
Mapping upper mantle discontinuities beneath the Australian 

continent using multimode surface waves and receiver functions 

K. Tarumi1,* and K. Yoshizawa1,2 
1 Department of Natural History Sciences, Graduate School of Science, Hokkaido University, Sapporo 060-

0810, Japan 
2Department of Earth & Planetary Sciences, Faculty of Science, Hokkaido University, Sapporo 060-0810, 

Japan. 
*Corresponding author: tarumi.kotaro.jp@gmail.com  

 
 
This is a preprint that is submitted to EarthArXiv. The original manuscript has been submitted 
to Physics of the Earth and Planetary Interiors. 
  



Surface-wave dispersion data & Receiver Functions
Phase speed perturbation of 

fundamental Rayleigh (125.0 s)

c0=4.19 km/s

P-wave Receiver Functions 
obtained at BILBY

Joint Bayesian analyses & Discontinuity Detection

Discontinuity mapping

90
85
80
75
70
65
60

MLDs

LAB

X-Ds

50

75
100
125
150
175
200

150
175
200
225
250
275
300
325

Graphical Abstract



Highlights1

Mapping upper mantle discontinuities beneath the Australian continent using multimode2

surface waves and receiver functions3

Kotaro Tarumi,Kazunori Yoshizawa4

• Upper mantle discontinuity maps beneath the Australian continent are constructed.5

• Multimode surface waves and receiver functions are used to constrain discontinuities.6

• LAB is shallow in the eastern Phanerozoic area and deepens westward under cratons.7

• Multiple MLDs in cratonic areas show either positive or negative velocity changes.8

• Multiple X-discontinuities beneath LAB accompany the weakening of radial anisotropy.9
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Spatial distributions of upper mantle discontinuities beneath the Australian continent are mapped19

using a large number of station-based 1-D S-velocity profiles with radial anisotropy, derived20

from joint Bayesian inversions of multimode surface waves and P-wave receiver functions.21

Numerous permanent and temporary stations across Australia enable us to constrain localized22

seismic velocity structures, including the lithospheric-asthenosphere boundary (LAB), mid-23

lithospheric discontinuities (MLDs), and X-discontinuities (X-Ds) below the LAB, providing24

quantitative constraints on the variations of seismic velocity and radial anisotropy across these25

interfaces. Subsequent statistical cluster analysis of locally detected discontinuities identifies26

multiple MLDs and X-Ds. The LAB is shallow (60–100 km) in Phanerozoic eastern Australia27

and deepens toward western cratonic regions (120–200 km). A thick lithosphere (170–20028

km) with significant radial anisotropy but minimal S-velocity reductions is observed beneath29

central Australia. MLDs in cratonic regions are detected at three distinct depths (from 6030

to 130 km), with either negative or positive S-velocity changes depending on the tectonic31

setting. X-Ds, characterized by velocity increases beneath the LAB, are detected at multiple32

depths (ε170 km, 220–270 km, and ε310 km), commonly associated with the weakening of33

radial anisotropy underneath. The shallowest X-D (ε170 km) is found mainly beneath eastern34

Australia and is likely influenced by thermal e!ects in the asthenosphere, while deeper X-Ds35

may correspond to the Lehmann discontinuity or phase transitions of pyroxene. These findings36

provide a comprehensive view of the upper mantle discontinuities beneath Australia, o!ering37

new insights into the tectonic evolution of the Australian continent.38

39

1. Introduction40

Continental upper mantle discontinuities provide keys to unravel Earth’s tectonic history and present-day mantle41

dynamics. Surface-wave tomography has been a particularly powerful tool for reconstructing large-scale seismic42

images of the upper mantle, enhancing our understanding of the lithosphere and asthenosphere systems in both43

continental and oceanic regions, which are closely linked to the forces driving plate motions (e.g., Yoshizawa,44

2014; Isse et al., 2019; Yoshida and Yoshizawa, 2020). In addition, the receiver function method, which is e!ective45

in detecting seismic discontinuities beneath seismic stations, has recently revealed the enigmatic mid-lithospheric46

discontinuity (MLD) beneath the cratonic lithosphere, along with the lithosphere-asthenosphere boundary (LAB) (e.g.,47

Rychert and Shearer, 2009; Liu et al., 2020; Kind et al., 2020). The MLD may reflect the ancient evolutionary process48
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Figure 1: A tectonic map of the Australian Continent. Black solid and dashed lines delineate the boundaries of the major
cratonic blocks (West, North, and South Australian Cratons) and the Tasman line. The boundaries of tectonic provinces
are adapted from Hasterok et al. (2022) to reflect the local geological setting. The map highlights major tectonic provinces,
including AF (Albany-Fraser belt), Ar (Arunta block), Co (Coompuna Province), Cp (Capricorn Orogeny), Cu (Curunamoa
Craton), Ga (Gawler Craton), Ki (Kimberley Block), MI (Mount Isa Block), Mu (Musgrave Block), Pi (Pilbara Craton),
and Yi (Yilgarn Craton).

of stable cratonic regions, while the LAB may be a!ected by the present-day plate motion and mantle flow. Therefore,49

it is essential to simultaneously capture the distributions and characteristics of both the MLD and LAB.50

The upper mantle discontinuities beneath Australia provide critical insights into the formation and deformation of51

the continental lithosphere over Earth’s history. The Australian continent was assembled during the mid-Proterozoic52

(1300–1000 Ma) through the amalgamation of three cratonic blocks: the West, North, and South Australian Cratons53

(Figure 1). A suture zone exists between the three cratonic blocks, which underwent multiple orogenic events,54

culminating in the Alice-Springs Orogeny (ε 400 Ma). The present Australian continent is characterized by western55

and central cratonic areas juxtaposed with the eastern Phanerozoic orogenic zone (Figure 1). Investigating the upper56

mantle discontinuities across Australia o!ers valuable insights into the evolutionary process shaping the continent.57

The upper mantle discontinuities beneath Australia, including the Lithosphere-Asthenosphere Boundary (LAB),58

have been extensively investigated through various seismological and petrological approaches over the past several59

decades (e.g., Hales et al., 1980; Revenaugh and Jordan, 1991; Fishwick et al., 2008; Ford et al., 2010; Chen et al.,60
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2021b; Sudholz et al., 2024). Owing to the continuous e!orts in expanding broadband seismic networks across the61

continent, including permanent and temporary stations (e.g., Rawlinson and Kennet, 2008; van der Hilst and Kennett,62

1993), a number of 3-D shear velocity models have been proposed primarily based on surface wave tomography,63

providing clues of the Australian lithosphere-asthenosphere system (e.g., Fishwick et al., 2008; Kennett et al., 2013;64

Yoshizawa, 2014; Magrini et al., 2023). These studies reveal that the Australian LAB rapidly deepens from the eastern65

orogenic zone (50–100 km depth) to the cratonic areas in central and western Australia (around 120–200 km depth).66

However, surface waves are inherently less sensitive to sharp structural changes due to their long wavelengths, resulting67

in limited vertical resolution. In contrast, receiver functions (RFs) are highly sensitive to the impedance contrast across68

seismic discontinuities, and have been used to investigate the Australian upper mantle discontinuities (Ford et al., 2010;69

Birkey et al., 2021; Chen et al., 2021b). Despite these e!orts, the sparse distribution of permanent broadband stations70

(Figure 2 (a)) has hindered constraining the spatial distribution of seismic discontinuities beneath the Australian upper71

mantle.72

Within the lithospheric depth, potentially sharp negative velocity jumps at multiple depths in cratonic areas73

have been observed in recent studies using S-wave receiver functions (S-RFs) (e.g., Ford et al., 2010; Birkey et al.,74

2021), although such depths are generally characterized by high-velocity anomaly in surface wave tomography. These75

enigmatic mid-lithospheric discontinuities (MLDs) in the Australian lithosphere have also been detected at multiple76

depths through other seismological approaches (Sun et al., 2018; Kennett and Sippl, 2018; Taira and Yoshizawa, 2020;77

Chen et al., 2021b), suggesting that S-wave velocity changes across these MLDs do not always appear as negative78

shifts (e.g., Hales et al., 1980; Taira and Yoshizawa, 2020). Moreover, the characteristic properties of radial and/or79

azimuthal anisotropy may be varying across the MLDs (Yoshizawa and Kennett, 2015; Kennett et al., 2017; Taira and80

Yoshizawa, 2020; Chen et al., 2021b; Birkey and Ford, 2023). Although the elastic properties of MLDs are essential81

to understanding their physical nature, there remain many questions, such as the numbers, the spatial distributions, the82

style of velocity changes (positive/negative) across the MLDs, and their cause.83

In addition to lithospheric interfaces, earlier studies (Hales et al., 1980; Drummond et al., 1982; Leven, 1985)84

identified deeper interfaces characterized by positive velocity jumps, detected in seismic waveforms recorded in85

northern and western Australia at depths around 200 and/or 325 km. Revenaugh and Jordan (1991) also suggested86

that the Australian upper mantle may host multiple discontinuities beneath the LAB. More recent work (Taira and87

Yoshizawa, 2020) combining P-RFs and surface wave dispersion data detected similar positive interfaces beneath88

five GSN stations in Australia, suggesting that one of these interfaces may correspond to the Lehmann discontinuity89

(Lehmann, 1961) and indicate the base of an anisotropic layer (i.e., asthenosphere) (Gaherty and Jordan, 1995; Taira and90

Yoshizawa, 2020). However, the nature and distributions of these enigmatic discontinuities beneath LAB (hereafter,91
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X-discontinuities or X-Ds) remain understood via localized analyses (Gaherty and Jordan, 1995; Taira and Yoshizawa,92

2020).93

In this study, we investigate the spatial distributions of seismic discontinuities in the Australian upper mantle94

through joint inversions using multimode surface-wave dispersions (SWDs) and P-wave RFs (P-RFs). At first, we95

estimate a large-scale topography map of the lithospheric base beneath Australia. Conventional LAB models (e.g.,96

