimized step length 𝛼𝑜𝑝𝑡 and the origin time 𝑡′𝑜𝑝𝑡 to

minimize the data misfit.

2.7.3 Optimization of the structural model parameters

We use the conjugate gradient descent to update our structure model. In each iteration, the

search direction is determined by the gradient of the current iteration 𝑔𝑖 and the search direction of

the previous iteration 𝑑𝑖−1:

𝑑𝑖 = −𝑃𝑔𝑖 + 𝛽𝑑𝑖−1 (2.20)

where 𝑃 is the preconditioner and

𝛽 =
(𝑑𝑖 − 𝑑𝑖−1) · 𝑃𝑔𝑖
𝑑𝑖−1 · 𝑃𝑔𝑖−1

(2.21)

In the first iteration, 𝛽 is set to 0. In the later iterations, we calculate the Powell ratio [Powell

and Powell, 1981] defined as:

𝑅 =
𝑃𝑔𝑖 · 𝑃𝑔𝑖−1
𝑃𝑔𝑖−1 · 𝑃𝑔𝑖−1

(2.22)
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If 𝑅 > 0.2 for all the invertible structure parameters, we reset 𝛽 to 0 to restart the optimization

when a critical point is found, thus speeding up our inversion.

The preconditioner 𝑃 is chosen to be close to the inverse Hessian matrix [Fichtner and Trampert,

2011a]. In practice, it is difficult to directly calculate the Hessian matrix. Instead, we use the so-

called pseudo-Hessian matrix [Bozdağ et al., 2016]:

𝐻 (𝑥) =
𝑁𝑒∑
𝑒=1

∫
𝜕2𝑠(𝑥, 𝑡)

𝜕𝑡2
· 𝜕

2𝑠†(𝑥, 𝑇 − 𝑡)
𝜕𝑡2

𝑑𝑡 (2.23)

where 𝑠(𝑥, 𝑡) is the wave field of the forward simulation and 𝑠†(𝑥, 𝑇 − 𝑡) is the backward wave field

of the adjoint source. 𝑁𝑒 denotes the total number of events.

By setting an appropriate threshold 𝛿 of the inverse hessian, we have

𝑃(𝑥) =


1
𝛿 𝐻 (𝑥) < 𝛿

1
𝐻 (𝑥) 𝐻 (𝑥) ≥ 𝛿

(2.24)

𝛿 is necessary as 𝑃 acts as weighting to the gradient. We need 𝛿 to suppress a large 𝑃. It should

be noticed that the choice of 𝛿 has a significant impact on the inversion. As 𝑃 can be regarded as

the weighting of the gradient in different regions, a smaller 𝛿 will tolerate a larger value of 𝑃(𝑥).

A region with a larger 𝑃(𝑥) usually means a smaller Hessian matrix, i.e., less data coverage. To

balance model updating in different regions, we should use appropriate weighting to enhance the

gradient for the area with less data coverage [Fichtner and Trampert, 2011a].

For the calculated kernels from the adjoint simulation of each event, we first use Gaussian

spheres centered at the sources and receivers to damp out regions with potential singularity [Zhu

et al., 2015]. The diameters of the Gaussian spheres are 50 km for the source and 10 km for the

receivers. Then we apply the preconditioning after summing up the kernels for all events. In the

next step, we apply Gaussian smoothing on the kernel to help stabilize the inversion. In the first 5

iterations of the inversion, the Gaussian smoothing spheres are configured as 50 km horizontally

and 25 km vertically. In the subsequent 25 iterations, we choose Gaussian smoothing spheres with

25 km horizontally and 10 km vertically to capture small-scale structures.

We use line search in each iteration to find the optimal step length. Based on the line search

direction 𝑑𝑖, which is the negation of the normalized gradient, we forwardly simulate synthetics
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for the perturbed model 𝑚𝑖 + 𝜖𝑑𝑖, where 𝜖 = 0.01. Using the linear dependency approximation

of waveform to structure [Warner et al., 2013], we estimate the perturbed synthetics for arbitrary

model 𝑚𝑖 + 𝛼𝑑𝑖 as

𝑠(𝑥, 𝑡;𝑚𝑖 + 𝛼𝑑𝑖) = 𝑠(𝑥, 𝑡;𝑚𝑖) +
𝛼

𝜖
(𝑠(𝑥, 𝑡;𝑚𝑖 + 𝜖𝑑𝑖) − 𝑠(𝑥, 𝑡;𝑚𝑖)) (2.25)

where 𝑠(𝑥, 𝑡;𝑚𝑖) represents the synthetics for model 𝑚𝑖, and 𝑠(𝑥, 𝑡;𝑚𝑖 + 𝜖𝑑𝑖) represents the syn-

thetics for model 𝑚𝑖 + 𝜖𝑑𝑖. It is computationally efficient to calculate 𝑠(𝑥, 𝑡;𝑚𝑖 + 𝛼𝑑𝑖) without

performing the SEM simulation. We can simply test different values of 𝛼 and find the optimized

one.

2.7.4 Point spread function tests

Following Fichtner and Trampert [2011b], if we apply a single point perturbation to one of

the invertible model parameters, the gradient from the adjoint state method can be regarded as the

negation of the Hessian matrix, also called the point spread function (PSF), of the final model. This

function can quantify the model’s blurring and distortion by showing how it tends to update when

only one point is perturbed. For example, when we apply a single point perturbation to 𝑉𝑆𝑉 , the

PSF response for𝑉𝑆𝑉 and𝑉𝑆𝐻 are 𝐻𝑉𝑆𝑉 ,𝑉𝑆𝑉 , 𝐻𝑉𝑆𝑉 ,𝑉𝑆𝐻 , respectively, where 𝐻 represents the Hessian

matrix.

In practice, we apply Gaussian sphere perturbations with a radius of 50 km and a separation of

2 degrees horizontally and 200 km vertically, located at depths of 100 km, 300 km, 500 km, 700

km, and 900 km, to the final model. By using the adjoint state method, the corresponding PSFs are

calculated and shown in the main text.
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Figure 2.1 Topography/bathymetry map of East Asia and the northwestern Pacific. The simulation
region is outlined by navy blue lines. Magenta curves represent slab depth contours with a
100-km interval based on the Slab2 model [Hayes et al., 2018]. The tectonic units are outlined by
black curves, and intraplate volcanoes are marked with red triangles. Red thick lines indicate plate
boundaries from the NUVEL-1 model [DeMets et al., 1990]. Acronyms of certain tectonic units:
CDB - Chuandian Block, JGB - Junggar Basin, QDB - Qaidam Basin, SCB - Sichuan Basin,
TLFB - Tulufan Basin, SGFB - Songpan Ganzi Fold Belt.
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Figure 2.2 Distribution of earthquakes (a) and seismic stations (b) used in this study. Earthquakes
in (a) are color-coded by depth. The focal mechanisms are from the Global Centroid Moment
Tensor (GCMT) project [Dziewonski and Anderson, 1981, Ekström et al., 2012]. Stations in (b)
are color-coded by networks. Other features in (a) and (b) are the same as Fig. 1. (c-f) Histograms
of earthquake origin time (c), moment magnitude (d), depth (e), and half duration time of the
source time function (f).
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Figure 2.3 Misfit reduction curves in three stages (stage 1 in red stars, stage 2 in blue diamonds,
and stage 3 in magenta squares). The open symbols represent the misfit before the source
inversion. (a) Overall misfits. (b) Misfits for body waves on the vertical component. (c) Misfits for
body waves on the radial component. (d) Misfits for body waves on the transverse component. (e)
Misfits for Rayleigh waves on the vertical component. (f) Misfits for Rayleigh waves on the radial
component. (g) Misfits for Love waves on the transverse component.
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Figure 2.4 Mapviews of 𝛿𝑙𝑛𝑉𝑆 perturbation at various depths. The reference model is the 1-D
average of the 3-D model. Regions with low resolution based on the point spread function
resolution test are masked out. Magenta curves represent the slab depth contour at each depth
based on the Slab2 model [Hayes et al., 2018]. Other features are the same as Fig. 2.1.
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Figure 2.6 (a-f) Comparison of different models along the same cross-section across the
Changbaishan volcanoes. The EARA2023, FWEA18 [Tao et al., 2018], EARA2014 [Chen et al.,
2015], GLAD_M25 [Lei et al., 2020], and SPiRal [Simmons et al., 2021] models present the
𝛿𝑙𝑛𝑉𝑆 perturbation with respect to EARA2023_AVG (averaged EARA2023), whereas the
GAP_P4 model [Obayashi et al., 2013] displays the 𝑉𝑃 perturbation with respect to its own
reference model. The 410- and 660-km depths are shown as dashed lines. Earthquakes from 1964
to 2019 from the ISC-EHB catalog [Weston et al., 2018] within 100 km of the cross-section are
shown as magenta circles. Regions with low resolution based on the point spread function
resolution test are masked out. Semi-transparent bands ±60 km around the 410- and 660-km
discontinuities mask potential artifacts due to the discontinuity topography in (a). (g) The location
of the cross-section is shown as the blue arrow. Other features are the same as Fig. 2.1. (h)
Comparison of 1-D velocity models AK135 [Kennett et al., 1995], STW105 [Kustowski et al.,
2008a], and EARA2023_AVG.
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Figure 2.7 Cross-Sections of 𝛿𝑙𝑛𝑉𝑆 perturbation beneath Eastern Tibet (a-c) and North China
Craton (d-e). The locations of the cross-sections are marked as thick blue arrows on the map. The
annotations on the map are similar to the previous figures. Each cross-section includes a
topography panel on the top with a 60-times vertical exaggeration, an absolute velocity panel from
the surface to 100 km depth, and a panel of 𝛿𝑙𝑛𝑉𝑆 perturbation with respect to EARA2023_AVG
(the 1-D average of the 3-D model) down to 1000 km depth. Earthquakes from the ISC-EHB
catalog [Weston et al., 2018] within 100 km of the cross-section are shown as magenta circles.
White and black curves mark the 1.5% contours. Regions with low resolution based on the point
spread function resolution test are masked out. Semi-transparent bands ±60 km around the 410-
and 660-km discontinuities mask potential artifacts due to the discontinuity topography.
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Figure 2.8 Histograms of time shifts, normalized zero-lag cross-correlation coefficients (NZCC),
and cross-correlation coefficients (CC) for all 6 measurement categories. Blue histograms
represent the initial structural and source models, black histograms represent the initial structural
model with inverted source models after 3 iterations in the first stage of source inversions,
whereas red ones represent the final structural and source models. For time shifts, also shown the
mean and standard deviation.
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Figure 2.9 Point Spread Function (PSF) test for 𝑉𝑆𝑉 perturbation at various depths. (a) The input
model perturbation applied to 𝑉𝑆𝑉 for the final model. (b) The PSF response for 𝑉𝑆𝑉 , which should
mimic the input model in an ideal case. (c) The PSF response for 𝑉𝑆𝐻 , which should be null in an
ideal case. (d) The PSF response for bulk velocity 𝑉𝐶 , which should be null in an ideal case.

