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Abstract

Petit-spot volcanism is a type of intraplate volcanism that commonly occurs near the outer
rise in subducting plates. Although deformation of the incoming plate is considered im-
portant for its development, the deeper mantle processes contributing to this volcanism
remain poorly understood. Here, we use more than 1500 broadband seismograms con-
taining long-period SS precursors to investigate the mantle transition zone (MTZ) beneath
the Sunda–Java subduction system. Beneath the northern Sunda–Java region, the 660 km
discontinuity (d660) reaches ~690 km depth, resulting in an MTZ thicker than 270 km,
consistent with the thermal influence of the subducted Indo-Australian slab. The associ-
ated weakening of S660S amplitudes may reflect hydration or other factors affecting the
lower MTZ. South of the trench, the MTZ beneath most of the Christmas Island Seamount
Province is relatively uniform, with a thickness of ~251 km. Beneath Christmas Island, how-
ever, the 410 km discontinuity (d410) is depressed to ~420–425 km, whereas d660 remains
near 670–675 km, producing a localized thinner MTZ of ~245–250 km. This structure is
compatible with localized slab-related mantle processes and may reflect thermal or compo-
sitional heterogeneity near the top of the MTZ. Although our observations do not directly
resolve volatile transport or melt generation, they provide new constraints on the deep-
mantle environment associated with rejuvenated petit-spot volcanism at Christmas Island.

Keywords: mantle transition zone; SS precursors; deep dehydration; petit-spot volcanism;
slab-mantle interaction; Christmas Island

1. Introduction
Most global volcanism can be broadly classified into three major types according to

their dominant melting mechanisms: plume-related melting that produces age-progressive
oceanic islands [1]; decompression melting at mid-ocean ridges [2]; and flux melting at
subduction zones [3]. Petit-spot volcanism represents a distinctive form of intraplate vol-
canism that occurs on the outer rise in subducting plates. Unlike volcanism associated with
mantle plumes, mid-ocean ridges, or volcanic arcs, petit-spot volcanoes are characterized
by their small size, geologically young eruption ages, and occurrence far from established
magma-generation environments [4].
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Since their first discovery on the subducting Pacific Plate near the Japan Trench [4],
petit-spot volcanoes have been recognized in several subduction systems worldwide,
including Tonga, Chile, Mariana, Sunda, and Puerto Rico trenches [5–10]. Their mag-
mas are typically generated by extremely low-degree partial melting and are enriched in
volatile components such as H2O and CO2 [4,11–16], making them particularly valuable
for investigating mantle metasomatism, the deep volatile cycle, and the origin of recycled
mantle materials.

Several mechanisms have been proposed to explain the origin of petit-spot volcanism.
The most widely accepted model attributes petit-spot volcanism to lithospheric bending
prior to subduction. Lithospheric bending generates extensional stress in the outer rise
zone. These extensional stresses may induce low-degree decompression melting near
the lithosphere–asthenosphere boundary (LAB), and the resulting melts ascend through
fractures generated by lithospheric bending [4,12]. Another model proposes that partially
molten material is already present beneath the LAB. Lateral pressure variations drive
the movement and accumulation of molten material. After accumulation, the molten
material undergoes uplift due to buoyancy through the lithosphere, forming petit-spot
volcanoes [17]. In contrast, Yang and Faccenda (2020) [18] proposed that hydrous upwelling
from the mantle transition zone (MTZ), induced by slab rollback and MTZ uplift, may
supply volatile-rich melts to the shallow mantle, providing a deeper geodynamic origin
for petit-spot volcanism. Unlike the lithosphere-controlled models, this hypothesis links
petit-spot volcanism to deep mantle dynamics and the deep volatile cycle [18]. Assessing
the potential role of the MTZ in petit-spot volcanism therefore requires reliable constraints
on MTZ structure.

The MTZ, bounded by global seismic discontinuities at average depths of approxi-
mately 410 km (d410) and 660 km (d660), is a key interface linking the upper and lower
mantle [19–21]. These discontinuities correspond to pressure-induced phase transitions
of olivine, from α-olivine to wadsleyite at the d410 [22] and from ringwoodite to bridg-
manite plus ferropericlase at the d660 [23]. Because the d410 has a positive Clapeyron
slope, whereas the d660 has a negative Clapeyron slope, their topography is highly sen-
sitive to mantle temperature [24,25]. Cold subducting slabs typically uplift the d410 and
depress the d660, producing a thicker MTZ, whereas hot mantle upwellings generate the
opposite pattern [25,26].

In addition to temperature, water enrichment (which can reach up to ~1.5 wt% in the
upper MTZ) also plays an important role in shaping these boundaries [27,28]. Water can
affect MTZ discontinuity topography in a similar way to cold thermal anomaly, uplifting
the d410 and depressing the d660 [29,30], and can also reduce the sharpness of the d410 [31].
Consequently, the geometry and seismic properties of the d410 and d660 provide valuable
constraints on slab dynamics, mantle circulation, and deep volatile storage, making the
MTZ an important target for evaluating whether deep mantle processes may be related to
the formation of petit-spot volcanism [20,27].

