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G E O P H Y S I C S

Mesozoic intraoceanic subduction shaped the lower 
mantle beneath the East Pacific Rise
Jingchuan Wang1*, Vedran Lekić1, Nicholas C. Schmerr1, Yu J. Gu2, Yi Guo2, Rongzhi Lin2*

The Pacific large low-shear-velocity province (LLSVP), as revealed by cluster analysis of global tomographic mod-
els, hosts multiple internal anomalies, including a notable gap (~20° wide) between the central and eastern Pacific. 
The cause of the structural gap remains unconstrained. Directly above this structural gap, we identify an anoma-
lously thick mantle transition zone east of the East Pacific Rise, the fastest-spreading ocean ridge in the world, 
using a dense set of SS precursors. The area of the thickened transition zone exhibits faster-than-average veloci-
ties according to recent tomographic images, suggesting perturbed postolivine phase boundaries shifting in re-
sponse to lowered temperatures. We attribute this observation to episodes of Mesozoic-aged (250 to 120 million 
years ago) intraoceanic subduction beneath the present-day Nazca Plate. The eastern portion of the Pacific LLSVP 
was separated by downwelling because of this ancient oceanic slab. Our discovery provides a unique perspective 
on linking deep Earth structures with surface subduction.

INTRODUCTION
It has long been suggested that Earth’s lower mantle is dominated by 
two broad regions of low shear velocities and excess density beneath 
the Pacific and Indo-Atlantic (1–4). These megastructures, known 
as large low-shear-velocity provinces (LLSVPs), are interpreted as 
reservoirs of primitive material (5) or subducted oceanic lithosphere 
(6). The LLSVPs exhibit strong degree 2 and 3 signatures (7). Finer-
scale seismic imaging based on waveforms (8, 9) provides further 
evidence for sharp boundaries of the LLSVPs, suggesting a compli-
cated morphology. Geodynamic simulations have attributed the ge-
ometry and stability of the lower mantle structures to their direct 
interactions with subducting slabs (10–12). According to the classic 
view, cold and dense material is driven by subduction history toward 
upwelling regions over the course of hundreds of millions of years (10).

It remains controversial whether LLSVPs represent compact, 
continuous piles of compositionally distinct material (10) or clusters 
of thermochemical plumes (13). Compared to the African LLSVP, 
the Pacific anomaly is less conclusive in terms of geographic extent 
and geometry due to sparse data coverage in vast oceanic regions. 
Earlier seismic tomographic models suggested that the Pacific LLSVP 
is composed of a bundle of plumes (1, 14), and this observation 
was reinforced by later generations of tomographic models such as 
SEMUCB-WM1 (15). On the basis of cluster analysis of tomographic 
models, the Pacific LLSVP can be divided into three distinct por-
tions during its ascent to the midmantle: the West Pacific anomaly, 
the East Pacific anomaly, and a central superswell anomaly in the 
middle (16). The West Pacific anomaly is connected to a cone-shaped 
anomaly beneath the South Pacific superswell via a narrow corridor. 
This observation has been corroborated by waveform modeling of 
shear waves (S/Sdiff, ScS, and SKS/SKKS) (9). The easternmost anom-
aly, located east of the southern East Pacific Rise (SEPR), covers much 
of the Nazca Plate with a remarkable ~2000-km-wide gap, separat-
ing it from the superswell anomaly. The cause of this structural gap 

remains undetermined, given the coarse resolution of most global 
tomographic models and the limited sampling of raypaths, both of 
which hamper regional-scale tomography.