35



200 400 600 800 1000

Time(s)

T = 8  40 s

(b)

200 400 600 800 1000

Time(s)

T = 20  120 s

(c)

200 400 600 800 1000

Time(s)

T = 40  120 s

(d)

120°E 150°E

15°N

30°N

45°N

200805071602A (Mw 6.2, 21km) [Station:JX.JIJ](a)

P

S

sP

sS

pP

ScS

Figure 2.10 Waveform comparisons for a selected earthquake (GCMT ID: 200805071602A)
recorded by a station indicated by the red triangle in (a). All other stations used in the inversion
are shown as black triangles for reference. Other features are the same as Fig. 2.2b. (b-d)
Waveform comparisons between observations (black), synthetics based on the starting model
(blue), and synthetics based on the final model (red) at different frequency bands for various
seismic phases. Black boxes indicate the measurement windows based on the theoretical phase
arrival times predicted by the AK135 model [Kennett et al., 1995].
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Figure 2.11 Cross-sections of 𝛿𝑙𝑛𝑉𝑆 perturbation for northwestern Pacific subduction zones,
plotted similar to Fig. 2.7. The reference model is EARA2023_AVG. Acronyms: PP: Pacific
Plate, PSP: Philippine Sea Plate.
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Figure 2.12 3-D images of slab morphology in the northwestern Pacific subduction zones. The
slabs are represented by the 1.5% isosurface of high-velocity anomalies and color-coded by depth.
Red thick curves indicate the plate boundaries from the NUVEL-1 model [DeMets et al., 1990],
white curves show the coastline, and red dots represent intra-plate volcanoes. (a) Mapview. (b)
Viewing from the northwest. (c) Viewing from the southeast.
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Figure 2.13 Cross-sections of 𝛿𝑙𝑛𝑉𝑆 perturbation for four intra-plate volcanic fields in East Asia,
plotted similar to Fig. 2.7. The reference model is EARA2023_AVG. (a) Datong-Fengzhen
volcanoes. (b) Tengchong volcanic field. (c) Changbaishan volcanoes. (d) Hainan volcanic field.
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Figure 2.14 Mapviews of 𝛿𝑙𝑛𝑉𝑃 perturbation at various depths, similar to Figure 2.4.
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Figure 2.15 Comparison of different models along the same cross-section across the
Changbaishan volcanoes. The EARA2023, FWEA18 [Tao et al., 2018], EARA2014 [Chen et al.,
2015], GLAD_M25 [Lei et al., 2020], and SPiRaL [Simmons et al., 2021] models present the
𝛿𝑙𝑛𝑉𝑃 perturbation with respect to EARA2023_AVG (averaged EARA2023), whereas the
GAP_P4 model [Obayashi et al., 2013] displays the 𝛿𝑙𝑛𝑉𝑃 perturbation with respect to its own
reference model. Annotations are similar to Figure 2.6.
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Figure 2.16 Cross-Sections of 𝛿𝑙𝑛𝑉𝑃 perturbation beneath Eastern Tibet (a-c) and North China
Craton (d-e). Annotations are similar to Figure 2.7.
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Figure 2.17 Cross-Sections of 𝛿𝑙𝑛𝑉𝑃 perturbation for northwestern Pacific subduction zones.
Annotations are similar to Figure 2.11.
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Figure 2.19 Waveform comparisons and S-wave triplication for Earthquake GCMT ID:
201104160219A. (a-c) Waveform comparisons across stations (black triangles in panel (d)) for the
vertical (BHZ), radial (BHR), and tangential (BHT) components, featuring observed data (black),
starting model synthetics (blue), and final model synthetics (red). Each station’s waveforms are
normalized and aligned with theoretical S wave arrival times based on the AK135 model [Kennett
et al., 1995], indicated by black dashed lines. Station names and great circle distances to the event
are displayed adjacent to (c). Waveforms are ranked by the station’s longitude.
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Figure 2.20 Maps of 𝛿𝑙𝑛𝑉𝑆 perturbations above 100 km depth. The reference model is the 1-D
average of the 3-D model. Other features are the same as Figure 2.4.
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Figure 2.21 Misfit reduction curves with respect to frequency bands in three stages: Stage 1 (red
stars), Stage 2 (blue diamonds), and Stage 3 (magenta squares), similar to Figure 2.3. Open
symbols represent the misfit prior to source inversion. Unlike Figure 2.3, this figure additionally
displays the misfit for each stage, encompassing more than just their respective iterations.
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Figure 2.22 Waveform comparisons for an earthquake (GCMT ID: 202307011438A) recorded by
selected stations marked by the red triangle in (e). The waveforms are filtered between 20 to 120
s. Other features follow the layout of Figure 2.10. (a-d) Waveforms at different stations,
comparing observed data (black) with synthetics from the starting model and the GCMT source
model (blue), and synthetics from the final model and the GCMT source (as we have not inverted
the source for this event) (red).
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Figure 2.23 Similar to Figure 2.22 but for a different earthquake (GCMT ID: 202306220124A).
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Figure 2.24 Similar to Figure 2.22, this figure relates to a different earthquake (GCMT ID:
200805071602A). As this event is included in the inversion process, measurement windows are
marked with black boxes for clarity. Additionally, synthetics from the initial model and the
inverted source model in stage 1 are displayed in green, closely aligning with those from the
starting model and the GCMT source model, illustrated in blue.
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Figure 2.25 Study region comparison for EARA2023 (navy blue), FWEA18 (green), and
EARA2014 (blue), with plate boundaries from the NUVEL-1 model [DeMets et al., 1990]
delineated by red dashed lines. Tectonic units within China are outlined in black.
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Table 2.1 Summary of weighting terms in the misfit function

Weighting
term

Formula Applied on Comment

categorical
weight-
ing
𝑊𝑐

1∑𝑁𝑒
𝑒=1

∑𝑁𝑒,𝑠
𝑠=1 𝑁𝑐,𝑒,𝑠,𝑤

Each category 𝑒: event; 𝑠: station; 𝑐: category; 𝑤:
window; 𝑁𝑒: number of events; 𝑁𝑒,𝑠:
number of stations for event 𝑒; 𝑁𝑐,𝑒,𝑠,𝑤:
number of measurement windows in
category 𝑐 for event 𝑒 and station 𝑠

geographical
weight-
ing
𝑊𝑒,𝑠

1∑𝑁𝑒,𝑠
𝑗=1 𝑒

−(
Δ𝑠 𝑗
Δ0

)2
Each station 𝑠: current station; 𝑗 : other stations but

include 𝑠 itself; 𝑒: event; 𝑁𝑒,𝑠: number
of stations for event 𝑒; Δ𝑠 𝑗 : Epicenter
distance between station s and station
j; Δ0: reference distance, with detail in
note𝑎

quality
weight-
ing
𝑊𝑤

𝑓1(CC) 𝑓2(SNR) 𝑓3(𝛿𝑡CC)Each measurement win-
dow

CC: cross-correlation coefficient;
SNR: signal to noise ratio; 𝛿𝑡CC: time
shift obtained from cross-correlation;
𝑓1, 𝑓2, and 𝑓3 are defined in the same
manner as equation (3) to equation (6)
in Tao et al. [2018]

𝑎For the geographical weighting, we select Δ0 as 1

Σ
𝑁𝑒,𝑠
𝑗=1 𝑒

−(
Δ𝑠 𝑗
Δ0

)2
= 1

3max
𝑥

1∑𝑁𝑒,𝑠
𝑗=1 𝑒−(

Δ𝑠 𝑗
𝑥 )2

. This defi-

nition is consistent with Ruan et al. [2019].
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CHAPTER 3

DEEP LEARNING FOR DEEP EARTHQUAKES: INSIGHTS FROM OBS
OBSERVATIONS OF THE TONGA SUBDUCTION ZONE

An edited version of this chapter is under review at Geophysical Journal International. Ziyi Xi,

Songqiao Shawn Wei, Weiqiang Zhu, Gregory C. Beroza, Yaqi Jie, and Nooshin Saloor. Deep

Learning for Deep Earthquakes: Insights from OBS Observations of the Tonga Subduction Zone

3.1 Abstract

Applications of machine learning in seismology have greatly improved our capability of detect-

ing earthquakes in large seismic data archives. Most of these efforts have been focused on conti-

nental shallow earthquakes, but here we introduce an integrated deep-learning-based workflow to

detect deep earthquakes recorded by a temporary array of ocean-bottom seismographs (OBSs) and

land-based stations in the Tonga subduction zone. We develop a new phase picker, PhaseNet-TF,

to detect and pick P- and S-wave arrivals in the time-frequency domain. The frequency-domain

information is critical for analyzing OBS data, particularly the horizontal components because they

are contaminated by signals of ocean-bottom currents and other noise sources in certain frequency

bands. PhaseNet-TF shows a much better performance in picking S waves compared to its predeces-

sor PhaseNet. The predicted phases are associated using an improved Gaussian Mixture Model As-

sociator GaMMA-1D and then relocated with a double-difference package teletomoDD. We further

enhance the model performance with a semi-supervised learning approach by iteratively refining

labeled data and retraining PhaseNet-TF. This approach effectively suppresses false picks and sig-

nificantly improves the detection of small earthquakes. The new catalog of Tonga deep earthquakes

contains more than 10 times more events compared to the reference catalog that was analyzed man-

ually. This deep-learning-enhanced catalog reveals Tonga seismicity in unprecedented detail, and

better defines the lateral extent of the double-seismic zone at intermediate depths and the location

of 4 large deep-focus earthquakes relative to background seismicity. It also offers new potential for

deciphering deep earthquake mechanisms, refining tomographic models, and understanding sub-

duction processes.
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3.2 Introduction

Detecting and locating earthquakes in subduction zones plays a pivotal role in advancing the

understanding of subduction processes and earthquake physics. In particular, earthquakes deeper

than 50 km provide critical information on slab geometry, slab mineral dehydration and transfor-

mation, and the interaction between the slab and surrounding mantle [Green and Houston, 1995,

Zhan, 2020]. Initial studies, such as Ruff and Kanamori [1980], established meaningful connec-

tions between seismicity and physical attributes of subduction zones, such as the lateral extent

and penetration depth of the Wadati-Benioff zone, the age of the subducting lithosphere, conver-

gence rates, and back-arc spreading. In recent years, comprehensive global slab models like Slab1.0

[Hayes et al., 2012] and Slab2 [Hayes et al., 2018] have leveraged high-accuracy regional seismic-

ity catalogs to refine slab geometry. Precise earthquake distributions also help reveal the underly-

ing mechanisms of intermediate-depth (∼70–300 km) and deep-focus (300–700 km) earthquakes

[Wiens et al., 1993, Brudzinski et al., 2007, Kita et al., 2010, Wei et al., 2017, Chen et al., 2019b,

Florez and Prieto, 2019]. However, most global studies suffer from limited local station coverage,

especially offshore, and most regional studies with temporary deployments lack sufficient duration,

which limits high-precision earthquake locations in large numbers.

Recent advances in the applications of deep learning methods in seismology greatly increase the

information content that can be extracted from seismic datasets by detecting many more earthquakes

[Mousavi and Beroza, 2022, 2023]. Initial efforts, such as Gentili and Michelini [2006], Ross et al.

[2018], used simple neural networks for detecting seismic phase arrivals, a foundational step in

earthquake localization. Subsequent developments incorporated biomedical image segmentation

algorithms, notably the U-Net architecture [Ronneberger et al., 2015], to create highly effective

deep-neural network (DNN) phase pickers like PhaseNet [Zhu and Beroza, 2019]. The Transformer

architecture [Vaswani et al., 2017] has further inspired new models, such as the EQTransformer

[Mousavi et al., 2020], which leverages attention mechanisms to enhance phase detectability. For

seismic phase association that links seismic arrivals to preliminary event origins, significant im-

provements have been achieved through Gaussian mixture models [Zhu et al., 2022] and graph
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neural networks (GNN) [McBrearty and Beroza, 2023]. These machine-learning-based techniques

outperform traditional methods in both phase-picking [Baer and Kradolfer, 1987, Sleeman and van

Eck, 1999] and phase association [Zhang et al., 2019b].

Most machine-learning studies have been focused on continental, shallow earthquakes. Limited

attention has been given to deep earthquakes in subduction zones. For instance, PhaseNet and

GaMMA were developed using seismic data from Northern California, where most earthquakes

occur at depths shallower than 20 km. EQTransformer was trained with the STanford EArthquake

Dataset (STEAD) [Mousavi et al., 2019], which, despite its global scope, contains earthquakes

predominantly shallower than 100 km. Generalized Seismic Phase Detection [Ross et al., 2018]

is developed with vast hand‐labelled data archives of the Southern California Seismic Network,

which is also dominated by continental earthquakes. Studies utilizing these methods, [e.g., Chai

et al., 2020, Liu et al., 2020, Park et al., 2020, Ross et al., 2020, Tan et al., 2021, Wilding et al.,

2023, Liu et al., 2023, Gong et al., 2023] similarly concentrate on continental earthquakes.

Since many subduction zones are covered by oceans, offshore seismic data is critical for inves-

tigating subduction zone earthquakes. However, data from ocean-bottom seismographs (OBSs) is

generally noisier than that from land-based stations because of ocean-bottom currents, seismometer

tilting, instrument coupling, etc. Recent efforts, such as PickBlue, utilize existing packages such

as PhaseNet and EQTransformer to process OBS data but show a lower performance compared to

continental data [Bornstein et al., 2023]. Therefore, a new phase picker is needed for processing

OBS data.