The Sunda–Java subduction system and the rejuvenated volcanism of Christmas Island
(CI) provide an exceptional natural laboratory for evaluating whether MTZ processes are
linked to the formation of petit-spot volcanism (Figure 1). In this region, the Indo-Australian
Plate subducts beneath the Eurasian (or Sunda) Plate along the Sunda–Java Trench [32–34].
The incoming oceanic lithosphere varies in age from ~40 Ma beneath southern Sumatra to
>130 Ma beneath eastern Java and converges at rates of ~60–70 mm yr−1 [35]. South of the
trench lies the Christmas Island Seamount Province (CHRISP), a large volcanic province
(~1,000,000 km2) composed of seamounts, guyots, and volcanic islands [36]. Volcanism
within CHRISP spans more than 100 Myr, including an Eocene shield-building phase and
younger Pliocene volcanism on CI [10,16,36,37]. Geochemical studies indicate that the
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younger volcanism contains signatures of recycled and volatile-rich mantle sources. The
combination of these geochemical characteristics and the complex tectonic setting of the
region make the CHRISP an important natural laboratory for investigating the potential
links between deep mantle processes and petit-spot volcanism.

Figure 1. Tectonic setting and regional features of the study area. Background colors denote the
regional topography and bathymetry derived from GEBCO 2025 Grid [38], with the color scale
provided in kilometers (km). The Sunda–Java Trench, indicated by the red line with triangles, defines
the convergent boundary where the Indo-Australian plate subducts beneath the Eurasian plate.
Solid orange contours extending across Sumatra, the Java Sea, and Java indicate the depth to the
subducting slab in kilometers [39]. Dashed white contours delineate the volcanic sub-provinces
within the Christmas Island Seamount Province (CHRISP) and adjacent oceanic regions, including
the Cocos-Keeling, Vening-Meinesz, Eastern Wharton Basin, and Argo Basin volcanic provinces [36].
Yellow circle denoted Christmas Island.

Previous tomographic studies have provided important insights into the geometry
of the Sunda slab and large-scale mantle heterogeneity beneath Southeast Asia [40–43].
Receiver-function investigations have further constrained MTZ discontinuities, but their
observations are largely limited to continental regions and a few island stations because of
the requirement for dense seismic station coverage [44,45]. As a result, the MTZ beneath
the adjacent oceanic region, including the CHRISP, remains insufficiently characterized.

An alternative approach is provided by long-period SS precursors (S410S and S660S),
which are underside reflections from the 410 and 660 km discontinuities and offer an
effective means of imaging MTZ structure [20,26,46,47]. Because these phases are primarily
sensitive to discontinuity topography near their surface bounce points, located approx-
imately halfway between the earthquake source and the seismic receiver, their spatial
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coverage is not constrained by the distribution of local seismic stations [48,49]. This unique
ray geometry makes SS precursors particularly well suited for imaging MTZ structure
beneath oceanic regions where permanent seismic networks are sparse. Although SS
precursor studies have been conducted across Southeast Asia, they have mainly focused
on subduction margins and the East Vietnam Sea [50,51]. As a result, the MTZ beneath
CHRISP has not yet been investigated using this approach.

In this study, we investigate the MTZ beneath the Sunda–Java subduction system
and the adjacent CI region using a high-quality dataset of over 1500 broadband seismo-
grams containing long-period SS precursors that sample the study region. After applying
three-dimensional tomographic corrections, we map the topography and reflection am-
plitudes of the 410 and 660 km discontinuities beneath the study region. We use these
observations to characterize MTZ structure beneath the Sunda–Java subduction system
and the adjacent Christmas Island Seamount Province and to evaluate the potential im-
plications of the observed MTZ structure for the geodynamic setting of Christmas Island
petit-spot volcanism.

2. Materials and Methods
2.1. Data Selection and Processing

In this study, we use seismic records containing SS precursor reflections and only in-
clude seismograms with SS bounce points located within the study area. Only seismograms
with SS bounce points located within the study area were included in the analysis. We
selected earthquakes with moment magnitudes (Mw) greater than 5.5 and focal depths
shallower than 75 km [20]. Events within this magnitude range generally produce coherent
SS phases with detectable precursor energy, whereas the shallow-depth criterion minimizes
interference from depth phases such as sSdiff and sS410S [49]. Source–receiver distances
were restricted to 100–165◦ to reduce contamination from topside reflections, including
Ss410s and Ss660s, as well as precursor energy associated with ScSScS phases [52,53].

