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Abstract

Active-source seismic surveys have resolved the fine-scale P-wave velocity (Vp) of the subsurface structure in subduction forearcs.

In contrast, the S-wave velocity (Vs) structure is poorly resolved despite its usefulness in understanding rock properties. This

study estimates Vp and Vs structures of the Nankai Trough forearc, by applying transdimensional inversion to high-frequency

receiver function waveforms. As a result, a thin (˜1 km) low-velocity zone (LVZ) is evident at ˜6 km depth beneath the sea

level, which locates ˜3 km seaward from the outer ridge. Based on its high Vp/Vs ratio (˜2.5) and comparison to an existing

seismic reflection profile, we conclude that this LVZ reflects a high pore pressure zone at the upper portion of the underthrust

sediment. We infer that this overpressured underthrust sediment hosts slow earthquake activities, and that accompanied strain

release helps impede coseismic rupture propagation further updip.
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Key Points: 10 

 We applied transdimensional inversion of receiver function waveforms to seafloor cabled 11 

stations at the Nankai subduction zone. 12 

 The resultant high-resolution velocity structures allow a direct comparison to active 13 

source surveys. 14 

 A low-velocity zone beneath the outer ridge is evident, which is interpreted as an 15 

overpressured portion of underthrust sediment. 16 

 17 
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Abstract 19 

Active-source seismic surveys have resolved the fine-scale P-wave velocity (Vp) of the 20 

subsurface structure in subduction forearcs. In contrast, the S-wave velocity (Vs) structure is 21 

poorly resolved despite its usefulness in understanding rock properties. This study estimates Vp 22 

and Vs structures of the Nankai Trough forearc, by applying transdimensional inversion to high-23 

frequency receiver function waveforms. As a result, a thin (∼1 km) low-velocity zone (LVZ) is 24 

evident at ∼6 km depth beneath the sea level, which locates ~3 km seaward from the outer ridge. 25 

Based on its high Vp/Vs ratio (∼2.5) and comparison to an existing seismic reflection profile, we 26 

conclude that this LVZ reflects a high pore pressure zone at the upper portion of the underthrust 27 

sediment. We infer that this overpressured underthrust sediment hosts slow earthquake activities, 28 

and that accompanied strain release helps impede coseismic rupture propagation further updip.  29 

Plain Language Summary 30 

Many geophysical surveys have investigated the subsurface structures of shallow 31 

subduction zones by estimating the propagation speed of compressional waves emitted from 32 

artificial explosive sources. Although shear and compressional wave speeds are necessary to 33 

understand rock properties (e.g., water content) of the subsurface, it has been difficult to 34 

constrain the shear wave speed with a high-resolution. In this study, we estimate both 35 

compressional and shear wave speeds by applying an advanced technique to earthquake 36 

waveforms recorded at ocean-bottom seismometers deployed at the Nankai subduction zone, 37 

Japan. The results show a sufficiently high spatial resolution to detect a thin (~1 km) layer, 38 

which we interpret as water-rich subducted sediment. This water-rich zone may promote slow 39 

slips on the megathrust fault and work as a barrier against rupture propagations during large 40 

earthquakes.  41 

 42 

1 Introduction 43 

Evaluating the pore fluid pressure distributions in the subduction margins is a key 44 

element to understand slip behaviors of the megathrust fault. At accretionary margins, 45 

unconsolidated sediment is accreted at the deformation front and further compacted by tectonic 46 

loading over time. During this process, abundant fluids are released from the sediment through 47 

mechanical compaction or metamorphic dehydration (J. C. Moore & Saffer, 2001). The released 48 

fluid can concentrate along nearby faults, and the elevated pore fluid pressure can weaken the 49 

fault strength by effectively reducing the normal stress (e.g., Scholz, 1998). Such a weakening 50 

mechanism has been suggested to affect the rupture propagation on the megathrust (e.g., Kimura 51 

et al., 2012) and contribute to the generation of slow earthquakes (Saffer & Wallace, 2015). 52 

 Active-source seismic surveys have been widely used to infer pore pressure distribution 53 