The Tonga subduction zone hosts abundant intermediate-depth earthquakes and produces the

majority of deep-focus earthquakes, and thus serves as a unique natural laboratory for studying

deep earthquakes. However, studying Tonga’s earthquakes has been challenging. Global catalogs,

such as the ISC EHB catalog, mainly rely on a handful of land-based stations on the islands of

Tonga and Fiji. These catalogs provide foundational information on Tonga earthquakes, but the

hypocentre precisions, particularly in the vertical direction, are limited due to the lack of local

stations. Since 1993, a few temporary seismic deployments, including broadband OBSs, greatly
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improved the data coverage and earthquake hypocentre precisions in this region, leading to ground-

breaking discoveries [Wiens et al., 1993, 1994, Wei et al., 2017]. However, the short duration of

these deployments has limited the number of analyzed earthquakes and motivates a systematic effort

to mine these datasets for more small earthquakes.

Innovative approaches are needed to tackle earthquake detection and location in the Tonga sub-

duction zone. First, the phase picker must be capable of handling noise in OBS data that is some-

times enriched in specific frequency ranges. To solve this problem, we introduce a new phase picker

PhaseNet-TF to detect seismic arrivals in the time-frequency domain. Second, the phase associator

should be more efficient than the conventional back-projection-based methods and account for the

change in seismic velocity with respect to depth. We develop a new associator GaMMA-1D to

associate arrivals output from PhaseNet-TF. Finally, given the limited data, optimizing the use of

existing data is crucial. Here we build a new semi-supervised learning-based workflow to analyze

seismic data from a 1-year temporary deployment.

3.3 Data

In this study, we analyzed seismic data recorded by a temporary seismic array deployed in the

Tonga subduction zone from November 2009 to December 2010 (Figure 3.1). This array included

49 OBSs (network ID YL) with either Guralp CMG3T_120sec (100 Hz sample rate) or LDEO

OBS Sensor Mk2 seismometers (40 Hz sample rate), 17 island-based stations (network ID Z1) with

Guralp CMG40T, Streckeisen STS-2, or Nanometrics Trillium 120 seismometers (40 Hz sample

rate), and one GSN station MSVF (network ID II) with a Geotech KS-54000 Borehole seismometer

(20 Hz sample rate).

We compiled a reference catalog of local earthquakes, consisting of 1,163 events, 42,256 P-

wave arrivals, and 14,852 S-wave arrivals (Table 3.1) that were manually picked with the Antelope

software [Wei et al., 2017]. This catalog is hereinafter called the manually picked reference catalog

or the reference catalog. We created a reference dataset by windowing three-component waveforms

5 minutes before and 5 minutes after each P-wave arrival. This window is sufficiently long to

include the corresponding S arrival for the same event. We subsequently removed the instrumental
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response to obtain displacement waveforms in three components: vertical (Z), east (E or 1), and

north (N or 2). We further resample the data to 40 Hz. No additional preprocessing, such as filtering

and component rotation, was applied.

We also created a continuous dataset by partitioning the three-component continuous waveforms

recorded by this array into 10-day segments and subsequently removing the instrumental response.

Since not all stations had complete data from November 2009 to December 2010, we replaced the

missing data with zeros. Incomplete components were also accepted, with missing channels filled

with zeros. Given the large volume of the data, exceeding 2TB in the miniSEED format, we used

the mseedindex package and an ObsPy wrapper [Beyreuther et al., 2010] to construct a miniSEED

database. This facilitated efficient data analysis and improved machine learning I/O performance.

3.4 Methods

3.4.1 Phase arrival-time picking by PhaseNet-TF

We develop a new phase picker PhaseNet-TF, based on its predecessor PhaseNet [Zhu and

Beroza, 2019], to leverage the benefits of the time-frequency domain, which excels in capturing both

temporal and spectral features of seismic data. PhaseNet-TF adapts the architecture of DeepLabv3+

[Chen et al., 2018] to accommodate data in the time-frequency domain (Figure 3.2). DeepLabv3+ is

a state-of-the-art semantic image segmentation model that incorporates an encoder-decoder struc-

ture to refine object boundaries in segmentation tasks. As part of the renowned DeepLab model

series, it offers top-tier performance in a wide array of applications, ranging from autonomous driv-

ing to medical image analysis, and outperforms earlier models such as U-Net [Ronneberger et al.,

2015], which was used in PhaseNet. A seismic spectrogram acts as an image that represents the

time-frequency distribution of phase signal and noise. A spectrogram is generated by applying the

short-time Fourier transform (STFT) to three-component time-domain waveforms, and thus con-

sists of 6 components: i.e., the real and imaginary parts of the three-component waveform spectra.

Using the spectrogram as an input, DeepLabv3+ produces a pixel-level classification image that

matches the dimension of the spectrogram. This output highlights the relative positions of signal

and noise and is subsequently processed by a multilayer perceptron to estimate phase and noise
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probabilities in the time domain.

The manually picked reference dataset is divided into training, validation, and test datasets using

stratified sampling, with a distribution ratio of 90:5:5. The ratio for the training dataset is relatively

high as we have a limited amount of data. This approach ensures an equitable representation of both

P and S waves, especially given the fact that the number of S wave picks is about 1/5 of that of P wave

picks. The input waveform window is 120 seconds long, with the P wave arrival initially centered

at the 10-second timestamp. We augment the training dataset in 3 ways. First, we randomly shift

the waveform windows to prevent the model from overfitting to specific phase arrival positions.

The 10-minute long waveform in our dataset is sufficient for cutting and shifting the 120-second

window. Second, we randomly stack two signal-bearing windows or one signal-bearing and one

noise-only window. The ratio for stacking is fine-tuned as a hyperparameter, allowing the model

to adapt to more complex real-world scenarios and preventing it from mistakenly learning that a

120-second window always contains only two phases (P and S). Third, we stabilize the input data

through normalization by subtracting the mean and dividing by the standard deviation of the 120-

second window. When applying random stacking, each window is also normalized before stacking,

and then the entire stacked waveform is normalized. For the validation and testing sets, we do not

shift or stack windows and only stabilize the input data through normalization.

We formulate the training labels to represent the probability of phase arrival times and use the

Kullback-Leibler (KL) divergence for the loss function. The KL divergence differs from the cross-

entropy loss used in PhaseNet only by a constant value, so they are equivalent for optimization. We

define the probability at time t as follows:

𝑦true(𝑡) = 𝑒
− (𝑡−𝑡0 )2

2𝛿2 , where |𝑡 − 𝑡0 | ≤ 3𝛿 (3.1)

Here, 𝑡0 is the phase arrival time, and 𝛿 is the width of the label (20 points, or 0.5 s in our case).

This label definition smooths the phase arrival time and allows for the quantification of classifica-

tion uncertainty through the shape of the model predictions. The KL divergence, measuring the
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similarity between two probability distributions, is defined as:

𝐿 (𝑦true, 𝑦predict) = 𝑦true ∗ log
𝑦true
𝑦predict

(3.2)

where 𝑦predict is the model prediction. A lower KL divergence value indicates a higher similarity be-

tween 𝑦true and 𝑦predict. The KL divergence is evaluated across three output channels: probabilities

of P, S, and noise. The sum of these probabilities is fixed as 1 at each time stamp.

We use the open-source PyTorch library, including AdamW [Loshchilov and Hutter, 2019] for

optimization and MultiStepLR for learning rate scheduling. AdamW is widely used in computer

vision tasks and deviates from the traditional Adam optimizer by decoupling the weight decay from

the gradient update. MultiStepLR adjusts the learning rate at specific epochs, decreasing it by a

fixed rate of 0.6 in our case. Our model is trained for 400 epochs, starting with a learning rate of

0.0004, which decays at epochs 15, 30, 45, and 60. We also add an L2 regularization term with a

weight decay of 0.001 to the loss function to mitigate overfitting. Early stopping is implemented to

prevent overfitting and save computational time. Training is halted if the validation loss does not

improve for 30 consecutive epochs. For our reference dataset, the training took about 5 hours on

16 NVIDIA Tesla V100 GPU cards at the MSU HPCC.

We apply the trained PhaseNet-TF model to the continuous dataset for phase detection. The

output is continuous probability distributions for P waves, S waves, and noise. We first partition the

continuous waveforms into 120-second segments with a 60-second overlap between consecutive

segments. Each segment is normalized in the same way used for model training. Then we applied

the model to the entire continuous dataset, which took 16 hours on 4 NVIDIA Tesla V100 GPUs

to process. The output is 120-second segments of probability distributions for P wave, S wave, and

noise. We combine these 120-second segments into a single continuous time series by taking the

final output probability as the maximum value from the overlapping predictions. Peak probabilities

larger than 0.5 are counted as positive picks.

3.4.2 Phase association by GaMMA-1D

Associating phase picks to specific earthquakes is necessary for locating events and eliminating

unreliable picks. We use GaMMA-1D, a Bayesian Gaussian Mixture Model Associator with a 1D
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velocity structure, which is an improved version of GaMMA [Zhu et al., 2022]. While GaMMA-1D

retains the Gaussian mixture model framework of its predecessor GaMMA for phase association,

it improves calculating phase arrival times by using a fast-sweeping method to solve the Eikonal

equation based on a 1D velocity model AK135 [Kennett et al., 1995]. In contrast to GaMMA which

used a uniform half-space for arrival time predictions, Gamma-1D uses a 1D velocity model, which

is critical for the large depth range of earthquakes in Tonga. Events associated with less than 10

picks are discarded. Figure 3.3 shows the association results for a densely packed sequence of phase

picks.

3.4.3 Earthquake relocation by teletomoDD

We use teletomoDD [Pesicek et al., 2010], a package for double-difference seismic tomography

and relocation, to relocate all events associated with GaMMA-1D in the previous step. The 3D

seismic velocity model is fixed during inversions and is adopted from the TX2019slab model [Lu

et al., 2019]. We apply a bootstrap resampling technique to estimate relocation uncertainties and

filter out events with large uncertainties. We create 1,000 subsets of the data by randomly excluding

30% of the stations from each subset. After relocating events in these 1,000 subsets, we compute

the mean and standard deviation of the hypocentre and origin time of each event. We eliminate

events with a standard deviation in longitude and latitude greater than 0.1 degrees, in depth of

greater than 10 km, or in origin time of greater than 1 second. This approach effectively removes

unreliable picks from PhaseNet-TF and GaMMA-1D as well as events that are poorly constrained.

The relocation output catalog contains the hypocentres and origin times of the remaining events

and the corresponding P- and S-wave arrival times.

3.4.4 Semi-supervised-learning-based workflow

Since there are only 1,163 manually picked events out of presumably tens of thousands of earth-

quakes in the Tonga subduction, the reference catalog and dataset may limit phase detection capa-

bility. Therefore, we utilize a semi-supervised learning strategy to iteratively refine labeled picks

and retrain PhaseNet-TF (Figure 3.4). This approach integrates a limited labeled dataset with a

larger pool of unlabeled data for model training. In Iteration #1, we train PhaseNet-TF with the
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original labeled dataset, i.e., the manually picked reference dataset. This model is then applied

to the continuous dataset, generating new phase picks that may include false detections. The sub-

sequent steps of phase association by GaMMA-1D and event relocation by teletomoDD filter out

unreliable picks and events with large uncertainties. Compared to the reference catalog, the output

catalog thus contains a larger number of reliable picks. Similar to the reference dataset, we create

a new labeled dataset by windowing three-component waveforms 5 minutes before and 5 minutes

after each P wave arrival from the output catalog. This newly labeled dataset is divided into the

training, validation, and test datasets at a ratio of 90:5:5 to train the PhaseNet-TF model in the next

iteration. As more picks predicted by deep learning are added to the training dataset, one can expect

more picks and events to be detected, at the cost of increasing arrival time residuals compared to

the reference dataset. We continue this iterative workflow for several iterations until the number of

events reaches a plateau and the arrival time residuals do not increase dramatically.