Waveform processing followed standard procedures commonly used in SS precursor
studies [54]. Instrument responses were first removed from all seismograms, and the
horizontal components were rotated into the great-circle reference frame to isolate the
SH component for subsequent analysis. The SH waveforms were then bandpass filtered
between 20 and 50 s using a second-order zero-phase Butterworth filter to suppress back-
ground noise and enhance weak precursor arrivals. To ensure data quality, seismograms
with signal-to-noise ratios (SNRs) lower than 3 were excluded. The SNR was calculated as
the ratio between the maximum amplitude within the SS time window and the maximum
amplitude within the precursor time window. The SS window was defined as 50 s before
and after the predicted SS arrival, whereas the precursor window extended from 30 s
before the predicted S660S arrival to 30 s after the predicted S410S arrival based on the
ak135 model [51].

Each waveform was subsequently visually inspected to identify high-quality records.
For consistent processing, the first major peak of the SS arrival in each trace was aligned
to zero time, and waveform amplitudes were normalized by the maximum amplitude
of the trace. This normalization reduces variations associated with earthquake source
effects and radiation-pattern differences, allowing precursor amplitudes to be compared
more consistently across the dataset. After screening, the final dataset consisted of more
than 1500 transverse-component (SH) seismograms suitable for SS precursor analysis. The
global distribution of earthquakes and seismic stations, together with the corresponding SS
precursor ray paths and bounce-point coverage, is shown in Figure 2.
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Figure 2. Dataset coverage and spatial binning. (a) Earthquakes (red dots), seismic stations (blue
triangles), and SS precursor ray paths (green lines). The study area is boxed in red. (b) Spatial
distribution of stacking bins (radius 5◦, spacing 2.5◦). Bin colors denote the data density (the number
of bounce points). Blue solid and dashed lines indicate the trench and the CHRISP region. Black
dashed lines show the locations of the cross-sectional profiles analyzed in later figures.

Representative SH-component seismograms are presented in Figure 3. In several
records, the S410S and S660S precursor arrivals can be identified prior to stacking. However,
because SS precursor phases are typically weak and commonly exhibit amplitudes less
than 10% of the main SS phase amplitude, waveform stacking was required to improve
signal coherency and enhance precursor detectability [55]. We adopted the linear stacking
approach widely used in regional and global SS precursor studies [20].To implement the
stacking procedure, the study area was divided into regularly distributed spatial bins with
a radius of 5◦, while adjacent bin centers were spaced at intervals of 2.5◦ (Figure 2) [51,56].
This spatial binning provides sufficient waveform coverage within individual bins to
produce stable stacked traces while simultaneously averaging small-scale discontinuity
roughness and reducing the influence of scattered seismic energy [20].

Figure 3. Seismic waveform examples and ray geometry. (Left) Source–receiver distribution showing
earthquakes (red dots), stations (blue triangles), and SS ray paths (green lines) with bounce points
(black dots) inside the study area (red rectangle). (Right) Two examples of observed SH-component
seismograms. Red and blue shading denote positive and negative polarities. Waveforms are aligned
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on the main SS arrival (0 s, vertical dashed line). Black arrows indicate the arrivals of S410S and
S660S. Horizontal axis shows time relative to the SS phase (in seconds).

2.2. Travel-Time Corrections

The differential travel times between the SS phase and its associated precursors,
S410S and S660S, are influenced not only by discontinuity topography but also by
three-dimensional (3-D) seismic velocity heterogeneity along the propagation paths [55].
To isolate travel-time variations associated primarily with MTZ structure, several correction
procedures were applied prior to stacking. The spatial distribution and magnitude of these
corrections are summarized in Figure 4 and Figure S1.

Figure 4. Travel-time corrections. Histograms (top row) and spatial distributions (bottom row) of the
applied time shifts. (a,d) Crustal and topographic corrections applied to SS phases using CRUST1.0.
(b,c) Histograms of the tomographic time corrections for S410S and S660S, respectively, calculated
from the TX2011 global velocity model. (e,f) Corresponding spatial distributions of the S410S and
S660S tomographic corrections, respectively. The color bar represents the time correction in seconds
for panels (d–f). Red solid and dashed lines in (e) indicate the trench and the CHRISP region.

The first correction accounts for near-surface structural effects. Because crustal struc-
ture varies substantially between continental and oceanic regions, and because the SS
phase reflects at the Earth’s surface, SS travel times are particularly sensitive to crustal
heterogeneity near the bounce points. Crustal travel-time corrections were calculated using
the CRUST1.0 model relative to the 1-D ak135 reference model [19,57]. Surface elevations
were additionally corrected to sea level using the ETOPO1 global topography model [58].
The resulting crustal corrections are shown in Figure 4a,b. The largest negative correc-
tions, reaching approximately −4 s, are concentrated in the Indian Ocean region, whereas
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corrections north of the subduction zone are generally smaller, mostly ranging between
−1 and 1 s.

Because seismic waves propagate through a laterally heterogeneous mantle, velocity
anomalies along the ray paths can introduce travel-time perturbations unrelated to discon-
tinuity topography. Tomographic travel-time corrections were applied following previous
SS precursor studies [51,55]. Theoretical ray paths for the SS, S410S, and S660S phases were
calculated using the ak135 reference Earth model [19], and travel-time perturbations along
these paths were estimated using the global tomographic models TX2011 [59].