Among tectonic plates, the Nazca Plate is unique in that it shares 
the world’s fastest-spreading ocean ridge on its western boundary 
and the spatially longest continuous subduction zone along its east-
ern boundary. It also hosts several active hot spots, including the 
Easter hot spot that is postulated to represent a deep-rooted plume 
(17, 18), and the plate accommodates three microplates along the 
SEPR. Although studies have suggested that slabs can modify the 
LLSVP as they sink into the mantle, none have yet identified a sub-
duction episode beneath the Nazca Plate that could account for the 
observed structural gap in the LLSVP. A key constraint on decipher-
ing the potential interplay between slabs/upwellings and the mantle 
is the thickness of the mantle transition zone (MTZ), the region 
bounded by the 410- and 660-km discontinuities (hereafter referred 
to as the 410 and 660). Because of the postolivine phase transitions, 
the topography of the 410 and 660 has a strong dependence on tem-
perature. Plume- and slab-MTZ interactions are expected to induce 
a thin and thick MTZ, respectively (19).

Here, we present high-resolution MTZ imaging beneath the 
SEPR and surrounding ocean basins by stacking an up-to-date data-
set of SS precursors (Fig. 1 and fig. S1) (see Materials and Methods). 
These phases reflect off mantle discontinuities rather than the sur-
face and are well known for providing sampling coverage under oce-
anic regions (fig. S1B). We seek to improve the resolution of these 
waves by stacking waveforms in 5°-radius caps and to reduce uncer-
tainties by applying fast multichannel singular spectrum analysis 
(FMSSA) for prestack data regularization and noise suppression 
(see Materials and Methods for details). The resulting discontinuity 
structure is compared to mantle tomography observations (20) and 
plate reconstructions (21) to identify the source of the unusual 
structure beneath the region.

RESULTS
Overview of MTZ observations
Lateral variations in discontinuity depths are obtained by a cap-
averaging scheme consisting of 336 overlapping circular caps of 5° 
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radius. The stacked S410S and S660S precursors are migrated to 
depth after correction for move out, crustal thickness, and mantle 
heterogeneity (see Materials and Methods). The respective regional 
averages for the 410 and 660 are 415 ± 5 and 657 ± 6 km, producing 
a mean MTZ thickness of 242 ± 7 km (Fig. 2, A to C), which is com-
parable to the global average (22) and an earlier regional estimate 
(23). However, much of the SEPR is underlain by a thin MTZ due to 
up to 15-km depression of the 410 (Fig. 2A), which suggests along-
ridge temperature variations extending into greater depths (24, 25). 
The most prominent feature of the MTZ structures is MTZ thicken-
ing beneath the Nazca Plate to the east of the SEPR, primarily due to 
a large depression (by as much as 20 km) of the 660 (Fig. 2C). On the 
basis of a cross section through this region (profile A-A′), the 410 
below the northern segment of the SEPR is depressed by 4 ± 2 km, 
and the 660 is elevated by 6 ± 1 km, resulting in 10 ± 3–km net MTZ 
thinning (Fig. 3A). The narrow MTZ overlaps with low S-wave ve-
locities extending from the base of the MTZ to the surface. Toward 
the southern segment of the SEPR (along profile B-B′), the 410 re-
mains depressed, and the undulations of the 660 correlate with 
those of the 410 (Fig. 3B). Further east, the 410 is slightly raised to 
407 ± 8 km, and the reflection amplitudes of both precursors are 
noticeably reduced within a localized high-velocity zone with a 

lateral dimension of 1500 km. A shallow 410, a deep 660, and high 
MTZ S-wave speeds are jointly consistent with a cold MTZ. The 
depth observations are robustly measured in both conventional 
common midpoint stacks and those enhanced by the FMSSA algo-
rithm (fig.  S2); however, the latter approach considerably reduces 
the data uncertainties (fig. S3). The observations are minimally af-
fected by the tuning parameters of FMSSA upon further testing 
(fig.  S4) and largely independent of the choice of tomographic 
correction model (fig. S5).

Our MTZ thickness measurements achieve a much higher lateral 
resolution than those of Flanagan and Shearer (26) from a similar 
approach (fig. S6B), due to the orders of magnitude increase in data 
volume over the past two decades (fig. S7) and, to a lesser extent, 
additional data cleaning by FMSSA. Our map offers more detail by 
reducing the stacking cap size from 10° radius to 5°. The main ob-
servations are comparable to recent global models (27, 28), although 
our increased dataset results in higher data density and smaller 
overall error (fig.  S8). Despite these differences, all studies find a 
thickened MTZ beneath the Nazca Plate, with the exception of 
a  ~10° northward shift of the observed location in the model of 
Waszek et al. (28). The thinning of the MTZ along the SEPR is also 
less pronounced in the two recent global models (fig. S6, C and D).