3.5 Results

3.5.1 PhaseNet-TF model assessment

We assess the PhaseNet-TF model in each semi-supervised-learning iteration using the test

dataset, which is 5% of the labeled dataset in the corresponding iteration (Table 3.2). The evalua-

tion metrics include precision, recall, F1 score, and arrival-time residuals compared to the labeled

catalog. This labeled catalog is the manually picked reference catalog for Iteration #1 and is the

output catalog from the previous iteration for Iteration #2 and #3. Predicted picks with arrival-time

residuals smaller than 1 second are considered true positives, whereas predicted picks with larger

arrival-time residuals are false positives. Labeled picks that are not predicted by PhaseNet-TF are

considered false negatives. Precision, recall, and F1 score are defined as

Precision: 𝑃 =
𝑇𝑃

𝑇𝑃 + 𝐹𝑃
(3.3)

Recall: 𝑅 =
𝑇𝑃

𝑇𝑃 + 𝐹𝑁
(3.4)

F1: 𝐹1 =
2𝑃𝑅
𝑃 + 𝑅

(3.5)
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where 𝑇𝑃, 𝐹𝑃, and 𝐹𝑁 are the numbers of true positives, false positives, and false negatives, respec-

tively.

In Iteration #1, the PhaseNet-TF output is evaluated against the manually picked reference cata-

log. For the P wave, the model exhibited a precision of 0.99, a recall of 0.99, and an F1 score of 0.99.

For the S wave, the corresponding values are 0.97, 0.99, and 0.98, respectively. Figure 3.5 shows

examples of seismograms, spectrograms, and prediction probabilities from iteration #1 at 2 OBSs

and 2 land-based stations. In the following iterations, the evaluation metrics remain at the same

high level, validating the semi-supervised learning approach and the robustness of PhaseNet-TF in

accurately identifying phase arrivals.

3.5.2 Phase association and earthquake relocation assessments

Phase association and earthquake relocation serve as critical filters for eliminating unreliable

predicted picks and poorly constrained events. When manual picks are associated with GaMMA-

1D, some of them are missed in the association catalog and considered false negative picks. The

picks associated with GaMMA-1D are subsequently used for event relocation by teletomoDD with

bootstrap resampling. Events with large uncertainties and their corresponding picks are discarded

during the relocation process. We assess these processes (Table 3.3) using the reference catalog that

contains manual picks associated with the Antelope software [Wei et al., 2017]. When comparing

the reference catalog and the output catalog by GaMMA-1D or teletomoDD, events with origin-time

residuals smaller than 15 seconds are considered true positive events, whereas events with larger

origin-time residuals are false positives. If some picks that were associated with a single event by

Antelope are associated with multiple events by GaMMA-1D, the new events are also counted as

false positives. Because there are no picks added during this processing, the recall for P- or S-wave

arrivals reflects the picks eliminated during association and relocation, and a high recall value is

desired. In contrast, new events may be added during the association process, lowering precision,

whereas existing events may be discarded during the association and relocation processes, lowering

recall. Thus, the F1 score for events that balance precision and recall serves as a better indicator of

the filtering performance.
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As shown in Table 3.3, the recall for P-wave arrivals is 0.97 after association and 0.95 after

relocation, suggesting that GaMMA-1D and teletomoDD are highly effective in retaining manually

picked P-wave arrivals. However, the recall for S-wave arrivals is 0.92 after association and 0.86

after relocation. These numbers indicate that about 8% of the manually picked S-wave arrivals

are not successfully associated with GaMMA-1D, which impacts the subsequent relocation per-

formance. This could be attributed to either the limitations of GaMMA-1D in associating S-wave

arrivals or inaccurate manual S-wave picks. Nonetheless, the overall performance of the association

and relocation filtering processes remains promising.

3.5.3 Phase detection and event relocation on continuous data

In Iteration #1, the PhaseNet-TF model is trained by the manually picked reference dataset.

When applying this model to the continuous data, PhaseNet-TF detects 294,050 P-wave arrivals

and 112,547 S-wave arrivals, which is substantially more than the number of picks in the reference

catalog. Figure 3.6 demonstrates the performance on one hour of continuous data. These arrivals

are associated with GaMMA-1D in a preliminary catalog. In this step, about 10% of P- and 30%

of S-wave arrivals are discarded, and the associated catalog consists of 13,111 events with 265,439

P-wave, and 79,380 S-wave arrivals. These events generally align with the reference catalog but are

more scattered (Figures 3.7a, 3.7b, 3.8a, and 3.8b). Many events in the mantle wedge are not reliable

as they have a large azimuthal coverage gap. The subsequent relocation and error estimation filter

out most of these outlier events, leaving a new catalog of 9,427 events with 217,254 P-wave, and

63,590 S-wave arrivals (Figures. 3.7c and 3.8c, Table 3.1). When comparing this catalog with the

reference catalog, the recall for P-waves, S-waves, and events are 0.94, 0.83, and 0.96, respectively,

and the standard deviations of arrival-time residuals are 0.14 and 0.15 seconds for P and S waves,

respectively (Figures 3.9a and 3.9b), suggesting that our workflow can effectively detect seismic

arrivals and earthquakes that were manually picked. More importantly, the new catalog contains

dramatically more P- and S-wave arrivals and events (Table 3.1).

Leveraging this new catalog, we assemble a new labeled dataset enriched with phase arrivals

detected in Iteration #1 of the semi-supervised learning workflow. This new dataset (120 GB) is

63



substantially larger than our initial reference dataset (22 GB). The increased dataset size requires

additional computational resources, extending the training time from 5 to 24 hours while utilizing

the same number of GPUs. In Iteration #2, this new PhaseNet-TF model is applied to the continuous

dataset again, resulting in significantly more arrivals and events (Figures. 3.7d and 3.8d). The

standard deviation of arrival-time residuals for P waves remains 0.15 seconds (Figure 3.9c), but

that for S waves increases from 0.15 to 0.23 seconds (Figure 3.9d). In Iteration #3 which uses the

output catalog from Iteration #2 for training, the numbers of arrivals and events and arrival-time

residuals remain stable (Figs. 3.7e and 3.8e). We thus cease the semi-supervised learning workflow

after Iteration #3, anticipating diminishing returns in further iterations.

Our final catalog from Iteration #3 contains 13,406 relocated events with 372,774 P-wave ar-

rivals and 78,853 S-wave arrivals. Compared with the manually picked reference catalog, our final

compilation boasts a factor of 11 times more events, 8 times more P-wave phases, and 5 times

more S-wave phases. Figures 3.7 and 3.8 show that our final catalog offers enhanced delineation of

both the slab geometry and double seismic zone, demonstrating its superiority over the reference

catalog.

3.6 Discussion

3.6.1 Comparison with previous packages

In this study, PhaseNet-TF detects seismic arrivals in the time-frequency domain, different from

most other deep-learning phase pickers that work in the time domain. Using a manually picked ref-

erence catalog and dataset, we conduct a quantitative and fair comparison between PhaseNet and

PhaseNet-TF. We first test the original PhaseNet model that was trained by the Northern California

data [Zhu and Beroza, 2019]. We also retrain the PhaseNet architecture with our training dataset

from Tonga. The PhaseNet-TF model in Iteration #1 is used for comparison. All models are eval-

uated on the same testing dataset to ensure a fair comparison.

Table 3.2 highlights the superiority of PhaseNet-TF over PhaseNet in detecting seismic arrivals,

particularly for OBS data. PhaseNet with its original weights shows poor performance for both P

and S waves. This is an unsurprising outcome given that it was trained with a dataset from a different

64



tectonic setting and on land-based vs. OBS instruments. When retrained with the Tonga dataset,

PhaseNet’s performance is similar to PhaseNet-TF for detecting P-wave arrivals but displays a lower

performance for S waves. Furthermore, the standard deviation of S-waves arrival-time residuals

for PhaseNet-TF (Iteration #1) are significantly smaller than those for PhaseNet models (Figure

3.9b and 3.9h). These differences indicate that including the time-frequency domain and the new

architecture enhances the model’s capability to detect S waves. This is because the horizontal

components that record S waves are much noisier for OBS data compared to land-based stations,

due to seismometer tilting and ocean-bottom currents [Webb and Crawford, 1999, Wei et al., 2015].

For associating seismic arrivals from Tonga deep earthquakes, GaMMA-1D exhibits higher

performance compared to GaMMA, which was designed for California [Zhu et al., 2022]. That

is because GaMMA-1D uses a 1D velocity model AK135, whereas GaMMA assumes a uniform

velocity model. We test both GaMMA and GaMMA-1D to associate all manual picks and com-

pare the output catalogs against the reference catalog. When comparing the origin-time and depth

residuals, GaMMA-1D consistently achieves superior accuracy to its predecessor GaMMA (Figure

3.10). Table 3.3 lists the evaluation metrics for GaMMA-1D and GaMMA. Compared to GaMMA,

GaMMA-1D achieves a similar performance for associating P- and S-wave picks to certain events.

However, the low precision of event association (0.76) suggests that GaMMA tends to break a sin-

gle event into multiple events. This problem will impact the next step of earthquake relocation,

resulting in more events with poorer constraints and/or misassociated phases.

Our workflow is readily adaptable to a cloud computing setting through modifications to the

machine learning models employed in Quakeflow [Zhu et al., 2023b]. Quakeflow is a cloud-based

earthquake monitoring system designed for detecting seismic activity and analyzing source charac-

teristics from continuous waveform data. It currently utilizes PhaseNet for phase picking, GaMMA

for phase association, and HypoDD for event relocation. Given the compatibility in model inputs

and outputs, these can be smoothly swapped with PhaseNet-TF, GaMMA-1D, and teletomoDD. A

future version of Quakeflow potentially provides an efficient and effective solution for enhancing

real-time earthquake surveillance and for in-depth analysis of historical seismic data, particularly
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for deep earthquakes in subduction zones and OBS data.

3.6.2 Tonga deep earthquakes revealed by the new catalog

With only 1 year of data, our results show unprecedented detail in the Wadati-Benioff zone.

Figure 3.11 compares the new catalog against the manually picked reference catalog [Wei et al.,

2017] and the ISC EHB Bulletin from 1964 to 2020 [International-Seismological-Centre, 2023].

The latter uses the EHB algorithm [Engdahl et al., 1998] to minimize hypocentre errors, particularly

in the vertical direction, and is arguably the most precise global catalog. The general pattern of

earthquake distribution remains similar across all catalogs.

Double seismic zones (DSZs), in which intermediate-depths earthquakes occur along two planes

parallel to the dip of the slab, are observed in many subduction zones and are attributed to meta-

morphic reactions that release fluids or volatiles in the slab [e.g., Hacker et al., 2003, Yamasaki and

Seno, 2003, Brudzinski et al., 2007]. The Tonga DSZ was initially discovered by Kawakatsu [1985]

using focal mechanisms constrained by global data. Using the 2009-2010 temporary deployment,

Wei et al. [2017] confirmed the existence of the Tonga DSZ and revealed more details. Our new

catalog shows a much clearer DSZ along cross-section B-B’ that extends to about 300 km depth.

Although hinted by Wei et al. [2017], the new results explicitly suggest that the lower plane of the

DSZ is confined between the latitudes of 19°S and 21°S (the cyan box in Figure 3.11a), diminishing

to the north and south. A DSZ with a limited extent in Tonga is in agreement with similar obser-

vations in Japan [Igarashi et al., 2001] and Alaska [Wei et al., 2021], suggesting that deeper parts

of the slab mantle are not uniformly hydrated. We do not observe a deeper DSZ at 350–460 km

depths that was interpreted as the edges of a metastable olivine wedge in the slab [Wiens et al.,

1993]. This could be because there were not enough earthquakes occurring at these depths during

the 1-year deployment to delineate that feature.

The Tonga subduction zone hosts the majority of deep-focus earthquakes in the world, including

4 notable large events: Mw 7.6 on 9 March 1994, Mw 7.3 on 9 November 2009, Mw 8.2 on 19

August 2018, and Mw 7.9 on 6 September 2018. Our results show that the 1994 Mw 7.6 and 2018

Mw 8.2 events occurred at the bottom of a highly seismogenic region (Figure 3.11d), consistent
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with the previous suggestion that these events initiated rupturing in the cold slab [McGuire et al.,

1997, Fan et al., 2019]. In contrast, the 2018 Mw 7.9 event occurred in a previously aseismic

region (Figure 3.11g), possibly rupturing through a dissipative process at the edge of a warm fossil

slab [Fan et al., 2019, Jia et al., 2020]. The 2009 Mw 7.3 event occurred at the western end of a

seismicity band corresponding to a fossil slab subducted at the now inactive Vitiaz Trench [Cai and

Wiens, 2016].