Kennett et al., 2013; Birkey et al., 2021) have been retrieved solely based on the information derived from either97

surface waves or receiver functions. Although Taira and Yoshizawa (2020) combined multimode SWDs with P-RFs98

to tackle the joint inversion analysis through Bayesian inference, their analysis was limited to localized applications.99

Here, we apply trans-dimensional joint Bayesian inversions to large data sets of broadband permanent and temporary100

stations across Australia, proposing an updated map of lithospheric thickness.101

Additionally, we investigate the distribution and elastic properties of enigmatic MLDs and X-discontinuities (X-102

Ds). Previous MLD findings (Hales et al., 1980; Sun et al., 2018; Taira and Yoshizawa, 2020; Birkey et al., 2021,103

e.g.,) have been challenging to make a unified interpretation of these discontinuities due to inconsistencies in the104

nature of shear velocity changes and the presence of multiple interfaces. These discontinuities may o!er potential105

insights into the past tectonic processes and present-day mantle dynamics (e.g., Srinu et al., 2021; Hua et al., 2023;106

Boyce et al., 2024). This study compiles the joint inversion results from numerous broadband stations in Australia to107

present new seismological evidence for the MLDs and X-Ds along with a revised lithospheric base model, providing108

a comprehensive discussion of their characteristics and plausible origins.109

2. Data110

This study employs multimode surface wave dispersions (SWDs) of Rayleigh and Love waves, derived from phase111

speed maps by Yoshizawa (2014), along with P-to-S receiver functions (P-RFs), following the methodology outlined112

in Tarumi and Yoshizawa (2025).113

Our objective is to detect and image seismic discontinuities throughout the upper mantle above the mantle transition114

zone (< 400 km). Taira and Yoshizawa (2020) demonstrated that the multimode SWDs significantly enhance the115

resolution of deep upper mantle SH-wave structure (i.e., radially anisotropic S-wave structures) since Love wave116

overtones are particularly sensitive below 200 km (Yoshizawa and Ekström, 2010, e.g.,). Thus, the use of multimode117

SWDs is essential for this analysis. Using high-resolution phase speed maps (Yoshizawa, 2014) enables us to explore118

the relationship between radial anisotropy and upper mantle discontinuities. Examples of multimode phase speed maps119

of Rayleigh and Love waves are shown in Figure S1.120

For receiver functions analysis, we utilized 32 permanent stations and 86 temporary stations across the Australian121

continent (Figure 2 (a)). For permanent stations, we applied azimuth-dependent P-RFs using the signal-processing122
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Figure 2: (a) Map of the study area showing employed stations. Cyan and black triangles indicate permanent and temporary
stations, respectively, with permanent station names labeled. All station names are shown in Figure S2. Red lines represent
the cratonic margins of the North Australian Craton (NAC), the South Australian Craton (SAC), and the West Australian
Craton (WAC). The blue line denotes the Tasman Line, the geological boundary between the cratonic and eastern
Phanerozoic regions. The Musgrave Province, the Mt. Isa Block, and the Albany-Fraser Belt are labeled as Mu, MI,
and AF, respectively. Dashed lines represent cross-section paths shown in Figures 5, 6, 7, S6, and S7, along S20⋛, S26⋛,
S33⋛, E118⋛, E128⋛, E134⋛, and E145⋛. (b) Map of event distributions used in receiver function analyses. Blue and black
triangles present permanent and temporary stations. Colored circles indicate seismic events, while yellow and green lines
are the major tectonic boundaries, the same as (a).

approach described in Tarumi and Yoshizawa (2025). Due to the shorter observation periods of temporary stations, we123

adjusted the data selection criteria accordingly. The employed events are shown in Figure 2 (b).124

Examples of resultant P-RFs for permanent stations are shown in Figure 3, and the distributions of employed events125

for each station are shown in Figure S3. All stations exhibit clear azimuthal dependencies, particularly COEN (Figure126

3 (a)), located at the northeastern tip of the continent (Figure 2). Figure S4 shows the corresponding short-period127

receiver functions for the same stations as in Figure 3, indicating the robustness of the main signals even at shorter-128

periods, despite contamination from multiple reverberations and scattered phases. At FORT (Figure 3 (c)), remarkable129

di!erences between low- and high-frequency datasets are observed, aligning with a previous RF study (Ford et al.,130

2010). The P-wave reflectivity profile at AU.FORT reveals intense reflection phases from shallow structure (i.e., the131

crust or sedimentary layers) (Kennett, 2015), with multiple phases that are weaker in the lower frequency profiles,132

consistent with our P-RF dataset (Figure 3).133

In addition to permanent stations, we incorporated temporary stations deployed since 1993, including Skippy134

(van der Hilst and Kennett, 1993), QUOLL (Kennett et al., 1999), WA Cratons (Kennet, 2000), TASMAL (Kennett,135
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(a) AU.COEN (b) AU.STKA (c) AU.QIS

(d) AU.WRKA (e) AU.FORT (f) AU.BLDU

Figure 3: Examples of azimuth-dependent P-RFs for six permanent stations: (a) AU.COEN, (b) AU.STKA, (c) AU.QIS,
(d) AU.WRKA, (e) AU.FORT, and (f) AU.BLDU. Positive and negative phases in P-RFs are shaded in red and blue,
respectively.

2003), CARPA-Linkage (Reading and Kennett, 2005), SOC-Southern Craton (Fontaine and Kennet, 2007), BILBY136

(Rawlinson and Kennet, 2008), Bass Strait (Reading and Rawlinson, 2011), and Albany-Fraser Experiment (Tkal"i#137

et al., 2013). Data processing for temporary stations was nearly identical to that for permanent stations. However, due138

to the shorter operation periods (1-2 years), we relaxed the criteria on epicentral distance and back-azimuth ranges of139

seismic events to better detect discontinuity depths. Thresholds for the cross-correlation selection (Tkal"i# et al., 2006,140

2011) were reduced to 0.7 for 0.03–0.2 Hz and 0.6 for 0.03–0.5 Hz to retain more traces in the stacking process, as141

visualized in Figure S5. For continental-scale discontinuity mapping, we applied lower weighting factors to temporary142

stations compared to permanent stations.143

Figure 4 presents the stacked Ps receiver functions obtained from BILBY (Rawlinson and Kennet, 2008). The144

general P-RF characteristics are similar to Sippl (2016), especially the Moho-converted phases, which appear as145

positive signals at around 5–6 seconds. Later phases exhibit continuous changes across longitude and latitude, likely146

reflecting upper mantle heterogeneity. Although local azimuth-dependent variations around individual stations cannot147

be extracted in temporary stations due to the limitation of the observation period, the temporary stations provide148

valuable complementary data (locally averaged S-wave model) to supplement the sparse distribution of permanent149

stations (Figure 2).150
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Figure 4: Stacked P-RFs observed at the BILBY array (Rawlinson and Kennet, 2008). The top left panel displays a map
of the BILBY stations (triangles), with major tectonic boundaries (green dashed lines) of the NAC and SAC. Red triangles
indicate stations that meet the data selection criteria, as described in the main text. The top-right panel represents the Ps
receiver functions sorted by latitude, and the bottom panel by longitude.

3. Methods for discontinuity detection and mapping151

3.1. Trans-dimensional Bayesian inversion and discontinuity detections152

To jointly invert multimode SWDs and P-RFs, we employed the hierarchical trans-dimensional Bayesian inversion153

scheme (Bodin et al., 2012; Calò et al., 2016; Taira and Yoshizawa, 2020; Tarumi and Yoshizawa, 2025). The Bayesian154
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inference enables us to represent the model parameters as probability density functions, allowing us to treat the number155

of parameters and the data uncertainties as unknown parameters in the optimization process, which have generally been156

predefined as a priori parameters in conventional linearized inversions. This advanced inversion technique has recently157

been widely used in joint inversions involving multiple datasets (e.g., Kim et al., 2016; Calò et al., 2016; Akuhara et al.,158

2023). While such trans-dimensional inversion is computationally demanding, we employed the parallel tempering159

method (Sambridge, 2014) to expedite the convergence of parameter search, as in Taira and Yoshizawa (2020). Detailed160

descriptions of the formulations and workflows employed in this study are provided in Tarumi and Yoshizawa (2025).161

We retrieved radially anisotropic S-wave speed models, including discontinuity depths, using the multimode SWDs162

and P-RFs. After inversions, we computed isotropic S-wave speed using the Voigt average of the inverted SV and SH163

velocities, 𝜔
𝜀𝜗𝜛𝜚

=
⌋

2𝜔 2
𝜀𝜔

+𝜔 2
𝜀𝜍

3 , and radial anisotropy, 𝜑 =
⌈
𝜔𝜀𝜍

𝜔𝜀𝜔

⌉2
, following Yoshizawa (2014).164

Using the radially anisotropic models, at first, we determined the Moho and LAB based on vertical changes in165

shear wave speed. When a low-velocity zone and/or a shear velocity drop were absent or unclear, we defined the166

lithospheric base using radial anisotropy (𝜑) following Plomerová et al. (2002). In estimating the lithospheric base, we167

incorporated the Lithosphere-Asthenosphere Transition (LAT) defined by Yoshizawa (2014). The LAT is characterized168

by the vertical gradient of S-wave velocity from the multimode surface-wave tomography model, with the upper and169

lower bounds derived from the negative peak of the S-wave gradient and the depth of minimum velocity, respectively,170

indicating potential lithospheric thickness with a gradual transition from the lithosphere to asthenosphere.171

After defining the crust and mantle lithosphere, we identified Mid-Lithospheric Discontinuities (MLDs) within the172

mantle lithosphere and X-discontinuities (X-Ds) beneath the LAB. The following criteria were used to define these173

discontinuities:174

• Moho: The location of maximum S-wave speed increase around the reference Australian Moho depth (Kennett175

et al., 2023).176

• Lithospheric base: If the S-wave speed is below 4.7 km/s near the LAT, the LAB is marked by a 0.04 km/s177