−135° −120° −105° −90°

−30°

−15°

0°

−135° −120° −105° −90°

−30°

−15°

0°

−135° −120° −105° −90°

−30°

−15°

0°

20

20

20
40

40

NaNaNaNaNaNaNaNaaNazczczczczczczczzccz aa aa aa aaa PlPlPlPlPlPlPPlatatatatatatataaaaateeeeeeeeela

PaPaPaPaPaaPaPaaaciciciciccicicifififififffifific c c c c c cc PlPlPlPlPlPlPlPlatatatatatatata eeeeeeeeteP

CoCoCoCoCoCCoCoC cococococoocosssss
PlPlPlPlPlPlPlatatatatatatateeeeeeeP

S
E

S
E

S
E

S
E

S
E

P
R

P
R

P
R

P
R

Traces per bin

50 500 1000

−5000 −4000 −3000 −2000
Bathymetry (m)

5 cm/year

South
America

SE Pacific

At
la

nt
ic

Fig. 1. Topography and tectonics of the SEPR and its surrounding oceans. The cap locations (gray crosses) are scaled by the number of records in each stack. The white 
arrows indicate the absolute plate motion, and their lengths reflect plate velocities in the spreading-aligned reference frame (72). The thick red lines in the center map 
denote the plate boundaries (73). The thin and thick black contours indicate seafloor age at 10– and 20–million years intervals, respectively (74). The black box in the inset 
map outlines the study region on a global scale.
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Tomographic evidence of ancient subduction
The MTZ thickening beneath the Nazca Plate reveals the possible 
presence of subduction that has gone unrecognized, despite slab-
like, high S-wave velocity anomalies visible at depths from the MTZ 
(~400 km) to the lowermost mantle (~2600 km) in recent global 
tomographic images [e.g., LLNL-G3D-JPS (20)] (Fig.  2, D to G). 
Spatially, both the MTZ thickening and the velocity increase occur 
beneath the Nazca Plate. At midmantle depths, a continuous, high-
velocity anomaly runs subparallel to the velocity anomaly that cor-
responds to the descending Nazca slab along the western margin of 
South America (Fig.  2E). In the lower mantle (>1000 km), the 
anomaly widens and begins to partition into two large but loosely 
connected segments near the Easter microplate (Fig. 2F). The influx 
of E-W oriented low-velocity anomalies, possibly originating from 
the Pacific LLSVP, is likely responsible for the gap (Fig. 2, F and G). 
The vertical continuity of the fast anomaly appears to form a westward 
dipping geometry that roughly mirrors the ongoing Nazca–South 
American plate convergence (Fig.  3C). The absence of overlying 
high velocities (in the upper mantle) suggests an old, possibly de-
tached slab from the surface. The dip angle increases with depth and 
becomes nearly vertical before the high-velocity zone reaches the 
base of the mantle.

We note that existing tomographic models, which are derived 
largely from seismic travel times, exhibit great intermodel variability 
pertaining to the mantle structures beneath the eastern Pacific 
Ocean. To identify robust large-scale features, we compute vote 
maps for seven global models to examine regions of high and low 
S-wave velocities (see Materials and Methods). The faster-than-
average vote results further confirm a dipping slab-like anomaly 
throughout the MTZ and lower mantle, with an offset distance of 
~3000 km from the Nazca–South American convergent margin 
(Fig. 4, A and C). However, this high-velocity anomaly is only par-
tially visible compared to the well-imaged Nazca slab. Another 
prominent feature of the vote maps is that many of the low-velocity 
structures are associated with the Pacific LLSVP (Fig. 4, B and D). 
The eastern arm of the LLSVP appears as a broad plume ascending 
from the core-mantle boundary, which is deflected toward the east 
and separated from the superswell anomaly.