3.7 Conclusions

Our integrated workflow has proven highly effective at detecting and locating deep earthquakes

in the Tonga subduction zone. We use PhaseNet-TF to detect P- and S-wave arrivals in the time-

frequency domain, showing superior performance over traditional ways of picking arrivals in the

time domain. Detecting arrivals in the time-frequency domain is critical for analyzing OBS data,

particularly the horizontal components with much higher noise levels compared with land-based

stations. We use GaMMA-1D to associate arrivals, teletomoDD to relocate events, and a bootstrap

resampling approach to estimate uncertainties. This workflow effectively removes artificial arrivals

and events with poor constraints. Furthermore, through semi-supervised learning, the PhaseNet-

TF model improves iteratively, leading to a more comprehensive and accurate earthquake catalog

compared to the initial manual picks.

This research opens new avenues for in-depth studies in subduction zones, particularly those

with limited local data coverage like Tonga. The new catalog with more events and arrivals poten-

tially benefits future work of high-resolution tomography imaging and earthquake similarity anal-

yses, helping us better understand deep earthquake mechanisms and subduction processes. While

our study focuses on Tonga, the methods and workflow are readily adaptable for application in

other subduction zones, offering a versatile tool for both real-time monitoring and historical data

analyses.

67



3.8 Figures
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Figure 3.1 Map of the Tonga subduction zone and adjacent regions. Earthquakes in the manually
picked reference catalog are shown as dots color-coded by depth. Black triangles, inverted
triangles, and squares represent land-based stations, ocean-bottom seismographs, and a GSN
station, respectively, deployed from November 2009 to December 2010. Land areas are shaded in
grey. The bathymetry contours of 1 km highlight features such as the Tonga Ridge, Lau Ridge,
and Fiji Plateau. Additional bathymetry contours at 7, 8, 9, and 10 km delineate the Tonga Trench.
The black arrow indicates the Pacific Plate’s motion relative to Tonga. Inset provides a global
context for the study region.
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Figure 3.2 PhaseNet-TF architecture. The input consists of 120-second three-component
seismograms with a sample rate of 40 Hz, so the input has a dimension of 3×4800. The output
includes three probability time series, corresponding to P-wave arrival, S-wave arrival, and noise,
with the same length as the input. Dimensions for each layer are denoted adjacent to the layer,
with the format of ”number of channels × layer height × layer width”. The input seismograms are
first transformed into spectrograms before being processed through the DeepLabv3+ network.
DeepLabv3+ includes an encoder and a decoder and is equipped with skip layers. The decoder
features a dilated ResNet34 and Atrous Spatial Pyramid Pooling (ASPP). The output of
DeepLabv3+ is subsequently refined through a multilayer perceptron.
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Figure 3.3 Examples of GaMMA-1D association from UTC 13:43 to 13:53 on September 15,
2010. The top panel shows associated arrivals with respect to longitude, whereas the bottom panel
shows them against latitude. In both panels, individual colors denote distinct associated events.
Dots and triangles indicate P- and S-wave arrivals, respectively, while crosses mark the origin
time and locations of the associated events. Events associated with less than 10 phase arrivals
(e.g., the green-colored event and arrivals) will be discarded in the following step.
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Figure 3.4 Schematic of our semi-supervised learning workflow. The process begins with training
the PhaseNet-TF model using manually picked arrivals. The trained model is then applied to
continuous seismic data to obtain P- and S-wave arrival probabilities. The following phase
association by GaMMA-1D, event relocation by teletomoDD, and error estimation/filtering with a
bootstrap resampling approach together produce a refined event catalog and associated phase
arrivals. This updated catalog serves as a new labeled dataset for training and validating
PhaseNet-TF in the next iteration. The entire workflow is iteratively repeated until no significant
improvements are observed, culminating in the final event catalog and corresponding phase
arrivals.
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Figure 3.5 Examples of PhaseNet-TF prediction on the test dataset. (a) and (b) show deep
earthquakes recorded at OBSs, whereas (c) and (d) show events recorded at land-based stations.
In each panel, the title includes the origin time, hypocenter, and station name. The top 3 sections
display the three-component waveforms in the time domain, followed by 3 sections of
spectrograms (power value) of the three components. The bottom section shows the probabilities
of predicted P- and S-wave arrivals. Manually picked P- and S-wave arrivals are indicated by
dashed lines.
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Figure 3.6 Examples of PhaseNet-TF prediction on continuous data from UTC 00:00 to 01:00 on
7 April 2010 on an OBS B04W (a) and a land-based station VAVP (b). (a) and (b) are similar to
Figure 3.5, except that there are no manual picks. (c) Zoomed-in waveform filtered at 3-10 Hz and
P/S probability within the time window indicated by the magenta box in (a). (d) Zoomed-in
waveform filtered at 3-10 Hz and P/S probability within the time window indicated by the
magenta box in (b). The P and S arrivals are confirmed to be true by the following steps of phase
association and event relocation.
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Figure 3.7 Maps of event distributions at various stages of the analysis. (a) The manually picked
reference catalog by Wei et al. [2017]. (b) Events predicted by PhaseNet-TF and associated by
GaMMA-1D in Iteration #1. (c) Relocated events serve as the output catalog of Iteration #1. (d)
Output catalogue of Iteration #2. (e) Output catalog of Iteration #3, considered the final catalog.
All panels are plotted similarly to Figure 3.1. The number of events for each step is shown in the
bottom-left corner of each panel.
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Figure 3.8 Cross-sections of event distributions at various stages of the analysis. (a) The manually
picked reference catalog by Wei et al. [2017]. (b) Events predicted by PhaseNet-TF and associated
by GaMMA-1D in Iteration #1. (c) Relocated events serve as the output catalog of Iteration #1.
(d) Output catalogue of Iteration #2. (e) Output catalog of Iteration #3, considered the final
catalog. (f) The location of the cross-section (blue line). In each of (a) – (e), black circles indicate
earthquakes within 70 km away from the cross-section. Red and magenta curves show the slab
upper interface according to the Slab1.0 [Hayes et al., 2012] and Slab2 [Hayes et al., 2018]
models, respectively. Neither of these models is accurate in the Tonga subduction zone.
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Figure 3.9 Arrival-time residuals of P (top) and S (bottom) waves across different models and
iterations. When each model is applied to the continuous dataset, the predicted arrivals are
compared to manual picks when they exist, and the arrival-time differences contribute to the
histogram. (a-f) Results of PhaseNet-TF from three consecutive iterations. (g-h) Outcomes of
PhaseNet retrained with the Tonga dataset. (i-j) Results of PhaseNet with its original model
weights trained with data from Northern California.
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Figure 3.11 Event distributions across 3 distinct catalogs. (Left column) Our final catalog in this
study. (Middle column) Reference catalog by Wei et al. [2017]. (Right column) ISC-EHB
catalogue [International-Seismological-Centre, 2023]. In each column, the top panel shows the
map view, similar to Figure 3.7, and the following panels show 4 cross-sections, similar to Figure
3.8. Beachballs show the focal mechanisms of 4 notable large deep earthquakes (1994/3/9 Mw
7.6, 2009/11/9 Mw 7.3, 2018/8/19 Mw 8.2, and 2018/9/6 Mw 7.9) from the Global CMT catalog
[Dziewonski et al., 1981, Ekström et al., 2012].
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3.9 Tables

Table 3.1 Numbers of picks and events in the manually picked reference catalogue and output
catalogues. Recalls are evaluated against the reference catalogue. The picks with arrival-time
residuals < 1 s compared to the reference catalogue are counted as true positive picks, whereas the
events with origin-time residuals < 15 s are considered true positive events. The output catalogue
of Iteration #3 is considered the final catalogue. The low recall values of S-wave arrivals result
from the filtering processes of phase association and relocation, as many S-wave arrivals are
discarded.

P-wave arrival S-wave arrival Event

Recall Number Recall Number Recall Number

Reference N/A 42,256 N/A 14,852 N/A 1,163

Iteration #1 output 0.94 217,254 0.83 63,590 0.96 9,427

Iteration #2 output 0.94 343,247 0.80 79,593 0.96 13,799

Iteration #3 output (Final) 0.89 372,774 0.75 78,853 0.91 13,406

Table 3.2 Evaluation metrics of phase pickers on the test dataset for different architectures and
models. Picks with arrival-time residuals < 1 s compared to the manually picked reference
catalogue are counted as true positive picks. The metrics in the table are evaluated on the test
dataset partitioned from the labelled dataset, which is the manually picked reference catalogue for
PhaseNet-TF Iteration #1 and two PhaseNet models, and the output catalogue from the previous
iteration for PhaseNet-TF Iterations #2 and #3.

P-wave arrival S-wave arrival

Precision Recall F1 Precision Recall F1

PhaseNet-TF (Iteration #1) 0.99 0.99 0.99 0.97 0.99 0.98

PhaseNet-TF (Iteration #2) 0.99 0.99 0.99 0.96 0.99 0.98

PhaseNet-TF (Iteration #3) 0.99 0.98 0.99 0.96 0.99 0.98

PhaseNet retrained by the Tonga dataset 0.97 0.97 0.97 0.85 0.94 0.90

PhaseNet with original model weights
(trained with Northern California data) 0.89 0.66 0.76 0.48 0.28 0.36
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Table 3.3 Evaluation of association and relocation filtering on the manually picked reference
catalogue (Iteration #1). Events with origin time residuals < 15 s are counted as true positive
events, and phase arrival-time residuals < 1 s are counted as true positive picks.

P-wave arrival S-wave arrival Event

Recall Recall Precision Recall F1

Association by GaMMA-1D 0.97 0.92 0.97 0.98 0.97

Relocation using GaMMA-1D
output and filtering
(epicentre uncertainty < 0.1°,
depth uncertainty < 10 km,
and origin-time uncertainty < 1 s) 0.95 0.86 0.98 0.95 0.96

Association by GaMMA 0.97 0.91 0.76 0.96 0.85
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CHAPTER 4

DETECTING CONVERTED SEISMIC PHASES OF TONGA DEEP EARTHQUAKES:
IN-DEPTH INSIGHTS FROM DEEP-LEARNING METHODS

An edited version of this chapter is in preparation for submission to Geophysics Journal

International.

4.1 Abstract

Converted seismic phases have been instrumental in advancing structural seismology. Recently,

the collection of seismic data in the Tonga subduction zone offers a good opportunity to explore the

Tonga slab. Among this data are numerous P-to-S (PS) waves from deep earthquakes converted at

the slab top interface, which are critical to understanding the geometry and internal structure of the

subducted slab. However, identifying PS phases in a large seismic dataset is challenging, primarily

due to the inconsistent distribution of energy in the frequency domain, varying picking criteria by

human analysts, and non-unique interpretations of the signals. To address these challenges, we

adopt a deep-learning-based package, PhaseNet-TF, specifically to detect PS-wave arrivals in a

dataset collected from an amphibious seismic array in the Tonga-Fiji area. We further use filters

of locations, travel-time, and energy and beamforming analyses to quality control the predicted

arrivals. With a semi-supervised learning strategy, we iteratively refine the arrival labels and retrain

PhaseNet-TF. This approach has significantly increased the number of PS arrival measurements,

which will be used to image the Tonga slab in detail. Our study demonstrates that deep learning

offers a promising avenue for improving the detection of converted phases in structural seismology.

4.2 Introduction

Detecting converted seismic waves is essential for understanding the complexities of slab struc-

tures and the dynamics of subduction processes. The analysis of P-slab-S and S-slab-P waves is

particularly crucial, as these waves provide insights distinct from those offered by direct P and S

waves, which primarily map the crust and mantle’s structure. Converted waves are sensitive to

variations in seismic wave speed within the slab and at its interface, offering critical information

for subduction studies. Research in northeastern Japan, the eastern Aleutian, and the Nazca sub-
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duction zone has emphasized the role of PS waves in providing detailed information on the slab’s

upper interface and identifying low-velocity zones within the slab [Matsuzawa et al., 1986, 1990,

Zhao et al., 1997a, Shiina et al., 2013, 2014, 2017, Helffrich and Abers, 1997, Bock et al., 2000].