(e.g., Tsuji, Kamei, et al., 2014). High-resolution (∼0.1–1 km) P-wave velocity (Vp) structure or 54 

reflection profiles have been acquired for many subduction zones (Bell et al., 2010; Canales et 55 

al., 2017; Gray et al., 2019; Kamei et al., 2012; Li et al., 2015; Shiraishi et al., 2019). In these 56 

studies, low Vp or highly reflective zones are often associated with high pore fluid pressure; 57 

however, interpreting rock properties from only Vp (or impedance) information is somewhat 58 

subjective. With independent estimates of S-wave velocity (Vs), one can acquire more robust 59 

constraints on pore fluid pressure (Dvorkin et al., 1999). Unfortunately, marine active-source 60 

surveys are not particularly sensitive to Vs. 61 
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In contrast to active-source surveys, passive-source analyses can be highly sensitive to 62 

Vs. The receiver function method (Langston, 1979) aims to retrieve the impulse response of the 63 

near-receiver structure, i.e., the Green functions (GFs), from teleseismic P coda by deconvolving 64 

incident source wavelet. The retrieved receiver function can then be inverted for the velocity 65 

structure beneath the receiver. Early studies used the method at low-frequency (< 1 Hz) to avoid 66 

numerical instability of the deconvolution. Later, many studies have improved the technique 67 

such that it can work with higher frequencies (e.g., Ligorría & Ammon, 1999), leading to higher 68 

spatial resolution (~1 km). Nevertheless, most receiver function methods fail to approximate GFs 69 

when calculated using data from ocean-bottom seismometers. This is due to intense water 70 

reverberations dominating the vertical component records. Recent efforts have overcome this 71 

difficulty and allowed for investigating subsurface structure using high-frequency receiver 72 

functions with data from offshore observatories (Akuhara et al., 2016, 2017, 2019). 73 

This study performs the receiver function inversion for stations from the seafloor cabled 74 

network (DONET1) deployed at the Kumano-nada (Kumano Sea) in the central Nankai 75 

subduction zone. First, we calculate high-frequency receiver functions, or GFs, using the 76 

multichannel deconvolution (MCD) method (Akuhara et al., 2019). Then, the GFs are inverted 77 

for the one-dimensional (1-D) seismic velocity structure beneath each station using 78 

transdimensional Markov-chain Monte Carlo (MCMC) sampler (Green, 1995). Using this, one 79 

can solve an inverse problem without knowing the number of unknowns (i.e., the number of 80 

layers in the subsurface structure) a priori. This feature is advantageous for GFs at offshore sites, 81 

for which visual interpretation is challenging because of intense reverberatory phases at the sea 82 

surface, sea bottom, and sediment-basement interface. 83 

The spatial resolution of the resulting velocity structure is sufficiently high to detect a 84 

thin (∼1 km) low-velocity zone (LVZ) that is considered fluid-rich. By comparing the results to 85 

the seismic reflection profiles, we detect overpressured features in the Nankai Trough subduction 86 

forearc and discuss their implications on the earthquake process. We aim to highlight the 87 

advantage of high-resolution studies of Vs structure by receiver functions using offshore data. 88 

Future progressive passive-seismic observations at offshore regions can facilitate this class of 89 

study, leading to a better understanding of subduction processes. 90 

 91 

2 Tectonic Setting and Seafloor Observatories 92 

Kumano-nada is in the central Nankai subduction zone, where the Philippine Sea plate 93 

obliquely subducts beneath the trough margin (Figure 1a). Megathrust earthquakes repeatedly 94 

rupture the plate interface over a cycle of ∼100–150 years (Ando, 1975), including the 1944 95 

Tonankai earthquake (Figure 1a, magenta contour). Because of the imminent risk of future 96 

megathrust earthquakes, the area’s subsurface structure has been intensively investigated by 97 

active-source surveys (e.g., Bangs et al., 2009; Kamei et al., 2012; G. F. Moore et al., 2009; 98 

Nakanishi et al., 2008; Park et al., 2002). The accretionary prism developed at the margin can be 99 

divided into outer and inner wedges. The transition between these two zones is characterized by 100 

the outer ridge, splay fault, and strike-slip fault (Figure 1b). All of these features are dominant 101 

and thus can be seen along the entire forearc (Tsuji, Ashi, et al., 2014). 102 
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 103 
Figure 1 (a) Tectonic setting of the study area. Circles denote the seafloor cabled seismometer 104 

network (DONET1). The stations used in this study are colored in sky blue. The bold red line 105 

indicates the location of the seismic reflection profile shown in (b). Orange and purple stars 106 

denote epicenters of very low-frequency earthquakes (Nakano et al., 2016, 2018; Sugioka et al., 107 