S-velocity drop. When the low-velocity zone is unclear (e.g., southern NAC and the suture zone), we used a178

depth with a rapid increase in radial anisotropy to define the lithospheric base (Plomerová et al., 2002).179

• MLDs: Depths with an S-velocity change of over ± 0.02 km/s above the LAB or the upper bound of LAT.180

• X-Ds: Positive S-velocity jumps of more than 0.04 km/s below the lithospheric base.181

In this study, we did not impose any criteria on radial anisotropy when identifying MLD and X-Ds to allow an unbiased182

analysis of radial anisotropy variations across these discontinuities.183
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3.2. Regional-scale mapping process of seismic discontinuities184

For permanent stations, after detecting interfaces based on the definition described above, we computed azimuth-185

dependent conversion point depths to map lateral changes in seismic discontinuities around each station. Our approach186

with azimuth-dependent P-RF analysis employed for the permanent stations allows us to estimate local lateral variations187

in seismic discontinuities, as described in Tarumi and Yoshizawa (2025). However, as our current scope focuses on188

mapping upper mantle discontinuities at a continental scale, we compute a representative interface depth for each189

station.190

To determine the representative LAB depth at each permanent station, we computed a weighted average of191

conversion points and a weighted isotropic S-wave reductions across the LAB. When the lithospheric base is better192

identified by radial anisotropy, the mean of the selected depths is used instead. Similarly, we determined representative193

Moho depths with weights based on S-velocity jumps. For temporary stations, discontinuity depths are estimated using194

the same criteria as described in the previous subsection. In the case of MLDs and X-Ds, we conduct an additional195

clustering analysis, which will be explained in detail in the next section.196

We then compare these estimated conversion point depths with the surface-wave tomography model (Yoshizawa,197

2014) in Figure 5 and examine azimuthally-averaged posterior distributions and discontinuity depths for permanent198

stations in Figure 6. This approach e!ectively captures both the large-scale features of the Australian upper mantle199

interface and their lateral variations.200

3.2.1. Conversion points vs. tomography model201

Figure 5 shows the distribution of conversion points (CPs) overlaid on cross-sectional tomographic models of202

isotropic S-wave speed and radial anisotropy (Yoshizawa, 2014), with the upper and lower bounds of the LAT203

(Yoshizawa, 2014) superimposed.204

LAB-related CPs are generally distributed in the low-velocity zone and within the LAT, with green and white dots205

situated between the white and red dashed lines (Figure 5). In Phanerozoic eastern Australia and the West Australia206

Craton (WAC), the LAB CPs correspond to the transition depths between high- and low-velocity zones (Figure 5 (a, b,207

c, d, f)). At these depths, radial anisotropy (𝜑) increases gradually, especially in southeastern and northeastern Australia208

(Figure 5 (a, c, f)).209

In the southern part of North Australian Craton (NAC) and the suture zone (Figure 5 (a, b, e)), although the210

LAB signature in shear velocity changes are unclear, CPs at the lithospheric base (white dots) align with the depth of211

relatively lower-velocity anomaly in the tomographic model (Yoshizawa, 2014). Radial anisotropy sharply increases212

across these CPs, indicating that our definition of the lithospheric base can be a reasonable choice in the lithosphere-213

asthenosphere system beneath cratonic areas with weak S-velocity drop.214
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Figure 5: Cross-sectional view of conversion points for the LAB and X-Ds. The top-left panel shows the distribution
of employed permanent stations (cyan triangles), with major tectonic boundaries and the Tasman Line drawn by green
dashed and red solid lines, respectively. (a–c) E-W cross-sections of isotropic S-wave speed and radial anisotropy models
reconstructed from multimode surface-wave tomography (Yoshizawa, 2014), with the upper and lower bounds of the LAT
indicated by white and red dashed lines. Green and white dots represent LAB (or lithospheric base) conversion depths
from individual inversion results, while magenta dots indicate X-Ds conversion points. (d–f) Same as (a–c), but for N-S
cross-sections.

X-D CPs (magenta dots) are scattered at various depths where S-wave velocity increases with depth, forming215

clusters based on tectonic provinces. Along S33⋛ (Figure 5 (c)), from E135⋛ to E150⋛, three X-D clusters appear at216

around 140–170 km, 240–260 km, and 280–325 km. At the shallowest depth, radial anisotropy notably decreases,217

particularly in eastern Australia and the SAC (Figure 5 (c)), as also shown in radially anisotropic S-wave velocity218

profiles (Figure 6). Although shallow X-D clusters are absent in some regions, the relationship between X-D CPs and219

radial anisotropy is observed across other cross-sections, with depth variations depending on the tectonic province.220

3.2.2. Azimuthally-averaged 1-D radially anisotropic S-wave models221

Figures 6 and S6 present azimuthally-averaged posterior densities and estimated Moho and LAB depths for222

permanent stations within 2⋛ along S33⋛, S20⋛, and S26⋛. Figures 7 and S7 provide similar information for N-S223
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(a) Cratonic zone along S33° (In the west of the Tasman Line (TL)) 

(b) Phanerozoic province along S33° (In the east of TL) 

(c) Station distribution

Selected Sta. 

(a, b)

S5-a
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Figure 6: Azimuthally-averaged 1-D posterior densities of radially anisotropic S-wave models for permanent stations along
S33⋛. (a) Probabilistic models for stations located within the cratonic region, with station names and the number of inverted
1-D profiles (i.e., azimuth-dependent 1-D models) indicated above each panel, arranged from west to east. The upper and
lower panels show vertical profiles of isotropic S-wave speed and radial anisotropy, with brown and green horizontal lines
representing the weighted-average Moho and LAB depths, respectively. Light-green and light-blue shaded regions indicate
the crustal and lithospheric zones. The rightmost colored bars display normalized histograms for the identified discontinuity
depths. Boundary estimates and 1-D profiles from earlier studies are superimposed as colored arrows, circles, and black
dotted curves, as displayed above (c). (b) Same as (a), but for stations in the Phanerozoic region (east of the Tasman
Line). (c) Map showing the distribution of permanent stations, with cyan for selected stations and black for others. Black
dotted lines represent locations at S20⋛ , S26⋛, and S33⋛ shown in Figure S6 (a, b).

cross-sectional stations along E118⋛, E128⋛, E134⋛, E145⋛, and E155⋛. Each radially anisotropic 1-D profile includes224

boundary estimates from AusMoho (Kennett et al., 2023), LAT (Yoshizawa, 2014), and negative S-RF phases (Birkey225

et al., 2021). Brown and green horizontal lines indicate the estimated azimuthally-averaged Moho and LAB (or226
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(a)

(c)

(b)

(a) (b) (c)

(d) Station distribution

S6-a,b

Figure 7: Same as Figure 6, but for the N-S cross-sectional views of 1-D profiles along E118⋛ (a), E128⋛ (b), and E134⋛

(c), where the stations are arranged from south to north. Additional figures showing the same views along E145⋛ and
E155⋛ are provided in Figure S7.

lithospheric base), while the colored bars on the right vertical-axis of each panel exhibit individual discontinuity depths227

derived from azimuth-dependent 1-D profiles. In this study, we consider the azimuth-averaged 1-D radially anisotropic228

S-wave speed models and the Australian lithospheric base.229

Along the E-W cross-sectional profiles (Figures 6 and S6), lithospheric thickness (light-blue shaded area) gradually230

varies in the cratonic province (120–150 km), but thins rapidly toward eastern Australia (70–100 km). While azimuth-231

dependent LAB depths (leftmost green bars) mostly align with azimuthally averaged LAB depth (green horizontal232

lines), stations like MBWA and CTAO exhibit widespread distributions (Figure S6), indicating localized lateral233

variations in the LAB (as shown in Tarumi and Yoshizawa (2025)). In the suture zone, WRKA and AS31 stations234

reveal anomalously thick lithosphere, extending to 170–200 km depths (Figure 7 (b, c)).235
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The sharpness of the S-wave velocity drop varies by tectonic provinces. In eastern Australia and the eastern236

SAC (Gawler craton), significant shear wave reductions are observed at the azimuthally-averaged LAB (green237

horizontal lines), accompanied by a sharp increase in radial anisotropy (Figure 6), suggesting strong shear flow in238

the asthenosphere. To the contrary, the WAC shows moderate S-wave reductions and weak anisotropy (Figures 6 (a)239

and 7 (a)).240

Profiles for WRKA, AS31, and WRAB, characterized by very thick lithosphere, exhibit a high-velocity zone241

(4.7–4.8 km/s) extending to a depth of 350 km from the average Moho (brown lines). Although no S-wave speed242

decrease is observed, radial anisotropy strengthens significantly (ε 10 %) below the lithospheric base. These features,243

corroborated by dense temporary stations from the southern NAC to the SAC (BILBY (Rawlinson and Kennet, 2008)244

in Figures 2 and 4) and the Albany-Fraser belt (ALFREX: Tkal"i# et al. (2013)), likely reflect structural characteristics245

of the Australian cratonic suture zone and adjacent region, such as the southern NAC.246

4. Seismic discontinuity maps beneath Australia247

In this section, we compile the conversion depths for each station to estimate the spatial distribution of each248

discontinuity. Spatial interpolation provides insights into the large-scale structure of upper mantle discontinuities,249

while the station-based conversion depth maps reveal localized variations that enhance our interpretation.250

For the Moho and the lithospheric base, the mapping strategy follows the straightforward approach described in251

Section 3.2. For X-Ds and MLDs, however, we performed clustering analyses before mapping to group the conversion252

points into three or four categories. The following subsections provide details of methodologies and the results of these253

clustering analyses.254

4.1. Moho discontinuity255

Regional-scale Australian Moho models have been developed in several studies (e.g., Kennett and Saygin,256