Converted SP waves have been studied predominantly in northeastern Japan, influenced by the ori-

gin of these waves in the lower plane of the double seismic zone [Ohmi and Hori, 2000]. Very few

such data are available from other subduction zones.

Recent advancements in applying deep learning techniques for seismic wave detection have sig-

nificantly enhanced the ability to identify seismic events without compromising accuracy. The evo-

lution from early applications of simple neural networks for phase detection [Gentili and Michelini,

2006, Ross et al., 2018] to the adoption of U-Net [Ronneberger et al., 2015]-inspired deep neural

networks like PhaseNet [Zhu and Beroza, 2019] and transformer [Vaswani et al., 2017]-inspired

architectures such as EQTransformer [Mousavi et al., 2020] demonstrates deep learning’s reliabil-

ity and efficiency in seismic wave detection. The development of PhaseNet-TF [Xi et al., 2023],

which integrates time-frequency domain information and semantic image segmentation techniques

to identify noisy seismic signals from ocean bottom seismometers, has motivated a focus on de-

tecting weak signals alongside the traditionally more emphasized strong seismic signals.

However, the detection of converted seismic phases with current deep learning methods faces

challenges, including limited labeled datasets and the presence of weak and noisy signals. One

significant challenge is that PS waves are not confined to fixed frequency bands; their behavior

is greatly influenced by source parameters and wave propagation effects, such as attenuation and

scattering. As a result, PS wave signals often mix with noise, complicating their identification for

phase picking. The concept of applying time-frequency domain analysis, akin to methods used in

models like PhaseNet-TF, emerges as a promising approach for detecting PS waves. Additionally,

leveraging array analysis techniques, such as beam-forming [Gong and McGuire, 2021], could also

help refine phase-picking results derived from deep learning models.

The Tonga subduction zone offers a unique opportunity to study converted seismic waves. Being

the coldest and fastest subducting slab on Earth, it serves as an exceptional case for examining the

82



mechanisms behind intermediate-depth earthquakes. These earthquakes are widely believed to be

associated with slab dehydration, although the precise mechanisms remain a subject of debate.

Given the cold and rapid subduction of the Tonga slab, it’s highly plausible that hydrous minerals

carried by the subduction could reach greater depths, potentially extending into the mantle transition

zone (MTZ). This scenario could significantly revise our understanding of Earth’s deep water cycle

and our estimates of the global water budget. Previously, the Tonga slab was not extensively imaged

due to limited data availability. The Lau Basin Ocean Bottom Seismometer (OBS) Experiment,

which operated from 2009 to 2010, has provided valuable data, complemented by years of manual

phase picking by human experts and a recent catalog developed using deep learning methods [Xi

et al., 2023]. However, the availability of converted phases through manual picking has been notably

lacking.

Detected converted seismic waves in the Tonga subduction zone can accurately pinpoint the slab

interface location and provide direct evidence of the low-velocity zone (LVZ) which can support

the presence of a hydrous slab crust and uppermost mantle. Since the lower plane of the Tonga

double seismic zone is less active compared to the upper plane, which experiences compressional

stress across the slab [Isacks and Molnar, 1971], PS waves are particularly relevant for studies in

this area. Previous estimates of the slab’s upper interface in the Tonga subduction zone, such as

Slab1.0 [Hayes et al., 2012] and Slab2 [Hayes et al., 2018], were primarily derived from seismicity

data. Since intermediate-depth earthquakes typically occur within the slab crust, these estimates

often suggest a deeper interface than its actual depth. Inverting PS waves could more precisely

constrain converting points on the slab interface, with potential errors less than 1 km [Matsuzawa

et al., 1986, Zhao et al., 1997a]. Previous tomographic imaging of the Tonga slab using direct waves

[van der Hilst, 1995, Zhao et al., 1997b, Conder and Wiens, 2006, Wei et al., 2015, 2016, Adam

et al., 2016] lacked resolution on the slab crust. Incorporating PS waves promises improvements in

imaging this structure.

To accurately and efficiently detect PS waves in the Tonga subduction zone, new methods must

be developed. First, the phase picker should have the capability to identify weak PS wave signals
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with high precision and recall, even in the presence of noise commonly found in OBS data. Sec-

ond, implementing a robust quality control process is essential to minimize the risk of false phase

detection. This process should ideally incorporate techniques from seismic array analysis, such as

beamforming, to enhance detection accuracy. Lastly, considering the scarcity of labeled data, it

is imperative to employ a semi-supervised learning approach that leverages both labeled and unla-

beled datasets. This approach has already shown efficiency in detecting direct phases in the Tonga

subduction zone [Xi et al., 2023] and in picking seismic arrival times on distributed acoustic sensing

(DAS) data [Zhu et al., 2023a].

4.3 Data

In this study, we analyzed seismic data recorded by an amphibious array in Tonga and Fiji from

November 2009 to December 2010 (Figure 4.1b). This array included 49 OBSs (network ID YL),

17 island-based stations (network ID Z1), and one Global Seismograph Network (GSN) station

MSVF (network ID II). 1,163 local earthquakes with 42,256 P-wave and 14,852 S-wave arrivals

were manually picked by Wei et al. [2017]. In addition, 5,127 PS-wave arrivals, usually 1̃0 s after

the corresponding P-wave arrivals, were manually picked in the time-frequency domain. These

manually picked events and arrivals are hereinafter called the reference dataset. In our previous

study [Xi et al., 2023], we developed a semi-supervised deep-learning workflow to detect and locate

13,406 earthquakes with 372,774 P-wave and 78,853 S-wave arrivals from this dataset. In this study,

we further extend the deep-learning workflow to include the manually picked PS-wave arrivals and

focus on detecting PS waves from events that were previously located.

Similar to Xi et al. [2023] we created the training dataset by windowing three-component wave-

forms 5 minutes before and 5 minutes after each P-wave arrival. We also subsequently removed the

instrumental response to get displacement waveforms of the three components and further resam-

pled the data to 40 HZ with no additional processing. We also created a 1-year continuous dataset

by segmenting three-component waveforms into 10-day segments and subsequently removing the

instrumental response. All 3 channels were included, and any missing data from November 2009

to December 2010 were filled with zeros to ensure the continuity of the dataset.

84



4.4 Methods

4.4.1 Phase picking by PhaseNet-TF

In this study, we use PhaseNet-TF, a deep-learning-based phase picker developed by Xi et al.

[2023], to detect PS waves in the time-frequency domain. PhaseNet-TF is modeled after the ar-

chitecture of DeepLabv3+ [Chen et al., 2018], designed to handle data within the time-frequency

domain efficiently. The performance of PhaseNet-TF is comparable to that of PhaseNet [Zhu and

Beroza, 2019] for detecting P waves and showing superior efficacy in identifying S waves with

OBS data [Xi et al., 2023]. Originally, PhaseNet-TF processed three-component waveform inputs

to predict the probability of phase arrivals for P and S waves, along with noise probability. Here

we introduce an additional output channel dedicated to the probability of PS wave arrivals, while

the rest of the model architecture remains unchanged. This modification allows PhaseNet-TF to

maintain its accuracy in predicting P and S wave arrivals, as established in the previous study while

adding the capability of accurately predicting PS wave arrivals.

In refining PhaseNet-TF, we retain the original model’s loss function, optimizer, and learning

rate scheduler but modify the weighting strategy for loss functions to account for PS waves. Given

the scarcity of labeled PS wave arrivals compared to P- and S-wave arrivals, addressing the im-

balance in the dataset is crucial. We implement a strategy of differential weighting for our loss

functions, specifically using the Kullback-Leibler (KL) divergence for distinct categories:

𝐿 =

∑
𝑖𝑊𝑖

∑
𝑥 𝑦𝑡𝑟𝑢𝑒,𝑖 (𝑥) ∗ log 𝑦𝑡𝑟𝑢𝑒,𝑖 (𝑥)

𝑦𝑝𝑟𝑒𝑑𝑖𝑐𝑡 ,𝑖 (𝑥)∑
𝑖𝑊𝑖

(4.1)

where 𝑥 denotes the summation performed across all points, and 𝑖 represents one of the four cat-

egories utilized in constructing the loss function: P-wave arrival probability, S-wave arrival prob-

ability, PS-wave arrival probability, and noise probability. The sum of these probabilities at any

given timestamp equals one. The weights for these categories 𝑊𝑖 are set as 1:1:3:3 for noise, P, S,

and PS probabilities, respectively. 𝑦𝑝𝑟𝑒𝑑𝑖𝑐𝑡,𝑖 (𝑥) is the model prediction for the 𝑖-th category, and

and 𝑦𝑡𝑟𝑢𝑒,𝑖 (𝑥) corresponds to the reference.

PhaseNet-TF is trained by the manually picked reference dataset with 42,256 P-wave, 14,852
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S-wave, and 5,127 PS-wave arrivals. This trained PhaseNet-TF model is then applied to the continu-

ous dataset to predict PS waves. Following Xi et al. [2023], we partition the continuous waveforms

into 120-second segments with a 60-second overlap between segments. The output segments of

PS-wave probabilities are combined into a single continuous time series by selecting the maximum

value from overlapping predictions. Since PS signals are typically weaker than P and S signals, peak

probabilities exceeding 0.3 are considered positive picks for PS waves, lower than the threshold of

0.5 for P and S waves. We call these PS-wave predications X arrivals before confirming they are the

PS waves converted at the slab top interface. We leverage the pre-established earthquake catalog

from Xi et al. [2023] and associate each X arrival with a P-wave arrival immediately preceding it,

and thus with the corresponding earthquake in the earthquake catalog.

These X arrivals inevitably include false PS arrivals because (1) the probability threshold of 0.3

is low and (2) the DeepLabv3+ architecture is mainly focused on signal processing and does not

carry much seismological knowledge. Consequently, the predictions may represent some seismic

signals other than the PS waves converted at the slab-top interface. As described in the follow-

ing subsections 4.4.2 and 4.4.3, we apply several quality control processes based on seismological

knowledge to filter X arrivals and only keep P-slab-S arrivals. These processes will eliminate most

false positive PS detections but cannot address false negative predictions. Since the scientific mo-

tivation of this study is to obtain reliable PS arrivals for seismic imaging, this approach will lead to

a robust, although not exhaustive, dataset of PS waves.

4.4.2 Quality control (QC): source depth, station location, travel time, and energy

We first examine the properties of individual X arrivals. According to Fig. 4.1a, the PS wave

source should be intra-slab intermediately-depth or deep-focus earthquakes. Intra-slab earthquakes

shallower than 50 km may also generate P-slab-S waves converted at the megathrust. However,

it is difficult to distinguish P-slab-S waves from P-moho-S waves converted at the overriding plate

Moho from these shallow intra-slab earthquakes. In addition, these P-slab-S arrivals, if successfully

picked, can help constrain the megathrust at <50 km depth, which is usually well constrained by

active-source or surface-wave studies, thus are less critical than the P-slab-S arrivals from deep
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earthquakes. Therefore, we discard all X predictions from earthquakes shallower than 50 km. Given

the ray geometry, we also require the station to be between the earthquake and the Tonga Trench,

discarding all X predictions recorded at Fijian stations.

Travel-time is an effective measurement to filter X arrivals [Matsuzawa et al., 1986]. Given

the earthquake catalog from Xi et al. [2023], we first require each X arrival to be between the P-

and S-wave arrivals of the same event. If an event has no S-wave arrival detected, we estimate the

S-wave arrival based on a linear regression of all S-P differential travel-times versus hypocentral

distances (Fig. 4.3). X predictions that miss this requirement are discarded. Second, we exclude

any predicted X arrivals occurring within 5 seconds after the corresponding P-wave arrivals. This

step helps us eliminate P-moho-S waves converted at the overriding plate Moho (Fig. 4.1a) because

the crustal thickness in this region is only about 6–36 km from the Lau back-arc basin to the Tonga

fore-arc [Wei et al., 2016, Chen et al., 2019a]. This step can also eliminate S-slab-P waves converted

at the slab top interface, which usually arrive less than 3 seconds after the corresponding P waves.