2012). The magenta contour shows coseismic slip distribution during the 1944 Tonankai 108 

Earthquake with an interval of 0.5 m (Kikuchi et al., 2003). (b) Seismic reflection profile 109 

crossing the study area and its interpretation after Tsuji, Kamei, et al. (2014). 110 

 111 
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Despite the progressive surveys, geological interpretation near the plate boundary 112 

remains under debate, even for the shallower portion (i.e., the trenchward side of the outer ridge). 113 

Early works interpreted a strong horizontal reflective surface (Figure 1b, green horizontal line) as 114 

the plate boundary fault (Park et al., 2002), often termed a “décollement”. Later, a three-115 

dimensional prestack migration study (Park et al., 2010) detected an LVZ ∼2 km in thickness 116 

immediately above the décollement (Figure S1) and interpreted it as antiformal stacking of the 117 

underthrust sediments. However, the downdip continuation of this LVZ was unclear because of 118 

the limited resolution at depth. Subsequently, full-waveform inversion studies (Kamei et al., 119 

2012, 2013) have shown that the LVZ extends further downdip to ∼10 km depth (Figure S1). 120 

Tsuji, Kamei, et al. (2014) interpreted this LVZ as an overpressured shear zone and suggested it 121 

as the location of megathrust faulting. Although the true “thrust” location remains unclear, we 122 

use the term “underthrust” sediment to refer to this LVZ. It should be reminded here that all 123 

studies mentioned above are on the basis of Vp information.  124 

The seafloor cable seismometer network, DONET1, has shown a wideband of transient 125 

slips (i.e., slow earthquakes) occurring in this region, including very-low-frequency earthquakes 126 

(VLFEs), low-frequency tremors, and slow slip events (Araki et al., 2017; Nakano et al., 2018; 127 

Takemura et al., 2018; To et al., 2015). These epicenters are located updip of the seismically 128 

locked zone where the 1944 Tonankai earthquake ruptured. They have been considered to occur 129 

either on the plate boundary fault or the splay fault within the accretionary prism; this is still an 130 

open question because of the difficulty in obtaining reasonable constraints on their focal depths. 131 

Lines of evidence suggest that the generation of these slow earthquakes is owing to high pore 132 

pressure (Ito & Obara, 2006; Kitajima & Saffer, 2012; Tonegawa et al., 2017). 133 

This study mainly focuses on the two DONET1 stations located close to the seismic 134 

reflection profile: one is near the deformation front (KMC09), and the other is near the outer 135 

ridge (KMD13). We additionally use the data from the station KMD14 to highlight the structural 136 

feature obtained near the outer ridge.     137 

 138 

3 Method 139 

We retrieve the radial component GFs from teleseismic P waveforms using the MCD 140 

technique. This extended receiver function method can be reasonably applied to offshore data 141 

contaminated by intense multiples from the water column (Akuhara et al., 2019). The detailed 142 

processes are as follows. First, we select teleseismic events that occur from November 1st, 2014, 143 

to June 19th, 2019, with M>5.5 and epicentral distances of 30–90˚. The seismic waveforms of 144 

these are then rotated to the radial-transverse-vertical coordinate system. We measure the signal-145 

to-noise (SNR) ratio, which we define by the root-mean-square amplitude ratio of 30 s windows 146 

before and after the P arrival, on vertical component records. The records with an SNR>2.5 are 147 

retained and processed by the MCD. During the deconvolution, a Gaussian low-pass filter 148 