2015; Birkey et al., 2021; Kennett et al., 2023; Magrini et al., 2023). In particular, Kennett et al. (2023) provided257

a comprehensive Australian Moho model (Figure 8 (a)) by integrating various geophysical observations, including258

reflection and refraction surveys and receiver function analyses.259

Our resulting Moho map is shown in Figure 8 (c, d), with station-based Moho depths in (c) and their spatial260

interpolation in (d). Overall, our Moho model reveals deepening toward the central region from the continental margin261

(Figure 8 (c, d)).262

In the Phanerozoic province, our model estimates the crustal thickness around 35 km, with locally deep Moho in263

southeastern Australia (ε 40–50 km near Canberra) and shallow Moho near Tasmania (ε30 km) (Figure 8 (c, d)). Along264

the Tasman Line, marking the transition between cratonic and the Phanerozoic basement, the crust-mantle boundary265
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SAC

NAC

WAC

Mu

MI

AF

(a) (b)

(c) (d)

(e) (f)
Depth uncertainty from STD [Permanent stations] Depth uncertainty from IQR [Temporary stations] 

Figure 8: Map of the Moho discontinuity. Tectonic boundaries of WAC, SAC, NAC, and the Tasman Line are shown as
red dashed and black solid lines in all panels. (a) The AusMoho model (Kennett et al., 2023), with black dots indicating
the station locations used in this study. (b) Surface topography and station distributions. WAC: West Australian Craton,
NAC: North Australian Craton, SAC: South Australian Craton, AF: Albany-Fraser orogenic belt, MI: Mount Isa Block,
Mu: Musgrave Province. (c) Moho depths estimated at individual stations. (d) Spatially interpolated Moho depth map
based on (c), with black triangles and circles representing permanent and temporary stations, respectively. Black contours
denote depth intervals of 5 km. (e) Standard deviation of the Moho depths at permanent stations, derived from the
azimuth-dependent conversion points. (f) Uncertainties of the Moho depth at temporary stations, estimated from the
interquartile range (IQR).

shows rapid changes: the southern transition zone has a thinner crust (30–35 km), while the northern zone has a thicker266

crust (40 km).267

In the cratonic regions, the Moho varies by tectonic province (Figure 8 (c, d)). The crust-mantle boundary is268

relatively flat at ε 45 km across the southern and central NAC, while the WAC shows greater variation. The Pilbara269
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craton has a thinner crust (ε 30 km), whereas the Yilgarn craton has a thicker crust (35-40 km). In the cratonic suture270

zone, the Moho deepens to ε 50 km, with localized deepening extending beyond 50 km in the Alice-Springs Orogeny271

and the Musgrave Province.272

Our model agrees with recent Moho models (Kennett et al., 2023; Magrini et al., 2023), showing overall features273

and localized crustal variations. Some discrepancies, such as in northern NAC, are likely due to station coverage. In274

central Australia and the Albany-Fraser belt (AF in Figure 8 (b)), localized deepening patterns also matched with the275

AusMoho model (Figure 8 (a); Kennett et al. (2023)) and receiver function studies (Sippl, 2016; Kennett and Sippl,276

2018; Sippl et al., 2017).277

Figure 8 (e, f) represents the compiled uncertainties of the estimated Moho depths. For permanent stations, we show278

the standard deviations of the azimuthally-varying conversion point depths at the Moho, derived from the azimuth-279

dependent P-RFs (Figure 8 (e)). These deviations can be interpreted not only as measures of uncertainty in the estimated280

depth but also as indicators of azimuthal variations in Moho depth around each permanent station. For temporary281

stations, the uncertainties are quantified using the interquartile range (IQR) of the Moho depths derived from the282

posterior distributions of the inversion. Overall, the uncertainties in the estimated Moho depths are on the order of a283

few kilometers (Figure 8 (e, f)).284

4.2. Base of lithosphere285

The thickness of the Australian lithosphere has been explored through various approaches (e.g., surface-wave286

tomography; receiver functions; travel-time tomography), yielding consistent large-scale models that show lithospheric287

thickening from the eastern Phanerozoic provinces to the western cratonic areas (e.g., Fishwick et al., 2008; Kennett288

et al., 2013; Yoshizawa, 2014; Davies et al., 2015; Magrini et al., 2023; de Laat et al., 2023). In this study, we combined289

multimode SWD with P-RFs, sensitive to seismic interfaces, to propose an updated model of lithospheric thickness.290

Figure 9 presents the resulting lithospheric base model, displaying station-based conversion depths and their spatial291

distribution across Australia in (a) and (b).292

In the younger orogenic zone of eastern Australia, the LAB is shallow (60–100 km), thickening rapidly westward293

toward the Precambrian cratonic areas (ε120 km). The northeastern lithosphere, estimated at ε100 km thick, shows294

a sharp lateral change from east to west (Figure 9), as also evidenced by azimuth-dependent inversion results at the295

CTAO station (Tarumi and Yoshizawa, 2025). In southeastern Australia, including Tasmania (S45⋛–S22⋛), the LAB296

depth is around 80 km, thickened gradually toward the SAC margin (Figure 9).297

Beneath southeastern Australia (around S33⋛/E144⋛), a somewhat thicker lithosphere (100–120 km) is observed,298

which is similar to the cratonic lithosphere (Figure 9). In addition, the S-wave speed in this layer exceeds 4.6 km/s,299

equivalent to that observed in the SAC (Figure 6), suggesting that this area may represent a cratonic-style lithosphere300
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Figure 9: Map of lithospheric thickness. (a) Same as Figure 8 (a), but showing the depth of the lithospheric base. Diamonds
indicate locations where the lithospheric base was identified from radial anisotropy, particularly in regions where S-wave
reductions are unclear. (b) Same as Figure 8 (d), but for lithospheric thickness. Thin white contours represent depth
intervals of 25 km. (c, d) Same as Figure 8 (e, f), but for the lithospheric base. WAC: West Australian Craton, NAC: North
Australian Craton, SAC: South Australian Craton, AF: Albany-Fraser orogenic belt, MI: Mount Isa Block, Mu: Musgrave
Province.

rather than typical Phanerozoic lithosphere (Simons et al., 2002; Fishwick et al., 2008; de Laat et al., 2023). This301

observation implies that the surface geological trace of the Tasman Line may not necessarily represent its subsurface302

extension in the mantle. Still, a nearby temporary station (7I.TL16 in Figure S2(b)) indicates a shallower LAB (about303

100 km) in this area (Figure 9 (a)), consistent with the trend in the Moho model (Figure 8 (a, c)), suggesting complex304

crustal and lithospheric structures in the transition area between Phanerozoic and cratonic provinces.305
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In contrast, the lithosphere within major cratonic blocks is relatively flat at 120–150 km and deepens to ε200 km306

in central Australia (Figure 9). The LAB in the SAC is notably flat at ε130 km, with a slight deepening (ε150km)307

just north of the Gawler craton (Figure 9). Meanwhile, the lithospheric thickness in the WAC and NAC varies laterally308

toward the cratonic suture zone.309

In the western WAC, a flat LAB at ε120 km deepens gradually toward the cratonic suture zone. Lithosphere310

thickening is observed at the edge of the Archean Yilgarn and Pilbara cratons (Figure 9 (a)), reaching 170–200 km311

depths. The southern NAC features a thicker lithosphere than the WAC and SAC, estimated at 150–170 km depths312

(Figure 9). Based on station-based LAB depths (Figure 9 (a)), localized deepening of the lithospheric base (180–200313

km) is evident in the southern NAC and the Mount Isa Block (MI in Figure 1).314

In the suture zone, particularly the Musgrave province, we observe evidence of anomalously thick lithosphere315

reaching 170–200 km (Figure 9 (a)). Another area of thickened lithosphere appears at the boundary between the WAC316

and SAC, within the mid-Proterozoic orogenic zone (AF: the Albany-Fraser orogenic belt), also showing localized317

variations in lithospheric thickness.318

The overall pattern in Figure 9 suggests a deepening LAB from eastern to cratonic regions in central and western319

Australia, consistent with previous lithosphere models based on surface-wave tomography (Fishwick et al., 2008;320

Kennett et al., 2013; Yoshizawa, 2014; Magrini et al., 2023). Although lateral resolution is still limited due to poor321

station coverage, particularly in northern NAC, our LAB model (Figure 9 (a)) involves some localized features derived322

from joint analysis using multimode SWDs and P-RFs.323

Figure 9 (c, d) shows the depth uncertainties of the lithospheric base, corresponding to those for the Moho in324

Figure 8 (e, f). Individual uncertainties for the temporary stations are generally less than 15 km (Figure 9 (d)), which is325

also similar to the individual inversion results for most permanent stations. Still, relatively larger standard deviations326

(computed from the azimuth-dependent conversion depths) are observed for some permanent stations located near327

major tectonic boundaries, such as CTAO, MBWA, and KMBL, likely reflecting the significant lateral variations in328

lithospheric structure under these stations.329

4.3. X-discontinuities330

Prior to mapping, we conducted a clustering analysis. As explained in Section 3.2, the X-Ds form depth-dependent331

clusters that vary with tectonic province (Figure 5). We applied k-means clustering to group the estimated X-Ds based332

on five parameters: horizontal location (longitude and latitude), depth, radial anisotropy, and the vertical change of333

radial anisotropy. For the k-means cluster analysis, the number of clusters, 𝛻
𝜕
, must be predefined. We tested two334

cases with 𝛻
𝜕
= 3 and 4, based on the depth distribution of the identified X-Ds (Figure 5), pre-clustering histograms,335

and silhouette scores. To preserve the physical meaning of each parameter, we did not standardize the input variables,336
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Figure 10: Results of the clustering analysis for the conversion points of X-Ds, with clusters numbered from 1 to 4
represented by blue, orange, green, and red. (a) Histograms of X-D depths for each cluster. (b, c, d) Relationship between
shear wave velocity change, radial anisotropy, and vertical change in radial anisotropy.