In addition, we analyze the energy of X arrivals on 3 components to exclude any signals that

arrive as P waves. Given the shear wave nature of PS waves, the PS-wave arrivals should have the

strongest energy in the radial direction. Although the PS-wave energy may leak to the vertical com-

ponent due to the varying incident angle and complex site effects, we still expect higher energy on

horizontal components. Therefore, we discard X arrivals with the energy on the vertical component

higher than that on the horizontal components.

4.4.3 Quality control (QC): Source-side beamforming analysis

While straightforward quality control measures based on location, travel-time, and energy in-

formation successfully eliminate a significant number of falsely detected PS arrivals, they fall short

in filtering out phases that share similar arrival times and receiver-side polarity with the PS wave,

such as the SPS wave, along with other falsely detected signals not corresponding to any meaningful

phases. In addressing this limitation, we use a source-side beam-forming method to investigate the

nature of X arrivals near earthquakes. Specifically, we estimate the wave speed, azimuthal angle,

and take-off angle of X arrivals derived from source-side beamforming analyses and compare them
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with the theoretical values of PS waves.

In contrast to previous 3D source-side beamforming studies [Spudich and Bostwick, 1987,

Nakata and Shelly, 2018, Gong and McGuire, 2021], we do not stack waveforms for several rea-

sons: (1) Unlike station-side beamforming, the waveforms in source-side beamforming are heavily

influenced by the event source mechanism, and directly stacking waveforms may not effectively

amplify the signal. (2) The X signals are noisy in the time domain, even if we filter the waveforms

within the optimal frequency band. Instead, we stack delta functions that represent the X arrivals

because only the travel-time information is needed for our purpose.

We follow Gong and McGuire [2021] to perform the source-side beamforming analysis. In ap-

plying this method to real data, waveform segments are aligned with the direct P wave, respectively.

The synthetic delta function-shaped pulse at the phase arrival time predicted by the PhaseNet-TF

model is then applied to represent the PS wave arrivals. The slowness vector, expressed in spher-

ical coordinates, depends on the takeoff angle, azimuth angle, and near-source velocity, and can

be obtained through a grid search to maximize the PS wave signal stacking energy. For a single

experiment of the source-side beamforming analysis, we have a group of X arrivals as the input

and the slowness vector as the output. Meanwhile, the deduced slowness vector should match the

tomographic data, the earthquake-station geometry, and ray tracing results, from where we have

the theoretical or expected slowness vector. Our goal is to discard those unreliable X arrivals and

obtain trustable PS arrivals as the output of this stage.

The synthetic delta function-shaped pulse is defined as:

𝐷 (𝑡) = 𝑒
− (𝑡−𝑡0 )2

2( 𝑤6 )2 (4.2)

where 𝐷 (𝑡) represents the displacement at time 𝑡, 𝑡0 denotes the PS arrival time, and𝑤 is a parameter

controlling the pulse’s width, set to 1 second in our study.

We use a Markov chain Monte Carlo (MCMC) approach to evaluate the trustworthiness of

individual X arrivals based on the collective assessment from the source-side beamforming analysis.

The trustworthiness of the 𝑖-th X arrival is considered a random variable 𝑅𝑖 with its expectation

𝐸 (𝑅𝑖) = 𝑡𝑖 which serves as a measure to determine the retention or discard of this X arrival. If
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we denote 𝐷 𝑗 as the beamforming results of the 𝑗-th subset, the Bayesian framework allows us to

express the probability of the trustworthiness of all X arrivals as

𝑃(𝑅1, 𝑅2, ..., 𝑅𝑚 |𝐷1, 𝐷2, ..., 𝐷𝑛) =
𝑃(𝐷1, 𝐷2, ..., 𝐷𝑛 |𝑅1, 𝑅2, ..., 𝑅𝑚)𝑃(𝑅1, 𝑅2, ..., 𝑅𝑚)

𝑃(𝐷1, 𝐷2, ..., 𝐷𝑛)
(4.3)

To obtain 𝑃(𝑅1, 𝑅2, ..., 𝑅𝑚 |𝐷1, 𝐷2, ..., 𝐷𝑛), we aim to derive the best estimation of the distribu-

tion for 𝑅1, 𝑅2, ..., 𝑅𝑚 based on the current information provided by 𝐷1, 𝐷2, ..., 𝐷𝑛, known as the

posterior distribution. Here, 𝑚 denotes the total number of X arrivals, while 𝑛 indicates the total

number of beamforming experiments conducted. 𝑃(𝐷1, 𝐷2, ..., 𝐷𝑛 |𝑅1, 𝑅2, ..., 𝑅𝑚) represents the

likelihood. The prior distribution 𝑃(𝑅1, 𝑅2, ..., 𝑅𝑚) reflects our initial assumptions about the dis-

tribution of 𝑅1, 𝑅2, ..., 𝑅𝑚 before beamforming. We adopt a set of independent and identically dis-

tributed (iid) random variables, modeled by a Beta distribution characterized by parameters 𝛼 = 5

and 𝛽 = 1. This prior distribution aims to balance our initial belief about the trustworthiness of X

arrivals with the adjustability based on the beamforming outcomes.

Acknowledging the conditional independence of 𝐷1, 𝐷2, ..., 𝐷𝑛 given 𝑅1, 𝑅2, ..., 𝑅𝑚, the like-

lihood function can be represented as a product of individual likelihoods for each beamforming

result:

𝑃(𝐷1, 𝐷2, ..., 𝐷𝑛 |𝑅1, 𝑅2, ..., 𝑅𝑚) =
∏
𝑗≤𝑛

𝑃(𝐷 𝑗 |𝑅1, 𝑅2, ..., 𝑅𝑚) (4.4)

For each beamforming result 𝐷 𝑗 , its likelihood given the trustworthiness of X arrivals is

𝑃(𝐷 𝑗 |𝑅1, 𝑅2, . . . , 𝑅𝑚) = 𝑃(𝐷 𝑗 |all 𝑅𝑖, 𝑖 ∈ 𝐼 𝑗 )

=
1

Length(𝐼 𝑗 )
∑
𝑖∈𝐼 𝑗

𝑅𝑖𝐿 (𝑉 𝑗 ;𝑉𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 , 𝜎𝑉,𝑔𝑜𝑜𝑑)𝐿 (𝜃 𝑗 ; 𝜃𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 , 𝜎𝜃,𝑔𝑜𝑜𝑑)

+ (1 − 𝑅𝑖)𝐿 (𝑉 𝑗 ;𝑉𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 , 𝜎𝑉,𝑏𝑎𝑑)𝐿 (𝜃 𝑗 ; 𝜃𝑡ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 , 𝜎𝜃,𝑏𝑎𝑑)
(4.5)

where 𝐼 𝑗 denotes the set of all X arrivals utilized in obtaining 𝐷 𝑗 . The likelihood functions

𝐿 (𝑉 𝑗 ;𝑉𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 , 𝜎𝑉,𝑔𝑜𝑜𝑑) and 𝐿 (𝑉 𝑗 ;𝑉𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 , 𝜎𝑉,𝑏𝑎𝑑) reflect the probability of observing the

beamforming wave speed𝑉 𝑗 under the assumptions of ”good” and ”bad” PS wave pickings, respec-

tively, modeled by normal distributions with theoretical wave speed 𝑉𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 from the IASP91
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Earth model [Kennett and Engdahl, 1991] and standard deviations 𝜎𝑉,𝑔𝑜𝑜𝑑 = 3 km/s and 𝜎𝑉,𝑏𝑎𝑑 = 5

km/s to account for uncertainties in beamforming. Similarly, 𝐿 (𝜃 𝑗 ; 𝜃𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 , 𝜎𝜃,𝑔𝑜𝑜𝑑) and

𝐿 (𝜃 𝑗 ; 𝜃𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 , 𝜎𝜃,𝑏𝑎𝑑) assess take-off angles with 𝜎𝜃,𝑔𝑜𝑜𝑑 = 15 degrees for ”good” picks and

𝜎𝜃,𝑏𝑎𝑑 = 45 degrees for ”bad” picks. The azimuthal angle is not considered here for computational

efficiency, as its observed values consistently align well with theoretical predictions through our

experiments.

We use the No-U-Turn sampling algorithm [Hoffman and Gelman, 2014] to estimate the poste-

rior distribution 𝑃(𝑅1, 𝑅2, ..., 𝑅𝑚 |𝐷1, 𝐷2, ..., 𝐷𝑛). The marginal posterior distribution 𝑃(𝑅𝑖 |𝐷1, 𝐷2, ..., 𝐷𝑛)

for any 𝑖 ≤ 𝑚 can be directly computed through the MCMC sampling. This distribution effectively

represents the trustworthiness of any given X arrival post-analysis. By integrating this distribution,

we can calculate the expectation value 𝑡𝑖 for the trustworthiness of the 𝑖-th X arrival:

𝑡𝑖 = 𝐸 (𝑅𝑖) =
∫ 1

0
𝑃(𝑅𝑖 (𝑥) |𝐷1, 𝐷2, ..., 𝐷𝑛)𝑑𝑥 (4.6)

This expectation 𝑡𝑖 serves as a quantitative measure of trustworthiness for each PS arrival, al-

lowing us to make informed decisions about which arrivals to retain for further analysis based on

their calculated trustworthiness levels. We discard all X arrivals with 𝑡𝑖 < 0.5.

The accuracy of estimating 𝑡𝑖, the trustworthiness of X arrivals, relies on the results of the

beam-forming analysis, 𝐷 𝑗 . To obtain these crucial data points, we conduct extensive source-side

beam-forming analyses on subsets of X arrivals. Given the wide distribution of earthquakes in our

study, we divide the X arrivals into subsets for beamforming. We first construct a grid with step

lengths of 0.25◦ in longitude and latitude, and 25 km in depth, organizing the study region into

boxes that are 1◦ wide in longitude, 1◦ wide in latitude, and 100 km wide in depth. Each box is

designed to contain at least 20 X arrivals from the same station. This approach excludes X arrivals

from events that are far from the others. Within each box, we subsample the events to generate

more beamforming observations. We repeat this process 1000 times with a subsampling rate of

70%. In total, we obtain more than 1 million beamforming results for uniquely different subsets of

X arrivals.
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4.4.4 Semi-supervised-learning-based workflow

Integrating Semi-Supervised Learning into our workflow significantly enhances the detection

capabilities of PhaseNet-TF, employing a strategy that iteratively refines labeled PS arrival picks

and retrains the model. This semi-supervised learning approach can effectively leverage a blend of

limited labeled phases with an extensive pool of unlabeled data. As illustrated in the diagram of

Figure 4.6, in the initial iteration, given the scarcity of manually picked PS arrivals, we bypass the

quality control steps related to timing and energy, operating under the assumption that most manu-

ally picked phase arrivals are reliable. This iteration of the model is then applied to the continuous

dataset, which is constrained by the catalog from a prior study [Xi et al., 2023], to generate new

phase picks, including potential false detections.

The introduction of subsequent steps, such as quality control through energy and timing anal-

ysis, along with PS wave association via beamforming and the MCMC method, assists in filtering

out less reliable picks. These refined PS arrivals from the first iteration serve as labels for train-

ing PhaseNet-TF in the second iteration. With each iteration, as the training dataset is augmented

with more accurate picks, the model’s proficiency in detecting PS arrivals is expected to improve.

This iterative process is repeated until the addition of significant new PS arrivals ceases, ensuring

a progressively refined and accurate detection mechanism.

Both deep learning and beamforming require a large amount of PS arrivals. However, the manu-

ally picked reference catalog has only 5,127 PS-wave arrivals from 1,163 local earthquakes. Similar

to Xi et al. [2023], we use a semi-supervised learning strategy to iteratively increase the number

of PS arrivals, refine them with QC filters, and retrain PhaseNet-TF (Figure 4.6). This approach

can effectively leverage a blend of limited labeled phases with an extensive pool of unlabelled data.