(𝒢(𝜔) = exp (−
𝜔2

4𝑎2
)) with a parameter 𝑎=8.0 is applied. The upper-frequency limit is ~3.8 Hz, 149 

at which the filter gain falls to 10% of the maximum. Both radial and vertical component records 150 

are used as inputs to the MCD, which results in GF estimations for both components. In this 151 

study, we only focus on the radial components as the first step. 152 

Because of the laterally heterogeneous structure in the study region, resultant GFs vary in 153 

response to incoming ray directions, or event back-azimuths. To avoid this complexity, we 154 
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divide all GF traces into two subsets (updip or downdip datasets) depending on the incoming 155 

direction relative to the subducting plate. For each subset, we calculate cross-correlation 156 

coefficients (CCs) between all pairs of GFs and select GFs that show high coherency (CC>0.65) 157 

with at least half of all GFs within the subset (Figure S2). GFs satisfying this condition are 158 

stacked and used as input data for the following inversion analysis. We carry out the inversion 159 

analysis separately for each updip and downdip data, leading to two independent results per 160 

station. 161 

We employ transdimensional MCMC inversion (e.g., Agostinetti & Malinverno, 2010; 162 

Bodin et al., 2012) for solving seismic velocity structures. We assume an isotropic layered 163 

medium beneath the seafloor (i.e., the station level) and express the structure using the following 164 

unknowns: the number of layer interfaces (𝑘), their depths (𝑧𝑖, 𝑖 = 1⋯𝑘), and the P and S-wave 165 

velocity anomalies (𝛿𝛼𝑖 and  𝛿𝛽𝑖, 𝑖 = 1⋯𝑘 + 1). These velocity anomalies are defined relative 166 

to the station-specific reference velocity models estimated by Tonegawa et al. (2017). These 167 

velocity models are determined from Rayleigh wave admittance, a ratio of the vertical 168 

displacement to the pressure on the seafloor (Ruan et al., 2014), offering a reasonable constraint 169 

on Vs. The densities are scaled to Vp by an empirical relation (Brocher, 2005). The properties of 170 

the ocean layer are fixed as follows: Vp and density are assumed to be 1.5 km/s and 1.0 g/cm
3
, 171 

respectively, and the station level is used for the thickness. Although there are some reports of 172 

anisotropy in the study region (Tsuji et al., 2011), we limit our analysis to the isotropic case for 173 

simplicity. 174 

The posterior probability in terms of 𝑘, 𝑧𝑖, 𝛿𝛼𝑖, and 𝛿𝛽𝑖, which is proportional to the 175 

prior-likelihood product, is sampled by the reversible-jump MCMC algorithm (Green, 1995). 176 

The method explores multidimensional model space via random walks (i.e., perturbing 𝑧𝑖, 𝛿𝛼𝑖, 177 

and 𝛿𝛽𝑖), together with the random increase/decrease in the model space dimension (i.e., 178 

increasing/decreasing 𝑘). We assume truncated uniform priors for 𝑘 and 𝑧𝑖 and zero-mean 179 

Gaussian priors for 𝛿𝛼𝑖 and 𝛿𝛽𝑖. Besides these priors, we prohibit anomalous layers with either 180 

too high/low velocities or Vp/Vs. We employ the propagator matrix method (Thomson, 1950) 181 

for the forward computation, and then the likelihood is calculated in the manner that can consider 182 

a temporal correlation of data noise (Bodin et al., 2012). A parallel tempering method 183 

(Sambridge, 2014) is adopted to increase the conversion rate of the inversion. See Text S1 for 184 

more details of the MCMC inversion. 185 

The models sampled by the MCMC construct the posterior probability distribution, from 186 

which any derivatives, including marginal probability, mean model, or confidence interval, can 187 

be drawn. Recall that we obtain two independent probability distributions per station derived 188 

from the updip and downdip datasets. Comparing these results may provide useful insight into 189 

lateral heterogeneity. In our results, however, the difference is found to be negligible, with an 190 

exception discussed later. In the following section, we report confidence intervals of Vs and 191 

Vp/Vs that are calculated by simply merging the two results. 192 

 193 

4 Results and Interpretations 194 

 The inverted velocity structure for the site close to the trench (KMC09) shows two thin 195 

(< 2 km) layers immediately beneath the seafloor (Figures 2a-d, S3). The 95% confidence 196 

intervals of Vs and Vp/Vs for the upper layer are 0.5–0.8 km/s and 3.2–4.3, respectively, while 197 
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the lower layer exhibits 0.9–1.8 km/s and 1.8–3.4. Comparing to the seismic reflection profile, 198 

we interpret these layers as the incoming sediment overlaid by the accreted sediment (Figure 3). 199 