although this is a common practice in statistical clustering analysis. For clarity, we mainly discuss the results for𝛻
𝜕
= 4337

in the main text, while the results for 𝛻
𝜕
= 3 are provided in Figures S9 and S10 in the Supplementary Material.338

Figure 10 shows the results of clustering analysis. The primary factors in this analysis are the location and depths339

of the conversion points, as data standardization was not applied. Other model parameters, however, also correlate with340

depths, supporting the validity of our analysis. From Figure 10 (a), we identify four distinctive interfaces: 170km-D,341

220km-D, 270km-D, and 310km-D.342

For permanent stations, which include azimuth-dependent X-D estimates, we applied the same procedures used343

for the Moho and the lithospheric base, as described in Section 3.2. Specifically, after clustering, we computed a344

representative depth for each cluster at the permanent stations by averaging the depths of the conversion points within345

the same group, weighted by the magnitude of shear wave speed changes.346
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 11: Maps of X-Discontinuities. (a, c, e, g) Same as Figures 8 (c) and 9 (a), but for the 170km-D, 220km-D,
270km-D, and 310km-D. Black solid and dashed lines represent the Tasman Line and cratonic boundaries, respectively.
(b, d, f, h) Same as Figure 8 (d) and 9 (b), but for the 170km-D, 220km-D, 270km-D, and 310km-D. Thin black or white
contours indicate a 10 km depth interval. In (a, b, c, d, g, h), shaded areas represent regions with unclear presence of
discontinuity, as inferred from the normalized Gaussian kernel density explained in the text.

To determine the existence of an X-D quantitatively, we treated the conversion points in each cluster as a point347

cloud to calculate the normalized Gaussian kernel density, representing the probability of a Ps conversion from an348

X-D. Regions where this probability is less than 0.1 are defined as uncertain areas for an X-D.349
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The resultant maps for the four discontinuities beneath the LAB are displayed in Figure 11: panels (a, c, e, g) show350

the station-based distributions for each discontinuity, while panels (b, d, f, h) show spatially interpolated maps. Regions351

with insu$cient data or large uncertainties are masked to indicate areas of low confidence in the X-D estimates. The352

associated depth uncertainties are shown in Figure S8. Figures S10 and S11 present corresponding maps to Figures 11353

and S8, respectively, but for the case of three clusters (𝛻
𝜕
= 3).354

The 170-km discontinuity (170km-D), the shallowest X-D, is mainly observed in the eastern Phanerozoic province355

and the eastern SAC, with limited detection in the WAC and NAC (Figures 5 and 11 (a, b)). In northeastern and356

southeastern Australia, 170km-D lies at 150–170 km depth, gradually deepening to 170-190 km in the SAC, although357

this trend becomes less apparent in its southern coastal area. In the case of three clusters (𝛻
𝜕
= 3), the 170km-D appears358

to deepen within the suture zone and the southern NAC (Figure S10 in the Supplementary Material). However, in the359

𝛻
𝜕
= 4 case, this deepened region is instead classified as part of the subsequent deeper interface at 220km depth360

(220km-D).361

The deeper X-Ds (220km-D, 260km-D, 310km-D) are distributed across the entire continent, with generally flat362

lateral patterns at each reference depth (Figures 5 and 11 (c–h)). However, both the 270km-D and 310km-D exhibit363

gradual lateral variations. The 270km-D becomes shallower in eastern Australia and along the Proterozoic suture zone364

(250–260 km), whereas it reaches depths of about 275 km beneath the southern part of NAC, the Albany-Fraser belt,365

and across the SAC (Figure 11 (e, f)). For the 310km-D, its depth appears to correlate with the distribution of cratonic366

blocks; it is relatively shallow (300 km) beneath the SAC, while it becomes deeper (320 km) beneath the WAC and367

NAC (Figure 11 (g, h)).368

The depths of these X-Ds are consistent with previously detected interfaces. A recent S-wave receiver function369

study detected a positive S-wave speed jump around 150 km (Hua et al., 2023). In the continental region, the positive370

velocity gradient at 150 km (PVG-150) would be concentrated primarily in the Phanerozoic and younger orogenic371

zones, possibly consistent with our 170km-D. In addition, they noted a globally sporadic positive velocity gradient372

at 260 km (PVG-260), consistent with our 270km-D. Classical seismic studies also reported multiple upper mantle373

discontinuities with positive velocity jumps from 200 to 350 km under the LAB (Hales et al., 1980; Drummond et al.,374

1982; Leven, 1985; Revenaugh and Jordan, 1991), which generally corroborate our results.375

4.4. Mid-lithospheric discontinuities376

Our results indicate the presence of multiple MLDs (Figures 6, 7, and S6). Similar to the X-Ds, we applied the377

clustering analysis to the CPs of MLDs prior to mapping. In identifying MLDs, we considered S-velocity changes378

without distinguishing between positive and negative shifts. For clustering analysis, we included vertical changes in379
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Figure 12: Same as Figure 10, but for MLDs.

S-wave speed among the five parameters used to classify the groups of X-Ds. Here, we set the number of clusters for380

MLDs to 3, as the 𝛻
𝜕
= 4 case lowered the silhouette score.381

Figure 12 shows the results of clustering analysis for the CPs of MLDs. Depth is the primary parameter in this382

clustering, as with the X-Ds. We designate clusters 1 to 3 as MLD1, MLD2, and MLD3, respectively. Figure 13 provides383

three types of maps for each MLD: depth distribution (leftmost panels), the signs of vertical changes in S-wave speed384

and radial anisotropy (second and third panels), and the radial anisotropy (rightmost panel). Unlike other interfaces, we385

did not create interpolated maps of MLDs, as each MLD class contains both positive and negative velocity changes.386

Our results reveal that MLDs comprise multiple interfaces at three depths: MLD1 at 60–70 km, MLD2 at 75–90387

km, and MLD3 around 100 km (Figures 12 (a) and 13 (a-1, b-1, c-1)). Distinct MLDs are evident in the three cratonic388

blocks (WAC, SAC, NAC). MLD1 and MLD2 are present beneath all three cratonic blocks, whereas MLD3 is sparse389

in the WAC and SAC. In the suture zone, MLDs are mapped only in the Musgrave province and the Albany-Fraser belt390

(Figures 13 (a-1, b-1)). The depth distributions of MLD1 and MLD2 are consistent with previous S-RF observations391

(Ford et al., 2010; Birkey et al., 2021), which identified MLDs characterized by negative S-velocity changes. In this392

study, however, we observe both positive and negative S-velocity changes across MLDs (Figures 12 (b) and 13 (b-1, b-2,393
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(a) MLD1

(b) MLD2

(c) MLD3
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Figure 13: Spatial distribution of each MLD group: (a) MLD1 (blue in Figure 12), (b) MLD2 (orange in Figure 12), and
(c) MLD3 (green in Figure 12). The left panels, (1), show the depth of MLD conversion points. The second and third
panels, (2) and (3), display the vertical changes in isotropic S-wave speed and radial anisotropy, with circles and crosses
indicating positive and negative changes, respectively. MLD CPs with smaller change in 𝜑 (< 1 %) are excluded, so symbol
locations may di!er between the second and third panels. The right panels, (4), visualize the radial anisotropy above each
MLD. Black solid and green dashed lines denote the Tasman Line and major tectonic boundaries of the WAC, NAC, and
SAC, respectively.

c-1, c-2)). Additionally, the vertical variation in shear wave velocity (ℵ𝜔
𝜀

) and radial anisotropy (ℵ𝜑) across MLDs394

shows dependence on the tectonic province (two right panels in Figure 13 (a, b, c)). We will subsequently provide395

separate discussions for MLD1/MLD2 and MLD3.396

In the WAC, excluding the Albany-Fraser belt (AF), we mainly observe two MLDs (MLD1 and MLD2). For MLD1,397

negative ℵ𝜔
𝜀

is concentrated along the continental margin, while positive ℵ𝜔
𝜀

is only found within the Archean (Pilbara398

and Yilgarn) cratons (Figure 13 (a-2, b-2)). In contrast, ℵ𝜑 in the WAC is generally negative, regardless of location399
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and depth. Around AF, ℵ𝜔
𝜀

is negative, as in the WAC, but this region shows positive ℵ𝜑 (Figure 13 (a-2, b-2)). In the400

SAC, ℵ𝜔
𝜀

is primarily negative, while ℵ𝜑 varies with depth: negative at MLD1 and positive at MLD2 (Figure 13 (a-2,401

b-2)). In most areas of the NAC, ℵ𝜔
𝜀

across MLD1 and MLD2 is generally positive, contrasting to earlier results from402

S-RFs studies (Ford et al., 2010; Birkey et al., 2021).403

MLD3 (Figure 13 (c)) is largely absent in most cratonic regions except for the NAC, associated with positive ℵ𝜔
𝜀

404

at around 100 km. Outside the NAC, MLD3 appears only beneath the Pilbara craton (Archean) and the Coompuna405

province (Proterozoic) (Pi and Co in Figure 1), with negative ℵ𝜑 in the NAC and SAC, and positive in the Pilbara406

craton of the WAC.407

MLD1 and MLD2 in the WAC and SAC generally show S-wave velocity reductions, consistent with earlier S-RF408

studies involving other continental regions (e.g, Abt et al., 2010; Kumar et al., 2012; Liu et al., 2020; Birkey et al.,409

2021). However, in the NAC, we find multiple MLDs characterized by distinct positive velocity jumps, agreeing with410

early observations of a positive step-like velocity jump in mid-lithospheric depths (ε75 km) (Hales et al., 1980; Leven,411