The tomographic correction was calculated as:

△tcorr = (T1D
SS − T1D

SdS)− (T3D
SS − T3D

SdS) (1)

where TSS and TSdS are the travel times of the SS phase and its precursor phase (S410S
or S660S), respectively. This correction compensates for mantle-induced travel-time per-
turbations along the propagation paths. The spatial distribution and magnitude of the
tomographic corrections are shown in Figure 4e–f.

Seismograms, which are grouped within each spatial bin, span a broad range of epi-
central distances. The relative travel times between the SS phase and its precursors vary
systematically with distance. This effect causes phase misalignment during stacking and
reduces the coherency of the weak precursor signals. To minimize this effect, move-out
corrections were applied following previous SS precursor studies [50–52]. All waveforms
were adjusted to a common reference epicentral distance of 130◦ using theoretical dif-
ferential travel times predicted by the ak135 model [19]. For each record, the predicted
differential travel time at the observed epicentral distance was subtracted from that at the
reference distance, and the waveform was shifted accordingly. This correction improves the
alignment and coherency of the S410S and S660S precursor phases prior to stacking. After
applying all corrections, the seismograms within each spatial bin were combined using
linear stacking. Representative stacked waveforms are shown in Figure 5 and demonstrate
substantial enhancement of the S410S and S660S precursor phases relative to noise.

Figure 5. Stacked seismograms for bins along four profiles. (a) Profile SW02. (b) Profile SW04.
(c) Profile SW06. (d) Profile SW08. Gray envelopes represent the bootstrap-derived uncertainties. Red
and blue shading denote positive and negative polarities. Blue solid lines indicate the differential
times (tS410S–tSS and tS660S–tSS) predicted by ak135 model, while green markers show the actual
peak times picked in this study. Blue triangles and yellow rectangles indicate the trench and volcanic
regions, respectively. Profile locations are shown in Figure 2.
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3. Results
To improve the robustness of the stacked SS precursor signals and quantify associ-

ated uncertainties, we applied a bootstrap resampling procedure following previous SS
precursor studies [20,60]. For each spatial bin, the selected seismograms were resampled
with replacement and stacked 200 times. The amplitudes and relative travel times of
the S410S and S660S phases were measured independently for each bootstrap realization.
Final amplitudes and travel times were calculated as the mean values of all realizations,
whereas uncertainties were estimated using the corresponding 95% confidence intervals.
Furthermore, to ensure that our observations reflect MTZ of study area rather than artifacts
of a specific velocity model, we tested several global 3-D tomographic models, including
TX2011 [59], HMSL-S06 [61], S40RTS [62], and SEMUCB-WM1 [63]. Although travel time
corrections using 3D tomography models differ significantly between different velocity
models (Figure S1), the resulting spatial patterns of relative travel times, the depths of the
d410 and d660 discontinuities, and the MTZ thickness are highly consistent across the mod-
els, even though their absolute values slightly vary (Figures S2 and S3). Our SS precursor
imaging reveals lateral variations across the study area. To describe these variations, the
study region is divided into three tectonic domains (Figure 6b): the northern region (Sunda
plate), the Sunda–Java subduction zone, and the southern incoming oceanic plate.

Figure 6. Normalized reflection amplitudes. Spatial distribution of the interpolated, normalized
reflection amplitudes for the (a) S410S and (b) S660S phases, and (c,d) their corresponding bootstrap
standard deviation, using the TX2011 tomographic model. Red solid and dashed lines represent
the Sunda–Java Trench and the CHRISP volcanic region, respectively. Colored ovals in panel (b)
outline the three tectonic regions discussed in the text: the northern region (blue), the subduction
zone (green), and the southern oceanic plate (cyan).
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3.1. Amplitude Characteristics of the SS Precursor Phases

Figure 6 shows the spatial distribution of normalized reflection amplitudes for the
S410S and S660S precursor phases together with their bootstrap-derived uncertainty. Un-
certainties are generally low throughout the study area for both phases. The S410S ampli-
tudes are relatively homogeneous, whereas the S660S amplitudes display stronger lateral
variations. The S410S amplitudes range from 0.023 to 0.055, with an average value of ap-
proximately 0.037 (Figure 6a). Spatial variations are limited across most of the study area.

The S660S amplitudes show larger spatial variations (Figure 6b). Lower amplitudes
are observed in the northern and northwestern parts of the study area near the subduction
boundary, where values decrease to approximately 0.01. Toward the southern oceanic
region, amplitudes gradually increase and reach values of approximately 0.035 within the
CHRISP region. The north–south amplitude contrast is also visible in the stacked waveform
profiles for SW04, SW06 and SW08 in Figure 5.