The extremely low Vs and high Vp/Vs indicate the unconsolidated nature of the sediment. Such 200 

a high Vp/Vs of the sediment near the deformation front is also inferred from a refraction survey 201 

using converted phases (Tsuji et al., 2011). The sharp drop in Vp/Vs to < 2.0 at 6.5 km depth 202 

well defines the sediment-oceanic crust interface and closely matches the reflective band seen in 203 

the profile of Figure 3. Vs at the top of the oceanic crust is estimated to be ~ 2.5 km/s, which is 204 

expected for the basaltic layer known as oceanic layer 2 (Christensen, 1978). The velocity 205 

gradually increases with depth to ~4.8 km/s at 10 km depth, considered as the gabbroic oceanic 206 

crust (oceanic layer 3).  207 
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 208 
Figure 2 Results of inversion analysis for (a-d) KMC09 and (e-h) KMD13. (a, e) Input Green’s 209 

functions (green dashed line) and the frequency distribution of predicted Green’s functions (red 210 

and yellow gradation). (b-d, f-h) Posterior marginal probability distributions of (b, f) Vs, (c, g), 211 

Vp, and (d, h) Vp/Vs structures (red and yellow gradation). Note that negligible probability (< 212 

0.01) is muted. The blue lines represent the mean models. The background color shows the 213 

geological interpretation.  214 
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 215 
Figure 3 Comparison of Vp/Vs to the seismic reflection profile. The bluish color shows Vp/Vs 216 

(i.e., the mean model) estimated by this study. Colored rectangles indicate the geological 217 

interpretation with the same color notation as Figure 2. The blud doted line segments highlight 218 

reflective bands that agree with our interpretation.  219 

 220 

The inverted velocity structure near the outer ridge (KMD13) can be divided into five 221 

geological units: the seedbed sediment, accreted sediment, upper underthrust sediment, lower 222 

underthrust sediment, and oceanic crust (Figures 2e-h and S4). Note that we define these 223 

boundaries by discontinuities in Vs or Vp/Vs, but they are mostly consistent with the reflective 224 

band seen in the reflection profile (Figure 3). Remarkably, the upper underthrust sediment 225 

exhibits lower Vs (with a 95% confidence interval of 1.1–1.6 km/s) and higher Vp/Vs (1.9–2.9) 226 

than above it. The stratification of marine sediments typically shows the highest Vp/Vs at its top, 227 

and the ratio decreases with depth because of the increase in effective stress (e.g., Hamilton, 228 

1979). The higher Vp/Vs than that of the shallower part, as seen here, can be explained by 229 

elevated pore pressure (Dvorkin et al., 1999). Note that the low Vs obtained is essential here 230 

because the low Vp can be explained by gas saturation in addition to high pore pressure. The 231 

lower underthrust sediment shows distinguishably higher Vs (or lower Vp/Vs) compared to the 232 

upper underthrust sediment. The sharp Vs contrast is most likely to correspond to the 233 

décollement interpreted on the reflection profile (Figures 1b and 3). We, therefore, conclude that 234 

fluid is confined in the volume between the décollement and the base of accreted sediment.  235 

We notice that the low-velocity feature for the upper underthrust sediment is not clear in 236 

the results form the updip data (Figure S4). This may be due to the effect of a dipping layer. The 237 

incident angle to the dipping layer is smaller for ray paths from the updip direction, leading to 238 

less efficient P-to-S conversions at the interface. Indeed, the top-surface of the underthrust 239 

sediment indicates a steeper dip angle than the décollement and the top of the oceanic crust 240 

(Figure 3). Reasonable treatment for this dipping effect will improve the Vs estimation for this 241 

layer, which is left for our future work. Additional inversion analysis on KMD14, which locates 242 

in a similar tectonic setting, provides another supportive evidence. The result shows a similar 243 

pattern to KMD13 in that it consists of the same five geological units with comparable velocities 244 

(Figure S5).  245 

 246 

5 Discussion and Conclusions 247 

 We estimated 1-D seismic velocity (Vp and Vs) structures beneath the DONET1 stations, 248 

located in the center of the Nankai subduction zone, using transdimensional MCMC inversion. 249 