1985). Similar observations of positive MLD velocity jumps have also been made in North America (Calò et al., 2016),412

including that MLDs are not exclusively associated with S-wave velocity reductions. Across MLDs, vertical changes in413

radial anisotropy are primarily negative (Figure 12), though some positive changes appear in MLD2 beneath the SAC414

(Figure 13 (b)). This continental-scale observation may provide new insights into the nature of seismological MLDs.415

The rightmost panels in Figure 13 display radial anisotropy 𝜑 above each MLD. Considering ℵ𝜑 (Figure 13 (a-3,416

b-3, c-3)), as well as Figure 12 (c), radial anisotropy generally decreases with depth, approaching isotropy. This trend,417

previously reported by Yoshizawa and Kennett (2015) and Kennett et al. (2017), is particularly evident in the WAC418

and NAC.419

5. Discussion420

5.1. Comparison with previous MLD distribution421

We can find Ps conversion points at multiple depths in the cratonic lithosphere, which are characterized by not only422

ℵ𝜔
𝜀
< 0 but also ℵ𝜔

𝜀
> 0 in Figures 12 and 13. As explained in the previous section, the MLD beneath the NAC423

comprises multiple interfaces accompanied by ℵ𝜔
𝜀
> 0, contrasting to recent S-RF observations (Ford et al., 2010;424

Birkey et al., 2021). We will discuss the causes of positive interfaces and the discrepancies between S-RF observations425

in the next subsection. The MLDs characterized by ℵ𝜔
𝜀
< 0 from the earlier S-RF analysis (Ford et al., 2010; Birkey426

et al., 2021) are also detected in this study and widely distributed in the WAC and SAC (i.e., except for the NAC) below427

75 km-depth (Figure 13). However, some MLD CPs in the WAC and SAC accompany the positive velocity gradient,428

mainly in the shallow depth above 70 km (Figure 13), which has not been reported in earlier S-RF studies in Australia429

(Ford et al., 2010; Birkey et al., 2021).430
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Figure 14: Cross-sectional view of clustered MLD conversion points. The top-left panel shows the station distribution used
in this study (cyan: permanent stations, red: temporary stations), where the dashed lines labeled with (a–e) indicate the
cross-sectional lines. (a–c) E-W cross-sectional plots of the MLD CPs. The selection criteria for CPs are the same as
in Figure 5, but the background tomography models are excluded. The colored dots and crosses (blue: MLD1, orange:
MLD2, green: MLD3) denote the MLD CPs corresponding to positive and negative ℵ𝜔

𝜛
, respectively. Error bars represent

the IQR-based uncertainties, which are estimated from the inverted posterior distributions. The purple arrows indicate the
lateral extent of the suture zone. (d, e) Same as (a–c), but for the N-S cross-sections.

Figure 14 illustrates the cross-sectional conversion points (CPs) of three MLDs classified in this study, representing431

the vertical distributions of CPs for multiple MLDs. While the MLDs associated with ℵ𝜔
𝜀
> 0 (positive MLD) exist at432

multiple depths in the NAC, they distributed mainly in the shallower MLD1 group in the WAC and SAC (Figure 14),433

especially beneath the Archean cratons of Pilbara, Yilgarn, and Gawler. In particular, the shallow positive MLD in the434

WAC cannot be observed at the continental margin and appears only within the Archean Yilgan and Pilbara cratons435

(Figure 13).436
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Birkey et al. (2021) employed S-RFs and detected negative MLDs in the cratonic region, though just a single MLD437

was found in the southern WAC. On the other hand, Sun et al. (2018) and Chen et al. (2021b) estimated multiple438

lithospheric discontinuities through P-wave reflectivities and harmonic decompositions of azimuth-dependent P-RFs,439

respectively. Our maps of MLDs shown in Figures 13 and 14 support the latter studies based on the teleseismic P-440

waves. Such di!erences in P and S-wave analysis results may be due to the intrinsic di!erences in the wavelength and441

conversion (or piercing) points of the incident P or S waves. The sensitive region of the S-to-p (Sp) converted phases442

of the S-RF tends to be much broader than that of P-to-s (Ps) phases; e.g., the conversion points are approximately443

40–60 km away from the station for Ps and 100–150 km for Sp (for CPs at around 100 km depth). The P-wave-based444

analysis reflects the structure near the seismic station, which may better constrain multiple discontinuities under the445

station than S-RFs.446

5.2. Interpretations of MLDs447

The mid-lithospheric discontinuities (MLDs) beneath Archean and Proterozoic cratonic regions likely record448

ancient tectonic processes such as formation, deformation, and thermal events. Numerous studies have attempted449

to explain the origins of MLDs, often characterized by negative velocity contrasts at lithospheric depths. These450

explanations, derived from seismological and petrological observations, laboratory experiments, and geodynamic451

modeling in the mantle, remain debated (e.g., Karato et al., 2015; Selway et al., 2015; Yoshizawa and Kennett, 2015;452

Chen et al., 2021b; Fu et al., 2022; Birkey and Ford, 2023; Sudholz et al., 2024). Proposed causes of MLDs include453

thermal e!ects (e.g., Karato et al., 2015), chemical compositional changes (e.g., Selway et al., 2015; Sudholz et al.,454

2024), and the layered anisotropy (e.g., Yoshizawa and Kennett, 2015; Ford et al., 2016; Birkey and Ford, 2023). While455

this study focuses on thermal and anisotropic properties, chemical layering may also contribute to MLD formation,456

reflecting the complexity of cratonic evolution, though unconstrained by our seismological data.457

In the following, we discuss the causes of MLDs by investigating the sign of ℵ𝜔
𝜀

, incorporating information on458

radial anisotropy and our lithospheric thickness model (Figure 9).459

5.2.1. MLDs accompanying S-velocity reduction (ℵ𝜔
𝜀
< 0)460

MLDs characterized by S-wave velocity reductions (ℵ𝜔
𝜀
< 0) are observed at the edges of the Archean cratons461

in the WAC (Figure 13 (a-2, b-2)). At these depths, radial anisotropy is strong (ϑ 7–8 %) with ℵ𝜑 < 0 (Figures 13462

(a-3, 4, b-3, 4)), suggesting the presence of a cold, rigid craton that preserves the imprint of past tectonic processes.463

These MLDs are unlikely to be thermally induced, as the thermal e!ects would typically result in a more deformable464

lithosphere, as supported by temperature models (Tesauro et al., 2020). Recent seismological studies (Chen et al.,465

2021b,a; Birkey and Ford, 2023) suggest that the topography of the lithospheric base along the western margin of the466

WAC may be related to MLDs, as inferred from azimuth-dependent P-RFs and/or SKS splitting analyses. In particular,467
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Birkey and Ford (2023) suggested that lithosphere thinning to the west of the western WAC margin could promote the468

edge-driven mantle convection, which is consistent with features in our LAB map (Figure 9).469

The Albany-Fraser orogeny belt (AF), adjacent to the Yilgarn craton, also exhibits MLDs with negative ℵ𝜔
𝜀

, and470

an increase in radial anisotropy (ℵ𝜑 > 0) across the MLD (Figure 13 (a-2, 3 and b-2, 3)). Strong radial anisotropy471

(ϑ 5–6 %) at lithospheric depths (Figure 13 (a, b, c-4)and the earlier tomographic model by Yoshizawa (2014)) likely472

reflects the influence of mid-Proterozoic orogenic events at ε1300 Ma and 1160 Ma (Clark et al., 2000; Spaggiari473

et al., 2015). Rapid post-orogenic cooling, particularly in the western AF region (Scibiorski et al., 2015, 2016), may474

have contributed to localized lithospheric thickening (Figure 9).475

In the eastern part of SAC, multiple MLDs with ℵ𝜔
𝜀

< 0 are observed, but the associated changes in ℵ𝜑 di!er476

between MLD1 and MLD2. The shallower MLD shows characteristics similar to those in the WAC, with ℵ𝜔
𝜀

<0477

and ℵ𝜑 < 0, while the deeper MLD exhibits ℵ𝜑 > 0, suggesting a more deformable deeper lithosphere. Yoshizawa478

(2014) attributed the thinner lithosphere beneath the Gawler craton to basal erosion associated with the rifting from479

the Antarctic continent. The presence of MLD2 may reflect remnants of this erosional process, potentially influenced480

by hot asthenospheric material, as indicated by elevated temperatures beneath the SAC (McLaren et al., 2003; Goes481

et al., 2005; Tesauro et al., 2020).482

5.2.2. MLDs accompanying S-velocity increase ℵ𝜔
𝜀
> 0483

MLDs in the NAC and at shallow depths beneath the Archean cratons in the WAC are identified by positive S-wave484

velocity gradients (ℵ𝜔
𝜀
> 0; middle panels in Figure 13). Unlike MLDs characterized by negative gradients (ℵ𝜔

𝜀
< 0),485

these features can be interpreted as step-like increase in S-wave velocity, likely resulting from surface cooling processes486

during the formation of stable continental lithosphere. Although our observations contrast with results from S-RF487

studies (e.g., Ford et al., 2010; Birkey et al., 2021) that indicate the negative velocity changes, they are consistent with488

earlier findings based on regional P-wave analyses (Hales et al., 1980; Leven, 1985).489

A plausible explanation for these discrepancies can be the influence of complex anisotropic layering, in addition490

to the inherent di!erences between P- and S-RFs. Selway et al. (2015) demonstrated that both azimuthal and radial491

anisotropic layering can produce negative phases in S-RFs, complicating the interpretation of seismic discontinuities.492

Moreover, rapid vertical and lateral variations in lithospheric thickness, seismologically observed beneath northern493

and central Australia (Birkey and Ford, 2023; Yoshizawa, 2014; Yoshizawa and Kennett, 2015; de Laat et al., 2023),494

further increase the complexity of such interpretations. Reconciling S-RF results with our inversion-based P-RF results495

requires careful consideration of the influence of anisotropic structure on receiver functions (e.g. Park and Levin, 2016).496

In addition, fine-scale heterogeneities may induce apparent radial anisotropy and spurious seismic discontinuities (e.g.,497

Fichtner et al., 2013; Kennett et al., 2017), further influencing RF observations.498
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Figure 15: Posterior distributions of isotropic shear wave velocity and radial anisotropy at permanent and temporary
stations deployed in central Australia. (a) Map of seismic stations. The red triangles represent the selected stations used
in (b), while cyan and black ones correspond to other permanent and temporary stations. (b) Probabilistic profiles of
isotropic S-wave (top panel) and radial anisotropy (bottom panel). In the top panel, the vertical profiles are plotted by
adjusting the uppermost mantle S-velocity (or radial anisotropy) to be located at the latitude of stations. Colored dots
and diamonds (green in the top panel and orange in the bottom panel) indicate the depths of the estimated lithospheric
base for permanent stations (WRAB and AS31) and selected temporary stations (Rawlinson and Kennet, 2008), where the
values for two permanent stations correspond to the azimuthally-averaged depths that are the same as in Figure 7. Colored
lines (cyan in the top and magenta in the bottom) delineate the maximum frequency model derived from the ensemble
solutions. Two pink curves exhibit the upper and lower bounds of the LAT from Yoshizawa (2014).