3.2. Relative Travel Times of the SS Precursor Phases

Figure 7 and Figure S2 show the spatial distribution of differential travel-time residuals
for tS410S − tSS, tS660S − tSS, and tS660S − tS410S using TX2011 and other tomographic
corrections. All correction models produce similar large-scale spatial patterns. Uncertainties
are generally larger in areas with sparse data coverage, especially near the edges of the
study region. However, relatively large uncertainties are also observed in several small
areas in the northern region despite the higher data density.

Figure 7. Differential travel times and uncertainties. Maps of differential travel times for
(a,d) tS410S–tSS, (b,e) tS660S–tSS, and (c,f) tS660S–tS410S, corrected using the SEMUCB-WM1 [63]
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(top row) and TX2011 [59] (middle row) models. Bottom panels (g–i) show the corresponding boot-
strap uncertainty based on the TX2011 model. Red solid and dashed lines represent the Sunda–Java
Trench and the CHRISP volcanic region, respectively, with “CI” denoting Christmas Island (f). Col-
ored ovals in (d–f) highlight the three tectonic domains discussed in the text: the northern region
(blue), the subduction zone (green), and the southern oceanic plate (cyan).

For tS410S − tSS (Figure 7a,d), the most negative residuals occur along the subduction
zone, reaching −161 ± 0.8 s relative to the ak135 reference value of −156.7 s. The residuals
become less negative toward the northern part, reaching −155 ± 1.5 s, whereas values in
the southern oceanic regions approach −157 ± 0.5 s.

The tS660S − tSS residuals (Figure 7b,e) show stronger spatial variations. The most
negative values are found along the subduction zone and nearby northern regions, where
residuals reach −236 ± 4 s relative to the ak135 reference value of −229.7 s. Toward the
incoming oceanic plate, the residuals gradually increase to −232 ± 1 s within the CHRISP
region. In certain areas, even with relative dense ray coverage (Figure 2), the associated
uncertainties can still reach up to 6 s.

Similar spatial variations are observed for tS660S − tS410S (Figure 7c,f). More negative
values occur along the trench and northern regions, reaching −78 s relative to the ak135
reference value of −72.9 s. In the southern region, the differential times become less
negative and approach −72 s.

3.3. Discontinuities Depth and MTZ Thickness

The differential travel times tS410S − tSS and tS660S − tSS were converted into depth pertur-
bations relative to the ak135 reference discontinuities using a travel time–depth relationship [21]:

δh =
δt
η

(2)

where δt is the differential travel-time residual relative to the reference model and η

represents the vertical slowness that governs the sensitivity of the differential travel time to
discontinuity depth:

η = 2

√
V−2

S −
( p

r

)2
(3)

Here, VS is the shear-wave velocity from the ak135 reference model, p is the ray
parameter of the SS precursor phase for an epicentral distance of 130◦, and r is the radius
of the corresponding discontinuity. These calculated perturbations were then utilized to
determine the absolute depths of the d410 and d660, with the MTZ thickness defined as
d660–d410 (Figure 8 and Figure S3).

The d410 shows relatively small lateral variations across the study area. Depths are
around 420 ± 3 km along the Sunda–Java subduction zone. Toward the back-arc region,
the discontinuity becomes shallower and reaches 405 ± 4 km west of Borneo. Beneath the
incoming Indo-Australian plate, d410 is generally close to 415 ± 2 km, whereas deeper
values (~425 km) occur beneath the CI region.

In contrast, the d660 exhibits much stronger lateral variations. Depths reach nearly
690 ± 10 km beneath the subduction zone and nearby northern regions, including parts of
the back-arc area. In the southern part, the discontinuity becomes shallower and approaches
665 ± 3 km beneath the incoming oceanic plate.

MTZ thickness also varies across the study area. The thickest MTZ occurs along
the subduction zone and adjacent northern regions, where values locally exceed 270 km.
Between Sumatra and Java, thickness decreases to ~255 km. In the southern oceanic and
CHRISP regions, MTZ thickness ranges from 245 to 259 km, with an average of ~251 km.
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Figure 8. Discontinuity topography and MTZ thickness. Topography of the (a) 410 km and (b) 660 km
discontinuities, and (c) MTZ thickness, with their corresponding bootstrap-derived uncertainties
(d–f) using the TX2011 tomographic model. The solid red line indicates the Sunda–Java Trench.
Colored ovals represent the three tectonic domains discussed in the text: the northern region (blue),
the subduction zone (green), and the southern incoming oceanic plate (cyan). Red dashed contours
outline the CHRISP, with “CI” denoting Christmas Island (d).

4. Discussion
Previous global SS precursor studies have mainly resolved broad, long-wavelength

variations in MTZ structure because of their relatively large stacking caps [20,52]. Although
depth migration can improve the imaging of discontinuities with strong lateral topographic
variations, previous work has shown that the resulting MTZ structures may not differ
substantially from those obtained using linear stacking [50]. In this study, the combination
of a regionally focused dataset and three-dimensional tomographic corrections provides
improved regional constraints on MTZ topography beneath the Sunda–Java subduction
system and the adjacent oceanic region (Figure 8). The similar relative travel-time patterns
obtained using different 3-D tomographic models (Figure 7 and Figure S1) further indicate
that the main structural features identified here are not strongly dependent on the choice
of tomographic model. These characteristics provide a basis for comparing our results
with previous observations and for examining regional-scale MTZ variations across the
study area.