The high-frequency content (up to ∼3.8 Hz) of the input waveforms offers a high spatial 250 

resolution sufficient for a direct comparison to the seismic reflection profile. Regarding a high 251 

Vp/Vs as an indicator of high pore pressure, we detected fluid-rich features in the forearc margin 252 
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(Figure 4). At the onset of the subduction (KMC09), both incoming and accreted sediments 253 

indicate the mean Vp/Vs higher than 2, indicative of the unconsolidated nature. Near the outer 254 

ridge (KMD13), Vp/Vs of the accreted sediment is relatively low. We consider that this decrease 255 

in Vp/Vs reflects consolidation because of mechanical compaction under tectonic loading.  256 

 257 
Figure 4 Schematic illustration of our interpretations. The background color indicates the 258 

interpolation and extrapolation of Vp/Vs obtained in this study. The 95% confidence intervals of 259 

Vs and Vp/Vs are shown for each geological unit. The orange stars represent very-low-frequency 260 

earthquakes. The sky-blue arrows depict fluid flow.  261 

A remarkable finding is the LVZ within the upper portion of the underthrust sediment. 262 

Although a similar LVZ has been previously reported based on Vp information (Kamei et al., 263 

2013; Park et al., 2010; see Figure S1), our results clarify that the overpressured zone (i.e., the 264 

high Vp/Vs zone) localizes within only the upper portion of the underthrust sediment, right 265 

above the décollement. This zone between the décollement and the base of accreted sediment 266 

was interpreted as shear zone in previous study (Tsuji, Kamei et al., 2014). Fluids may be 267 

trapped in this portion with the aid of the permeability barrier by compacted but still well 268 

stratified accretionary sediment above. In contrast, the lower underthrust thrust sediment is 269 

considered dewatered in light of its relatively high Vs and low Vp/Vs. Mechanical compaction 270 

and metamorphic dehydration (J. C. Moore & Saffer, 2001) may squeeze fluid from the lower 271 

underthrust sediment, and the fluid may ascend to the upper part, contributing to the fluid-rich 272 

condition.  273 

The LVZ in the underthrust sediment invokes the widely accepted idea that slow 274 

earthquakes, including VLFEs, occur where pore fluid pressure is high (Saffer & Wallace, 2015). 275 

Following this notion, we consider that VLFEs in this region most likely to occur within the 276 

upper portion of the underthrust sediment, where we infer high pore pressure. Notably, the VLFE 277 

region bounds on the 1944 Tonankai earthquake’s rupture zone (Figure 1a). Strain release by the 278 

intense VLFE activities may impede the coseismic rupture propagation further updip into the 279 
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VLFE region. Instead, the rupture may propagate along the splay fault (Baba et al., 2006). 280 

Furthermore, the fluid-rich underthrust sediment beneath the outer ridge may weaken the 281 

strength of the hanging wall such that strike-slip motion along the outer ridge (Tsuji, Ashi, et al., 282 

2014) can occur (Figure 4). The Vp model of Kamei et al. (2013) supports this idea in that it 283 

predicts a low Vp zone near the strike-slip fault. The strain partitioning due to this strike-slip 284 

motion could be another key factor that impedes the rupture propagation.  285 

This study shows the possibility of receiver function analysis as a new tool to study fluid-286 

related heterogeneities in subduction forearcs; our method can provide unique constraints on Vs 287 

(or Vp/Vs) with a comparable resolution to that of active-source surveys. Seismometer 288 

instrumentation on the seafloor has become popular worldwide. Future applications of our 289 

method to such offshore seismometer networks (or more dense deployments in the near future) 290 

await. 291 
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Text S1. Transdimensional Markov-chain Monte Carlo inversion 22 

The transdimensional Markov-chain Monte Carlo (MCMC) inversion estimates the posterior 23 
probability of 𝑘 and 𝐦௞ ൌ ሺ𝑧ଵ ⋯ 𝑧௞, 𝛿𝛼ଵ ⋯ 𝛿𝛼௞ାଵ, 𝛿𝛽ଵ ⋯ 𝛿𝛽௞ାଵሻ୘ with the given input data, 𝐝, 24 
as follows: 25 