Before Iteration #1, we only apply the QC filters of source location, station location, travel-time,

and energy to clean the reference dataset (Section 4.4.2), and do not use the QC filter of beamform-

ing analysis (Section 4.4.3), given the scarcity of manually picked arrivals. In Iteration #1, we use

the cleaned reference dataset to train PhaseNet-TF and apply the trained model to the continuous

dataset to predict new X arrivals. The predictions are subsequently filtered by all QC measures. In
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the following iterations, we use the cleaned X picks from the previous iteration to retrain PhaseNet-

TF and predict more X arrivals, which are cleaned by QC filters explained in Sections 4.4.2 and

4.4.3. This iterative process is repeated until the addition of significant new PS arrivals ceases,

ensuring a progressively refined and accurate detection mechanism.

4.5 Results

4.5.1 PhaseNet-TF Model assessment

The performance of PhaseNet-TF in detecting PS arrivals is rigorously evaluated using pre-

cision, recall, and F1 score metrics on a test dataset, which is randomly selected as 5% of the

reference catalog for the initial iteration and 5% of the refined catalog for subsequent iterations.

Table 4.1 summarizes these results, showing that PhaseNet-TF consistently achieves high accuracy

in predicting P and S arrivals, with metrics above 95% across all iterations, and maintains over 95%

precision and recall in detecting PS arrivals. Figure 4.7 also shows an example of newly detected

PS arrival at the second supervised learning stage. This level of precision is comparable to manual

picks by human analysts, indicating the model’s robustness.

However, an essential aspect of the semi-supervised learning process involves the exclusion of

some PS arrivals from the second iteration onwards. This is not due to inaccuracies in their detection

or direct dismissal by the MCMC process but originates from the requirement for a minimum of

20 PS arrivals to form a box for beamforming analysis, which is a prerequisite not always met.

Such exclusions, while potentially omitting valid PS arrivals, represent a necessary compromise to

adhere to the structural requirements of our workflow. This is also suggested in Figure 4.8, where

the prediction and the reference residuals of the PS wave keep almost the same at different stages

of the semi-supervised framework, as well as a low standard deviation, but with a smaller number

of PS arrivals preserved in catalogs of stages 2 and beyond.

4.5.2 catalog refined with beamforming

In refining our PS arrival catalog, we began by training the PhaseNet-TF model on 5,127 man-

ually selected PS arrivals from an existing reference catalog, which enabled the model to predict

approximately 46,210 PS arrivals from a dataset spanning an entire year. Utilizing constraints from
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the previous study (Xi et al. [2023]) as described in the data section, we focused the initial large set

of predictions down to 18,290 PS arrivals. As shown in 4.3(b), through subsequent quality control

measures that emphasized precise timing and energy distribution analysis, this number was further

refined to 15,939 PS arrivals. Only around 12,000 PS arrivals can perform beam-forming through

the boxing constraint. The further refinement process incorporated beam-forming analysis and

MCMC simulations as critical components, enabling a detailed evaluation of each PS arrival pre-

diction. Figure 4.4 shows the PS arrivals are clearly clustered into two groups, i.e., trustable or not,

through this approach. This stage was instrumental in selecting approximately 8,979 PS arrivals,

enriching the catalog with both previously recognized arrivals and 6,200 new detections. Building

on this enhanced dataset, the PhaseNet-TF model underwent additional training iterations. With the

detection of new PS arrivals plateauing after the third iteration, we concluded the semi-supervised

learning process. Figure 4.9 compares the station-counted PS arrivals between the reference and

the subsequent stages’ catalog, which showcases this improvement.

In total, for the reference catalogue, it takes around 5 hours and 400 CPU cores on MSU ICER

for the beam-forming calculation, and around 1 hour and 4 Nvidia V100S GPUs for the 4-chains

MCMC simulation. For the PS arrivals predicted by the PhaseNet-TF model (first semi-supervised

iteration, see the next section), it takes around 36 hours and 400 CPUS for the beam-forming calcu-

lation, and around 4 hours and 4 Nvidia V100S GPUs for the 4 chains MCMC simulation. Figure

4.5 shows a comparison before and after applying the abovementioned method to the PS arrivals

from the reference catalog, which shows its effectiveness in detecting the potentially falsely detected

PS arrivals.

This methodical and iterative approach to catalog refinement not only expanded the number

of detected PS arrivals but also significantly improved the accuracy and reliability of the catalog.

With ongoing developments in Ocean Bottom Seismometer (OBS) deployments, such as the con-

tributions from the SaLOON Project, our refined methodology is set to further advance PS arrival

detection in future seismic research, ensuring a more comprehensive and precise understanding of

seismic activities.
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4.6 Discussion and Conclusions

In our study, we have developed a comprehensive workflow for the detection and analysis of

converted seismic waves within the Tonga subduction zone. This workflow represents a signifi-

cant advancement in seismic research, particularly in the context of improving the accuracy and

reliability of PS wave arrival detection.

To be specific, we find:

• Our study introduces a robust workflow that combines the enhanced PhaseNet-TF model with

a semi-supervised learning approach. This integration is crucial for addressing the complex

challenge of detecting weak and noisy signals in seismic data, thereby enhancing the precision

of phase picking.

• A novel aspect of our workflow is the incorporation of Markov chain Monte Carlo simulations

and source-side beamforming as quality control measures. These techniques allow us to

refine our detection process significantly, ensuring that our analysis accurately distinguishes

between true seismic events and background noise.

• By applying our workflow, we have substantially extended the existing catalog of PS arrivals

in the Tonga subduction zone. This expanded catalog is not only a valuable resource for ongo-

ing research but also holds great potential for future studies focused on seismic tomography

and the dynamics of earthquakes within this subduction zone.
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4.7 Figures
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Figure 4.1 (a) Diagrams showing direct P waves and PS waves from an earthquake near the slab
surface. The figures illustrate the paths of seismic waves as they travel through the Earth’s layers.
(b) Map showing the Tonga subduction zone and surrounding areas. Triangles represent
land-based seismic stations, inverted triangles denote ocean-bottom seismographs, and the square
marks a GSN (Global Seismograph Network) station. These stations were operational from
November 2009 to December 2010. The color coding of the stations indicates the number of PS
waves recorded at each station for the reference catalog. The distribution of earthquakes from the
manually picked reference catalog is depicted with dots, color-coded according to their depth,
showcasing the spatial and depth variation of seismic activity in the region. Land regions are
marked in grey. The bathymetry, with 1 km contours, highlights geographical features such as the
Tonga Ridge, Lau Ridge, and Fiji Plateau, while deeper contours at 7, 8, 9, and 10 km outline the
Tonga Trench. The black arrow shows the direction of the Pacific Plate’s movement relative to the
Tonga area. An inset map provides a global perspective of the study area.
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Figure 4.2 PhaseNet-TF model predictions on selected examples from the test dataset, derived
from the reference dataset. Panels (a) and (b) illustrate recordings of deep earthquakes at
land-based fore-arc stations, while panels (c) and (d) present recordings from back-arc stations
equipped with Ocean Bottom Seismometers (OBS). Each panel is labeled with the earthquake’s
origin time, hypocenter, and the respective station name. The initial three sections in each panel
depict waveform data across three components (vertical, north-south, and east-west) in the time
domain. These are followed by three corresponding sections showing spectrograms, which
represent the power values of each waveform component. The final section in each panel
visualizes the probabilities of detected P, S, and PS wave arrivals as predicted by the model.
Manually identified arrivals for P, S, and PS waves are marked with dashed lines for comparison.96



0

20

40

60

80

100

D
if
fe

re
n
c
ia

l 
tr

a
v
e
lt
im

e
 (

s
e
c
)

0 200 400 600 800 1000 1200

Hypocentral distance (km)

Manual

SP
Final PSP

Number of selected PS arrivals: 5127

0 200 400 600 800 1000 1200

Hypocentral distance (km)

Final

SP
PSP removed due to energy
PSP removed due to beamforming
PSP removed due to travel time
Final PSP

Number of selected PS arrivals: 8979

Figure 4.3 Comparison of PS-P and S-P arrival time differences versus hypocentral distance
between the reference and final catalogs. The final catalog was developed by applying energy,
timing, and beamforming-based quality control measures to PhaseNet-TF predictions of PS
arrivals, represented as colored dots. The solid black line illustrates the least squares fit of the
PS-P time difference curve of the final catalog. The two dashed black lines indicate the 5% and
95% boundaries, marking the regions where the majority of PS arrivals from the final catalog fall
within these limits.
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the evaluation of this method using the reference dataset, while panel (b) shows the outcomes after
the first iteration of our semi-supervised learning framework.
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Figure 4.5 Comparison of beamforming results before and after applying MCMC-based quality
control on the reference dataset. The top-left map displays station FONI and associated
earthquake events, represented as either black or red dots. Red dots indicate events whose PS
arrivals are retained post-MCMC analysis, while black dots represent discarded arrivals. The
bottom-left plot shows waveform data for PS arrivals, aligned at the P arrival time, with red
indicating arrivals kept after beamforming analysis and black indicating those discarded. This
data has been filtered around the center frequency of manually identified PS waves, with a
bandwidth of 4 Hz. On the right, beamforming results are presented in a series of plots: the top
plot shows results for all P arrivals; the middle plot displays results for all PS arrivals before
MCMC filtering; the bottom plot illustrates results for PS arrivals post-MCMC filtering.
Following the method described by Gong and McGuire [2021], we optimize the power spectrum,
and the plots depict this spectrum as a function of various parameters: wave speed, azimuthal
angle, and takeoff angle, as well as their combinations, such as takeoff angle and azimuthal angle,
takeoff angle and wave speed, and azimuthal angle and wave speed.
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Figure 4.6 Schematic illustration of our semi-supervised learning workflow. The process initiates
with the training of the PhaseNet-TF model on a dataset of manually picked seismic arrivals.
Subsequently, this trained model is deployed on continuous seismic records to predict
probabilities for P, S, and PS wave arrivals. These predictions, specifically for PS arrivals, are
then cross-referenced with a finalized catalog from previous studies, such as the one by Xi et al.
(2023), to ensure consistency and reliability. Quality control measures, including analysis of
timing discrepancies, the ratio of horizontal to vertical energy, and beamforming-based MCMC
simulations, are employed to refine this set of PS arrivals, resulting in an updated catalog. This
refined catalog is then utilized as a newly labeled dataset for further training and validation of the
PhaseNet-TF model in subsequent iterations. The workflow is iteratively executed until the
enhancements in the catalog become marginal, culminating in a comprehensive and accurate final
catalog of seismic events and their associated phase arrivals.
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Figure 4.7 Examples of PhaseNet-TF predictions from the test dataset, which was sampled from
the training dataset of the second-stage semi-supervised learning. Annotations and layout follow
those described in figure 4.2.
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Figure 4.8 Arrival-time residuals for PS waves throughout various iterations of semi-supervised
learning. Each histogram represents the differences between predicted arrival times, as
determined by the PhaseNet-TF model at each iteration, and manual picks, for instances where
both are available. Panel (a) showcases the residuals from the first iteration of the PhaseNet-TF
model application, while panel (b) displays the outcomes from the second iteration.
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Figure 4.9 Comparison of the reference and final catalogs, with stations color-coded according to
the number of PS arrivals recorded at each location (a-b), and events color-coded according to the
depth (c-d). In (c-d), the sizes of events are scaled based on the number of PS arrivals. The map
includes features similar to those described in Figure 4.1, such as station symbols, land shading,
and bathymetry contours.
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4.8 Tables

Table 4.1 Evaluation metrics for phase pickers applied to the test dataset across different stages of
semi-supervised learning models. Picks are considered true positives if their arrival-time
residuals are less than 1 second when compared to the corresponding labels. The table presents
metrics evaluated on a test dataset, which is partitioned from the labelled dataset. For
PhaseNet-TF Iteration #1, this labelled dataset is the manually picked reference catalogue. For
subsequent iterations, such as PhaseNet-TF Iteration #2, the labelled dataset is derived from the
output catalogue of the preceding iteration.

P-wave arrival S-wave arrival PS-wave arrival

Precision Recall F1 Precision Recall F1 Precision Recall F1

PhaseNet-TF
(Iteration #1) 0.99 0.99 0.99 0.95 0.99 0.97 0.98 0.999 0.99

PhaseNet-TF
(Iteration #2) 0.98 0.97 0.97 0.94 0.99 0.97 0.93 0.99 0.97
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