4.1. Comparison with Previous Studies

Our results broadly agree with previous seismic investigations in identifying a thick-
ened MTZ beneath the Sunda–Java subduction system, while providing more detailed
constraints on its lateral variability. The correspondence between the mapped disconti-
nuities and independent shear-wave velocity anomalies (Figure 9) provides additional
support for the overall interpretation. However, the comparison with previous studies

https://doi.org/10.3390/geosciences16080297

https://doi.org/10.3390/geosciences16080297


Geosciences 2026, 16, 297 12 of 19

also reveals important differences in the spatial expression of MTZ structure across the
three tectonic domains identified in Figure 8.

Figure 9. Cross-sectional variations in MTZ topography and seismic velocity. Background contours
display shear-wave velocity perturbations (dVs) from HMSL-S06 tomography model [61]. Solid
black lines mark global reference depths (410 and 660 km), while dashed green lines represent the
absolute discontinuity depths inferred in this study. Top markers denote the Sunda–Java Trench (blue
triangles), volcanic provinces (yellow bars), and spatial stacking bin centers (open circles). Profile
locations are shown in Figure 2.

Within the northern region, the MTZ is generally thickened, with local thicknesses
exceeding 270 km (Figure 8c). This thickening results from the combined effect of an
uplifted d410, reaching ~405 km in some areas (Figure 8a), and a depressed d660, locally
approaching ~690 km (Figure 8b). The thicknesses observed beneath southern Sumatra and
western Java are comparable to those reported by high-resolution receiver-function studies,
which measured MTZ thicknesses of up to 295 km and ~269 km, respectively [44,45]. Our
observation of an uplifted d410 beneath western Borneo is also consistent with the regional
SS precursor study of Dokht et al. (2018) [50]. At a broader scale, the thickened MTZ is con-
sistent with the global SS precursor model of Dai et al. (2026) [53], which identified positive
MTZ thickness perturbations beneath many subduction systems. Thus, the pronounced
MTZ thickening in the northern region represents a feature consistently observed by differ-
ent seismic methods and datasets. Our results further show that this broad thickening is
spatially heterogeneous rather than uniform across the entire northern region.

South of the trench, our expanded offshore coverage provides constraints on the
incoming Indo-Australian plate across the CHRISP. In contrast to the thickened MTZ
beneath the northern subduction-related region, most of the CHRISP is characterized by a
relatively uniform MTZ thickness of ~251 km (Figure 8c). This value is close to the average
thickness predicted by the ak135 reference Earth model [19], suggesting that the incoming
oceanic plate does not exhibit a pronounced regional-scale MTZ thickness anomaly before
subduction. This result agrees with Dokht et al. (2018) [50], who identified no significant
MTZ thickness anomaly south of the trench, and is also consistent with the recent global
model of Dai et al. (2026) [53], which reported small average MTZ thickness perturbations
across broad oceanic regions. Therefore, our results support a relatively laterally coherent
MTZ structure beneath most of the incoming Indo-Australian plate within the spatial scale
resolved by our data.
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The most distinct difference from this relatively uniform background occurs beneath
CI. Along the adjacent Sunda–Java subduction zone, the d660 is depressed to ~690 km
and the MTZ is locally thicker than 270 km. Beneath CI, however, the d660 remains
relatively stable at ~670–675 km, while the d410 is depressed to ~420–425 km. The resulting
MTZ thickness of ~245–250 km represents a localized relative thinning compared with the
adjacent subduction-related region. This sharp structural contrast was not clearly resolved
in previous regional or global SS precursor models [20,50,53], likely because of differences
in spatial coverage, data density, and spatial averaging.

The d410 depression beneath CI is particularly noteworthy because the thermal effect
of a cold slab would generally be expected to uplift, rather than depress, this discontinu-
ity [64]. The observed structure therefore cannot be readily attributed to slab cooling alone
and suggests that additional processes may affect the upper MTZ beneath CI.

The thermal and compositional implications of the observed discontinuity topography
and amplitude variations are examined in Section 4.2, while the possible significance of the
CI anomaly for the origin of rejuvenated volcanism is discussed in Section 4.3.

4.2. Thermal Effects and Hydration Processes Within the MTZ

The topography of the 410 and 660 km discontinuities provides constraints on the
thermal and compositional structure of the MTZ, whereas SS precursor amplitudes provide
complementary information on the strength and sharpness of these seismic boundaries.
Hydration can modify the pressure and width of mineral phase transitions and thereby
affect the associated seismic impedance contrasts and reflection amplitudes [25,31]. The
joint analysis of discontinuity topography and SS precursor amplitudes therefore provides
additional constraints on the physical conditions within the MTZ, although amplitude
variations may also be affected by discontinuity roughness, lateral heterogeneity, and
stacking coherence.