5.3. Thick lithosphere in central Australia499

An anomalously thick lithosphere, reaching depths of about 200 km, is evident in the eastern Yilgarn craton,500

southern NAC, and the cratonic suture zone, as revealed by our joint inversion of receiver functions and multimode501

surface waves (Figure 9). In central Australia, significant radial anisotropy with weak S-wave velocity reduction is502

observed (Figures 7 (b, c), 15, and S6). This distinctive feature in the mid-Proterozoic province may reflect the ancient503

amalgamation processes during the mid-Proterozoic era (1300–1000 Ma) (Myers et al., 1996).504

The Musgrave orogeny, located in the suture zone, experienced ultra-high temperatures around 1220-1120 Ma505

due to upwelling asthenospheric materials (Smithies et al., 2011, 2015), associated with the amalgamation of cratons.506

Such extreme thermal conditions could have weakened the lithospheric structure, enabling the suture zone to act as507

a bu!er zone during the collision of the NAC, SAC, and WAC (e.g., Yoshida, 2012; Yoshida and Yoshizawa, 2020).508

Following this extensive tectonic-thermal event, central Australia, including the southern NAC, underwent repeated509
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deformation by compression and extension cycles until the Alice-Springs Orogeny (ε400 Ma) (Kennett and Ia!aldano,510

2013; Thiel et al., 2020). These tectonic processes likely influenced both the lithosphere-asthenosphere system and the511

crustal structure beneath the region. Anomalous radial anisotropy within the shallow lithosphere likely reflects frozen512

anisotropy preserved from past deformation processes, whereas that in the asthenosphere or near the lithospheric base513

(Figure 7 (c)) is more plausibly attributed to present-day deformation associated with ongoing shear flow in the mantle514

beneath the fast-moving Australian plate (e.g., Debayle and Kennett, 2000; Yoshizawa and Kennett, 2015).515

The minimal S-wave speed drop provides insights into the unique lithospheric structure of central Australia. There516

are few records of the tectonic activity following the Alice Springs Orogeny (ASO, ε400 Ma), which marked the last517

major tectonic event in this region (e.g., Aitken and Betts, 2009; Aitken et al., 2009), aside from some localized faulting518

and/or thermal erosion (e.g., Sandiford et al., 2001). This implies that the region has likely remained tectonically519

quiescent, experiencing little to no significant deformation or thermal disturbance since the ASO. Such long-term520

tectonic stability may have allowed the lithosphere to cool e$ciently, facilitating the formation of a high-shear-wave-521

speed shield and preventing chemical or thermal erosion.522

The ultra-high temperatures sustained until ε 1000 Ma (Smithies et al., 2011) may have contributed to the chemical523

depletion of the lithospheric mantle. Geochemical studies have revealed mild depletion in the Musgrave Province (Zhao524

and McCulloch, 1993; Smits et al., 2014), suggesting a relatively higher degree of depletion compared to adjacent525

regions, such as the Arunta block. In addition, joint seismic and gravity analyses detected a weakly negative density526

anomaly at 80-200 km depth beneath the present-day Proterozoic lithosphere van Gerven et al. (2004), which may527

reflect deep chemical depletion. Such depleted, low-density mantle may result from the underplating of upwelling528

asthenospheric material and could have contributed to the formation of the tectosphere (Jordan, 1975, 1978, 1988),529

consistent with the observed thick lithosphere with limited S-wave speed reductions.530

The observed characteristics of MLDs at 60–130 km depth in the southern NAC, marked by a positive 𝜔
𝜀

contrast531

(ℵ𝜔
𝜀

> 0) and a decrease in radial anisotropy (ℵ𝜑 < 0), potentially reflect a highly rigid and non-deformable532

lithospheric structure, supporting the hypothesis of prolonged the tectonic quiescence and stable lithospheric evolution533

in this region.534

5.4. Origins of X-Ds535

The resultant X-D maps reveal the existence of multiple interfaces below the lithospheric base, located at around536

170 km, 220–270 km, and around 310 km depth (Figures 10 (a), 11, S9, and S10). Similar features have been reported537

in previous studies; for example, the NAC was suggested to host multiple velocity-increasing interfaces at around 200538

km and 325 km (Hales et al., 1980; Leven, 1985), while the northwestern part of WAC was inferred to contain at least539

one interface near 200 km. Our results broadly support these earlier findings, despite limited evidence for such features540
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in the western WAC. Additionally, Revenaugh and Jordan (1991) and Taira and Yoshizawa (2020) inferred the presence541

of discontinuities with increasing velocity at depths between 180 and 340 km beneath the Australian continent, with542

depth variations depending on tectonic provinces. The X-Ds identified in this study (Figures 5 and 10) approximately543

coincide with the depths of these previously reported interfaces.544

Figures S13–16 visualize the downward variations of isotropic S-wave velocity and radial anisotropy across each545

X-D, as well as the absolute value of the anisotropic parameter below the X-D. These X-Ds are characterized not only546

by S-wave speed increases but also by a weakening of radial anisotropy across the interfaces (Figures 5, 6, 7, S6, S7,547

and 10, S13–16), consistent with the previous findings on deeper discontinuities (Gaherty and Jordan, 1995; Taira and548

Yoshizawa, 2020). Such seismological evidence provides important clues to the enigmatic nature of these structures.549

In this subsection, we explore potential geophysical origins and roles of these X-Ds, with particular attention to their550

relationship with the Lehmann discontinuity.551

5.4.1. 170km-discontinuity552

The distribution of 170km-D, except for the NAC and the suture zone, appears robust under both the three- and four-553

cluster scenarios (Figures 11 and S10). The 170km-D is mainly observed in regions with relatively thin lithosphere,554

such as the Phanerozoic provinces and the eastern SAC, which correlate with high-temperature zones (Goes et al., 2005;555

Tesauro et al., 2020). This suggests that the thermal structure may play a key role in the formation of the 170km-D.556

A global S-RF study by Hua et al. (2023) identified an interface with a positive velocity gradient at ε150–180 km557

depth in young, tectonically active regions (e.g., eastern Australia), interpreted as the base of the low-velocity zone558

within the high-temperature asthenosphere. Our 1-D posterior density results for the eastern SAC and Phanerozoic559

Australia support this interpretation (Figures 6, 7, S6, and S7), as a pronounced low-velocity zone is clearly observed560

above the 170km-D. Thus, the 170km-D may represent the base of an anomalously low-velocity layer in the561

asthenospheric mantle.562

Hua et al. (2023) proposed that the PVG-150 corresponds to the base of a partially molten layer, based on synthetic563

S-RF simulations. In easternmost Australia (e.g., G.CAN; AU.CNB; AU.YNG), our results indicate that the minimum564

isotropic S-wave velocity is about ε4.4 km/s, which is generally higher than the expected threshold for partial melt565

(𝜔
𝜀𝜗𝜛𝜚

<4.4 km/s, e.g., Hua et al. (2023)). Moreover, previous tomography studies (Fishwick et al., 2008; Yoshizawa,566

2014; Magrini et al., 2023) have not identified such low-velocity zones beneath cratonic regions, including the SAC.567

Thus, the 170km-D found in this study likely represents the base of the low-velocity asthenosphere, without clear568

seismological evidence for partial melting. To further assess the role of partial melt in forming the 170km-D, further569

investigations should incorporate constraints from anelastic attenuation in the upper mantle (e.g. Dalton et al., 2008).570
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The 170km-D is also associated with a notable weakening in radial anisotropy, with a steeper decrease compared571

to other X-Ds (Figures 6, S6, S7, 10 (d), and S9 (d), S13 (b, e)). This trend is particularly evident in the southeastern572

Phanerozoic areas (Figures 6, S7, and S13 (b, e)), where anomalously high positive radial anisotropy above the573

discontinuity likely reflects intense asthenospheric flow (Figures 6, S6, and S7). Such a reduction in anisotropy may574

reflect a transition in mantle rheology from dislocation to di!usion creep, as demonstrated in laboratory experiments575

(Karato, 1992). This transition seismologically manifests as a shift from anisotropic to more isotropic properties,576

potentially making the base of the asthenosphere. In addition, mantle flow modeling by Eakin et al. (2023) suggests577

that strong asthenospheric flow occurs at depths of 120-150 km, gradually weakening toward 200 km. Thus, the rapid578

weakening in radial anisotropy across the 170km-D (Figures 6, S6, S7, and S13 (b, e)) likely reflects vertical variations579

in mantle flow strength, delineating the base of the ductile asthenosphere beneath the Phanerozoic province and eastern580