𝑃ሺ𝑘, 𝐦௞|𝐝ሻ ∝ 𝑃ሺ𝑘ሻ𝑃ሺ𝐦௞|𝑘ሻ𝑃ሺ𝐝|𝑘, 𝐦௞ሻ

ൌ 𝑃ሺ𝑘ሻ ෑሼ𝑃ሺ𝑧௜ሻሽ
௞

௜ୀଵ

ෑሼ𝑃ሺ𝛿𝛼௜ሻሽ ෑሼ𝑃ሺ𝛿𝛽௜ሻሽ
௞ାଵ

௜ୀଵ

௞ାଵ

௜ୀଵ

𝑃ሺ𝐝|𝑘, 𝐦௞ሻ, #ሺS1ሻ
 

where 𝑃ሺ𝑥|𝑦ሻ represents the probability to realize 𝑥 with 𝑦 given, and 𝑃ሺ𝑥ሻ is a prior 26 
probability of 𝑥. The other notations are defined in Section 3 of the main text. 27 

As the prior probabilities for 𝑘 and 𝑧௜ , we assume truncated uniform priors bounded from 28 
𝑘௠௜௡  to 𝑘௠௔௫ and from 𝑧௠௜௡ to 𝑧௠௔௫ , respectively: 29 

𝑃ሺ𝑘ሻ ൌ ቐ
1

𝑘௠௔௫ െ 𝑘௠௜௡
ሺ𝑘௠௜௡ ൑ 𝑘 ൏ 𝑘௠௔௫ሻ

0 ሺotherwiseሻ
#ሺS2ሻ  

and 30 

𝑃ሺ𝑧௜ሻ ൌ ቐ
1

𝑧௠௔௫ െ 𝑧௠௜௡
ሺ𝑧௠௜௡ ൑ 𝑧௜ ൑ 𝑧௠௔௫ሻ

0 ሺotherwiseሻ
. #ሺS3ሻ  

For the velocity anomalies, we assume Gaussian priors with zero-mean and standard 31 
deviations of 𝜎ఋఈ  and 𝜎ఋఉ  as follows: 32 

𝑃ሺ𝛿𝛼௜ሻ ൌ
1

ට2𝜋𝜎ఋఈ
ଶ

exp ቆെ
𝛿𝛼௜

ଶ

2𝜎ఋఈ
ଶ ቇ , #ሺS4ሻ

 

and 33 

𝑃ሺ𝛿𝛽௜ሻ ൌ
1

ට2𝜋𝜎ఋఉ
ଶ

exp ቆെ
𝛿𝛽௜

ଶ

2𝜎ఋఉ
ଶ ቇ . #ሺS5ሻ

 

Here, 𝑘௠௜௡, 𝑘௠௔௫, 𝑧௠௜௡, 𝑧௠௔௫, 𝜎ఋఈ , and 𝜎ఋఉ  are parameters selected in accordance with prior 34 
knowledge. The values used in this study are summarized in Table S1. 35 

With a given model, 𝐦௞ , synthetic GF, 𝐠ሺ𝑘, 𝐦௞ሻ, is computed using the propagator matrix 36 
method (Thomson, 1950). Then, the likelihood, 𝑃ሺ𝐝|𝑘, 𝐦௞ሻ, can be calculated as follows: 37 



 
 

3 
 

𝑃ሺ𝐝|𝑘, 𝐦௞ሻ ൌ
1

ඥሺ2𝜋ሻே|𝐂|
exp ൤െ

1
2

ሼ𝐠ሺ𝑘, 𝐦௞ሻ െ 𝐝ሽ୘𝐂ିଵሼ𝐠ሺ𝑘, 𝐦௞ሻ െ 𝐝ሽ൨ , #ሺS6ሻ  

where 𝐂 is the covariance matrix, and 𝑁 is the number of elements in the time series. 38 
Following Bodin et al. (2012), we parameterize the covariance matrix by 𝐶௜௝ ൌ 𝜎ଶ𝑟ሺ௝ି௜ሻమ