Beneath the Sunda–Java subduction system, the pronounced depression of the d660,
which locally reaches ~690 km (Figure 8b), spatially coincides with the high-velocity
anomaly interpreted as the subducting Indo-Australian slab (Figure 9). This geometry is
consistent with the expected effect of the negative Clapeyron slope of the ringwoodite-to-
bridgmanite transition on a cold thermal anomaly [24,65]. In contrast, the d410 shows more
modest regional depth variations and does not display a broad uplift comparable to that
expected from an extensive cold anomaly (Figure 8a). This subdued topographic expres-
sion may partly reflect the steep geometry of the subducting slab beneath Java [32,34,39].
Because long-period SS precursors sample the structure over broad Fresnel zones, a nar-
row thermal anomaly associated with a steeply dipping slab may be spatially averaged,
reducing its expression in the mapped d410 topography [26,50].

The amplitude observations provide complementary evidence for additional hetero-
geneity within the MTZ (Figure 6). S410S amplitudes remain relatively strong across much
of the study region, whereas S660S amplitudes are substantially weaker beneath the subduc-
tion zone and adjacent northern region. Strong S410S reflections do not require extensive
hydration of the upper MTZ, because water can broaden the olivine–wadsleyite transition
and modify the associated seismic velocity contrast [31,66]. In contrast, the combination
of a depressed d660 and reduced S660S amplitudes is compatible with hydration near the
base of the MTZ. This interpretation is also supported by the stacked seismograms from the
northern region, where the S660S arrivals are substantially weaker than the corresponding
S410S phases (Figure 5). The subducted Indo-Australian slab may transport water into
the MTZ, where dehydration during thermal equilibration or the breakdown of hydrous
phases could release water into the surrounding mantle [44]. Experimental and mineral-
physics studies have shown that water can shift the relevant phase boundaries, including
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depressing the 660 km discontinuity under hydrous conditions [30]. Thus, the observed
d660 depression and weak S660S may reflect the combined effects of the cold slab and
possible hydration near the base of the MTZ. However, these observations do not uniquely
constrain water content, because amplitude reductions may also result from discontinuity
roughness, lateral heterogeneity, or reduced stacking coherence.

The S660S amplitudes recovered in this study are generally lower than those reported
by the previous regional 3-D migration study of Dokht et al. (2018) [50]. This difference
may reflect variations in data coverage, ray-path distribution, and processing procedures.
Although our denser dataset improves spatial sampling, it may also increase sensitivity
to short-wavelength variations and local roughness along the d660, which can reduce
stacking coherence and lower recovered amplitudes. This effect may also contribute to the
relatively large travel-time uncertainties (up to 6 s) observed in some regions, including
areas with relatively dense data coverage (Figure 7). The dominant raypaths in our dataset
are oriented approximately east–west, but the mapped discontinuity topography does not
exhibit a systematic elongation in this direction. This lack of an obvious directional imprint
suggests that a strong sampling-related artifact is not apparent in the mapped structures,
although its contribution to the recovered amplitudes cannot be completely excluded.

Overall, the depressed d660 and reduced S660S amplitudes beneath the Sunda–Java
subduction system are consistent with the combined influence of the cold Indo-Australian
slab and possible hydration near the base of the MTZ. The amplitude observations therefore
provide supporting, rather than definitive, evidence for slab-related hydration.

4.3. Implications for the Origin of Petit-Spot Volcanism at Christmas Island

The MTZ structure imaged in this study provides new geophysical constraints on the
origin of the rejuvenated volcanism at CI. Previous petrological and geochemical studies
have suggested that the Pliocene volcanic rocks were derived from a volatile-rich and
recycled mantle source [10,16,36]. However, the deeper mantle processes that may have
contributed to the distribution of these components and their eventual involvement in
melting remain uncertain. Our observations of the 410 and 660 km discontinuities therefore
provide an opportunity to assess whether the MTZ structure beneath CI is compatible with
geodynamic processes proposed for petit-spot volcanism.

Several mechanisms have been proposed for petit-spot volcanism, including litho-
spheric flexure and faulting [4,12], the ascent of melts stored beneath the lithosphere [9,17],
and hydrous upwelling associated with slab-induced small-scale mantle convection [18].
Our observations do not distinguish uniquely between these mechanisms. Instead, they pro-
vide constraints on the deeper mantle environment in which such processes may operate.

A key observation beneath CI is the absence of a pronounced d660 uplift. The d660
remains relatively stable at ~670–675 km, in contrast to the marked depression observed be-
neath the adjacent Sunda–Java subduction zone (Figure 8b). Given the negative Clapeyron
slope of the ringwoodite-to-bridgmanite transition, a broad thermal upwelling extending
through the MTZ would generally be expected to produce an uplift of the d660. Although a
narrow or weak thermal upwelling cannot be excluded, our results provide no evidence for
a broad-scale thermal anomaly extending through the MTZ beneath CI and therefore do not
require a classical deep-mantle plume as the primary driver of the rejuvenated volcanism.