SAC.581

5.4.2. Deeper X-discontinuities582

The 220km-D, 270km-D and 310km-D are generally less distinct than the 170km-D, especially the shallower two583

among the three deeper X-Ds. For the 𝛻
𝜕
= 3 case in the clustering anlaysis, a portion of the 220km-D in the NAC and584

suture zone is assigned to cluster 1 (i.e., 170km-D), while the remainder of the 220km-D and the 270km-D appears to585

merge into a single deep interface at around 260 km (Figure 11 and S10).586

These three deeper interfaces align with earlier findings from the body-wave-based type studies (Hales et al., 1980;587

Leven, 1985; Revenaugh and Jordan, 1991). As a hypothesis, the deeper X-Ds may correspond to mineral phase588

transitions. Previous studies on X-Ds below 200 km (e.g., Revenaugh and Jordan, 1991; Williams and Revenaugh,589

2005; Kemp et al., 2019; Srinu et al., 2021; Pugh et al., 2023) suggest that the 220-280 km discontinuities may be590

associated with the phase transition from orthopyroxene (Opx) to high-pressure clinopyroxene (HPCpx) (Akashi et al.,591

2009; Jacobsen et al., 2010), characterized by positive Clapeyron slopes (ℶℷϖℶℸ > 0). The depth correspondence592

between these phase transitions and the observed X-Ds is plausible: the 220km-D and 270km-D are consistent with the593

Opx-HPCpx transition depths under wet (Jacobsen et al., 2010) and dry (Akashi et al., 2009) conditions, respectively,594

whereas such correspondence is less clear for the 310km-D. Thus, the shallower two of the three deeper X-Ds may be595

explained by the Opx-HPCpx phase transition. However, significant lateral heterogeneity in both thermal and seismic596

structures across the Australian continent (e.g., Goes et al., 2005; Fishwick et al., 2008; Yoshizawa, 2014; Tesauro597

et al., 2020) may cause regional variations in phase transition depths, making robust interpretation of the 220km-D598

and 270km-D more challenging compared to the 170km-D.599

A plausible explanation for 310km-D is that it marks the base of the anisotropic layer that defines the asthenosphere600

under stable continental areas. Above the 310km-D, the cratonic provinces, particularly the NAC and suture zone,601
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exhibit strong radial anisotropy, reflecting the horizontal shear-flow in the asthenosphere (Figures7 (b, c), S6, 15 and602

Yoshizawa (2014)). Approaching the 310km-D, radial anisotropy rapidly weakens in the western NAC, the suture zone,603

and the northern WAC (Figures 15, S6, S7, and S16 (b, e)), although the degree of change varies spatially. A similar604

trend is also observed across the 170km-D (Figure 6 and S13 (b, e)) under the Phanerozoic Australia, suggesting that605

the 310km-D may represent a deeper mechanical boundary under the cratonic areas caused by a rheological transition606

in mantle creep-behaviour (Karato, 1992). It may therefore mark the base of the asthenosphere beneath the cratonic607

regions.608

5.4.3. Relationship with the Lehmann discontinuity609

One or more of the detected X-Ds may correspond to the Lehmann discontinuity (L-D), first identified beneath610

continental regions by Lehmann (1961). The L-D has been attributed to a transition in mineral creep behavior from611

dislocation to di!usion (Karato, 1992), which seismologically manifests as a shift from anisotropic to more isotropic612

properties. Such a tendency is observed at the 170km-D beneath the Phanerozoic province and eastern SAC, and at613

the 310km-D beneath much of the cratonic region, both potentially representing the base of the ductile asthenosphere.614

Gaherty and Jordan (1995) and Taira and Yoshizawa (2020) suggested that the L-D may be associated with a reduction615

in radial anisotropy, which is consistent with our observations of X-Ds exhibiting decreasing anisotropy (Figures 5 and616

10). Thus, it is plausible that one or more of the X-Ds identified in this study may correspond to the L-D, providing617

seismological interpretation for this enigmatic mantle discontinuity.618

6. Conclusions619

In this study, we conducted a comprehensive spatial mapping of the Australian upper mantle discontinuities using620

station-based 1-D S-velocity profiles derived from the joint Bayesian inversions of multimode surface waves and621

P-wave receiver functions. The results provide new seismological insights into the lithospheric and asthenospheric622

structure, advancing our understanding of the tectonic evolution of the continent. The key findings for each upper623

mantle interface are summarized as follows:624

1. Mid-Lithospheric Discontinuities (MLD): Australian MLDs are found at multiple depths ranging from 60 to625

120 km. Their elastic properties (S-velocity change, radial anisotropy) vary with tectonic provinces and depths,626

o!ering insights into their origins and relationships with ancient tectonic processes. The S-velocity changes627

across the MLDs depend on locations, with the velocity increase beneath the North Australian craton (NAC)628

and the velocity reductions in the West and South Australian Cratons (WAC and SAC)629

2. Lithospheric Thickness: The lithospheric thickness exhibits significant regional variation across the Australian630

continent: 70–100 km in eastern Australia, 120–150 km in the cratonic blocks, 170–200 km in the suture zone631
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and the southern NAC. In these thicker lithospheric regions, anomalously strong radial anisotropy (ϑ 10 %) is632

observed without significant S-wave speed reductions, potentially formed through the underplating of chemically633

depleted mantle during high-temperature conditions associated with the continental amalgamation in the mid-634

Proterozoic.635

3. X-discontinuities (X-Ds): The X-Ds include multiple interfaces at depths around 170 km, 220–270 km, and636

around 310 km, forming three or four distinct groups. The 170km-D is observed primarily in the eastern young637

orogenic zone and the eastern SAC, which can be related to the thermal structure. A common feature of X-Ds is638

the increasing S-velocity with the weakening of radial anisotropy across these interfaces.639
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Figure S1: Multi-mode phase speed maps at selected periods from Yoshizawa (2014). R0 

(a) Fundamental mode of Rayleigh waves

(c) Fundamental mode of Love waves

(b) Overtones of Rayleigh waves

(d) Overtones of Love waves



 

 

and L0 denote the fundamental modes of Rayleigh and Love waves, respectively, while 

higher modes (such as R2 and L4) indicate the overtones of Rayleigh and Love waves with 15 

mode numbers. Phase speed maps are shown as perturbations relative to a reference 

velocity, which is displayed at the bottom of each map. Cyan triangles denote locations of 

permanent seismic stations used in this study. Localized dispersion curves were extracted 

from these maps and employed as multimode dispersion data in the joint inversions with 

P-wave receiver functions.        20 



 

 

Figure S2: Distributions of all employed seismic stations. (a) Permanent stations (cyan 

triangles), labeled with station names. Font colors indicate seismic networks (IU: black; II: 

purple; G: blue; AU: red). Small black symbols represent temporary stations. (b) Same as 

(a), but showing the temporary stations with their names.  
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Figure S3: Event distributions for each station used in the receiver function analysis in this 

study.   
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Figure S4: Same as Figure 3, but for 0.03-0.5 Hz.   

(a) AU.COEN (b) AU.STKA (c) AU.QIS

(d) AU.WRKA (e) AU.FORT (f) AU.BLDU



 

 

Figure S5: Examples of stacking processes for P-wave receiver functions (P-RFs) at two 

selected temporary stations: (a) 6F.BL06 and (b) 6F.BL11. (a) Stacking procedure for 30 

6F.BL0. The leftmost panel shows the distribution of teleseismic events used for the P-RF 

analysis. The center panels show individual P-RF traces ordered by back azimuth, with 

positive and negative amplitudes shown in red and blue, respectively. The rightmost panel 

displays the stacking process for P-RF: black and red lines indicate traces rejected or 

accepted through the cross-correlation-based selection method (Tkalčić et al., 2011), while 35 

the light green line represents the final stacked trace used in our inversion analysis. (b) 

Same as (a), but for stations 6F.BL11. 

(a) Stacking process at 6F.BL06

(b) Stacking process at 6F.BL11
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Figure S6: Same as Figures 4 and 5, but along (a) S20° and (b) S26°.  



 

 

40 

Figure S7: Same as Figures 4 & 5, but along (a) E145° and (b) S150°.   
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(b)
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Figure S8: Uncertainties of the four clustered X-Ds (a,b: 170km-D, c,d: 220km-D, e,f: 

270km-D, g,h: 310km-D). (a, c, e, g) Standard deviations of each of the X-D depths beneath 

the permanent stations, derived from the azimuth-dependent conversion points. (b, d, f, h) 45 

Interquartile ranges (IQRs) of X-D depths beneath temporary stations. 

  



 

 

Figure S9: Same as Figure 10, but for "! = 3 case. Color notations are identical to those 

in Figure 10, except that the 4th cluster is excluded here. In this case, the X-Ds are 50 

identified at three distinct depths: around 170 km, 260 km, and 310 km. 
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Figure S10: Same as Figure 11, but for the "! = 3 case. 
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Figure S11: Same as Figure S8, but for the "! = 3 case.  

  



 

 

 

Figure S12: Interquartile range of MLD depths: (a) MLD1, (b) MLD2, (c) MLD3. 60 

  

(a) MLD1 (b) MLD2 (c) MLD3



 

 

 

Figure S13: Mapping results of elastic properties for the 170km-D of four clustered X-Ds. 

(a-c) Station-based vertical (downward) changes in (a) isotropic S-wave velocity and (b) 

radial anisotropy across the 170km-D, and (c) absolute radial anisotropy below the 170km-65 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)



 

 

D. (d-f) Same as (a–c), but shown as spatially interpolated contour maps. (g-i) 

Uncertainties for permanent stations, represented by standard deviations derived from 

azimuth-dependent conversion points. (j-l) Same as (g-i), but for temporary stations, 

showing interquartile ranges estimated from the posterior distributions.   
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Figure S14: Same as Figure S13, but for the 220km-D.  
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Figure S15: Same as Figure S13, but for the 270km-D. 75 
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Figure S16: Same as Figure S13, but for the 310km-D.  
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