, in 39 
which 𝜎 denotes a standard deviation of data noise, and 𝑟 denotes the noise temporal 40 
correlation. Both parameters are time-invariant and fixed during the inversion. We fix 𝜎 at 41 
~0.02 based on the time-averaged standard errors obtained during the GF stacking. The 42 
temporal correlation 𝑟 is associated with the low-pass filter by 𝑟 ൌ 𝑒ିሺ௔௱௧ሻమ

, where 𝑎 is a 43 
parameter of the low-pass filter and 𝛥𝑡 is a waveform sampling interval. 44 

For each iteration step, a new model is proposed by slightly modifying the current model. We 45 
allow five types of proposals: (1) adding a new layer interface; (2) removing a layer interface; 46 
and perturbing the (3) layer interface depth, (4) Vp anomaly, and (5) Vs anomaly. The amount 47 
of perturbation is randomly extracted from a normal distribution with a certain standard 48 
deviation (Table S2). After calculating the likelihood, the proposed model is accepted or 49 
rejected in accordance with the Metropolis-Hastings-Green criterion (Green, 1995). 50 
Irrespective of this criterion, we reject proposals of an anomalous layer with low Vp (൏0.1 51 
km/s), Vs (൏0.0 km/s) or Vp/Vs (< 1.5), or high Vp (൐8.6 km/s), Vs (൐5.0 km/s) or Vp/Vs (>7.0). 52 
This additional condition may be regarded as another class of prior beyond the description of 53 
Equations S2–S5. 54 

The aforementioned iteration is repeated 5ൈ105 times; however models sampled during the 55 
first 2.5ൈ105 iterations are not saved to eliminate initial sample dependency (termed the burn-56 
in period). Even after the burn-in period, we only save the model once every 100 iterations to 57 
avoid artificial correlation with the previous samples. Furthermore, we employ the parallel 58 
tempering technique (Sambridge, 2014), in which 100 MCMC sampling processes run in 59 
parallel. Out of the 100 processes, 80 are tempered with different temperatures: The 60 
acceptance criterion is modified in response to the temperature such that higher temperature 61 
processes can more frequently accept proposals. The remaining 20 processes are given a unit 62 
temperature and used to estimate the posterior probability. At every iteration, the 63 
temperature may be swapped between processes, allowing a long jump in the model space. 64 
In this manner, we finally construct the posterior probability from a total of 5ൈ104 models. 65 
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 74 
Figure S2. Green’s functions (GFs) calculated for KMD13. (a) Back azimuth of each GF shown in 75 
(b). Red and blue dots represent the updip and downdip data, respectively. Those selected for 76 
the inputs to the inversion analysis is shown in bright colors, while the others in pale colors. (b) 77 
GF amplitudes are shown in red (positive) and blue (negative) colors. (c-d) GFs included in (c) 78 
the updip and (d) downdip subsets. The color notation is the same as (a).     79 
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  80 
Figure S3. Results of inversion analysis for KMC09 with the downdip data. The notations are 81 
the same as Figure 2 in the main text except that the mean model from the updip data is 82 
shown by dashed lines for comparison. 83 
 84 

85 
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 86 
Figure S4. Results of inversion analysis for KMD13 with the updip data. The notations are the 87 
same as Figure 2 in the main text except that the mean model from the downdip data is 88 
shown by dashed lines for comparison. 89 
 90 

91 
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 92 
Figure S5. Results of inversion analysis for KMD14 with the downdip data. The notations are 93 
the same as Figure 2 in the main text except that the mean model from KMD13 (downdip 94 
data) is shown by dashed lines for comparison. 95 
  96 
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Table S1. Parameter choice for the prior probabilities.   97 

Parameter Value used in this study 
𝒌𝒎𝒊𝒏 1 
𝒌𝒎𝒂𝒙 21 
𝒛𝒎𝒊𝒏 Station level 
𝒛𝒎𝒂𝒙 10 km 
𝝈𝜹𝜶 0.2 km/s 
𝝈𝜹𝜷 0.1 km/s 

 98 

Table S2. Parameter choice for proposals.   99 

Parameter Value used in this study 
Standard deviation for perturbing 𝒛𝒊 0.02 km 

Standard deviation for perturbing 𝜹𝜶𝒊 0.03 km/s 
Standard deviation for perturbing 𝜹𝜷𝒊 0.03 km/s 

 100 
 101 
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