In contrast, the localized depression of the d410 to ~420–425 km beneath the CI region
indicates a localized perturbation near the top of the MTZ (Figure 8a). This anomaly
may reflect thermal and/or compositional heterogeneity [24,30], although their relative
contributions cannot be distinguished from the available seismic observations. One possible
mechanism is that the stagnant Indo-Australian slab modifies the surrounding mantle flow
and generates localized return flow or small-scale convection [18,67]. Such circulation
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could potentially transport material from the deeper MTZ toward the shallow mantle
beneath the incoming plate. If hydrous material is involved, transport across the d410
could promote dehydration, potentially increasing H2O contents in the upper mantle and
lowering the peridotite solidus to facilitate partial melting [27,68]. This interpretation
is broadly compatible with geochemical evidence for volatile-rich and recycled mantle
components in the source of the CI volcanism [10,24,36,37].

The observed d410 depression should be regarded as a geophysical constraint com-
patible with, but not demonstrating, upward transport of hydrous material. Our seismic
observations do not directly image volatile transport, mantle melting, or pathways con-
necting the MTZ to individual volcanic centers. Moreover, the broad Fresnel zones of
long-period SS precursors and the laterally averaged structures obtained from bootstrap
stacking within 5◦ spatial bins limit the resolution of narrow melt pathways and short-
wavelength heterogeneity [20,26].

Within these constraints, we propose the conceptual model shown in Figure 10. The
Indo-Australian slab subducts beneath the Sunda–Java margin and stagnates within the
MTZ, producing the thickened MTZ and depressed d660 observed beneath the subduc-
tion zone. Slab-induced small-scale mantle convection may generate localized flow and
upwelling beneath the incoming oceanic plate, potentially contributing to the d410 de-
pression beneath the CI region. If hydrous material is involved, its upward transport
across the d410 could release volatiles into the shallow upper mantle and promote partial
melting [27,68]. The resulting melts may accumulate near the lithosphere–asthenosphere
boundary [69] and subsequently ascend through extensional bending faults generated by
outer-rise flexure [4,12]. In this framework, the MTZ provides a possible deep source or
pathway for volatile-bearing material, whereas lithospheric flexure and faulting provide a
shallow mechanism for melt ascent. Although this model remains conceptual, it provides
a geophysically consistent framework linking the observed MTZ structure with existing
petrological, geochemical, and geodynamic constraints on rejuvenated volcanism at CI.

Figure 10. Schematic geodynamic model for the origin of petit-spot volcanism at CI. The Indo-Australian
slab stagnates near the bottom of the MTZ, producing a depressed d660 associated with the cold slab
anomaly. Proposed slab-induced small-scale convection (dashed blue and red arrows) transports hydrous
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MTZ material upward across the 410 km discontinuity (d410), where volatile release and partial
melting may occur beneath CI (yellow and orange wavy arrows). The resulting melts accumulate
near the lithosphere–asthenosphere boundary (LAB) and ascend through extensional bending faults
related to outer-rise flexure near the Sunda–Java trench. The yellow circle marks the location of CI.
The tomography model in the subsurface (HMSL-S06) [61] is used to show areas of relatively fast
(blue) and slow (red) shear-wave velocity. Dashed red lines indicate the observation of d410 and d660
depths along profile.

5. Conclusions
Our results reveal pronounced lateral variations in MTZ structure beneath the

Sunda–Java region, with the strongest contrast occurring between the northern subduction
zone and the incoming Indo-Australian plate to the south. In contrast, the MTZ beneath
CHRISP is relatively homogeneous, with a thickness close to that predicted by the ak135
reference model. The northern subduction zone is characterized by a thicker MTZ, a deeper
d660, and weak S660S amplitudes. This combination is consistent with the combined effects
of the cold subducting slab and possible hydration-related compositional heterogeneity
within the MTZ.

Beneath CI, the MTZ differs from both the adjacent subduction zone and the surround-
ing incoming plate. A localized depression of the d410 produces a relatively thin MTZ,
whereas the d660 remains close to its regional depth. The absence of a pronounced d660
anomaly beneath CI does not require a large-scale thermal anomaly extending throughout
the MTZ, although localized upwelling cannot be excluded. This structure may reflect
slab-related mantle circulation that could contribute to the redistribution of volatile-bearing
material and shallow-mantle melting. Extensional bending faults associated with outer-rise
deformation may provide pathways for subsequent melt ascent. Although our seismic
observations do not directly resolve volatile transport or melting processes, they provide
a regional framework for evaluating the relationship among MTZ structure, subduction-
related mantle dynamics, and petit-spot volcanism.
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