DISCUSSION
Mesozoic-aged subduction in SE Panthalassa
If a paleoslab is responsible for our MTZ observations, then the 
spatial continuity of the westward-dipping high-velocity zone 

−140°−130°−120°−110°−100°−90° −80°

−40°

−30°

−20°

−10°

0°

Nazca Plate

Pacific
Plate

S
E

P
R

A

415.4 km

−40°

−30°

−20°

−10°

0°

B

657.4 km

−40°

−30°

−20°

−10°

0°

C

242.0 km

−160° −140° −120° −100° −80° −60°

−60°

−40°

−20°

0°

20°

Nazca Plate

Pacific
Plate

Cocos
Plate

S
E

P
R

2000 km
410–660 km

D

−160° −140° −120° −100° −80° −60°

−60°

−40°

−20°

0°

20°

2000 km
660–1000 km

E

−160° −140° −120° −100° −80° −60°

−60°

−40°

−20°

0°

20°

Easter
microplate

2000 km
1000–2000 km

F

−160° −140° −120° −100° −80° −60°

−60°

−40°

−20°

0°

20°

2000 km
2000–2500 km

G

−20 −10 0 10 20
Depth/thickness (km)

−1.0 −0.5 0.0 0.5 1.0
dVs (%)
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extending to the lowermost mantle would imply that the associated 
subduction event predates the current Nazca subduction. Such a 
subduction episode is absent from published subduction zone mod-
els, such as Slab2 (29). Before the Mesozoic, the two major subduc-
tion events in the present-day eastern Pacific Ocean include the 
subduction-induced closure of the Rheic Ocean and the advance-
ment of the Patagonian Plate subduction zone (fig.  S9) (30, 31). 
However, the relatively short duration of both episodes precludes a 
prolonged slab-mantle interaction that still affects the MTZ. The 
tomographically inferred subduction polarity is also opposite to 
that of the Patagonian Plate or the western Gondwana subduction 
zone, thus ruling out any correlation with the observed anomaly 
(see text S1).

High-velocity anomalies in seismic tomographic models are often 
overlooked candidates for slab remnants that fail to be incorporated 

into current plate reconstruction models (21, 32). A reconstruction 
proposed by van der Meer et al. (21) that includes tomographic con-
straints identified several intraoceanic subduction zones surround-
ing the Panthalassa Ocean (paleo-Pacific) (fig. S10), including a 
Mesozoic-aged [between 250 and 240 million years ago (Ma)] diver-
gent double subduction setting in the southeast [hereafter named 
the southeastern Panthalassa subduction (SPS)] (Fig. 5A). Their 
work suggests a marginal oceanic plate may have undergone a sub-
duction reversal of the downward motion of the shorter segment of 
the slab (likely in the early Cretaceous). Upon the closure of the oce-
anic basin, the oceanic lithosphere was detached from the overlying 
surface. On the basis of our MTZ observations combined with to-
mography, we propose an alternative scenario that the Phoenix Plate 
must have been subducted beneath the Farallon Plate along an in-
traoceanic subduction zone initiated in the early Mesozoic (Fig. 5B). 
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This hypothesis predicts the consumption of the Phoenix Plate and 
the later-stage emergence of the Nazca Plate from the Farallon Plate. 
Following the eruption of the Ontong-Java-Manihiki-Hikurangi 
large igneous province at ~120 Ma, the Phoenix Plate fragmented 
into smaller plates and triggered the formation of the Chasca and 
Catequil Plates, as implied by satellite gravity data (33). The N-S di-
rected Chasca-Catequil ridge spreading during the mid-to-late Cre-
taceous may inhibit the coexistence of an intraoceanic subduction 
along an E-W notable trench. Therefore, we conjecture that the SPS 
may have ceased its activity before the breakup of the Phoenix Plate 
(i.e., ~120 Ma). In addition, above the core-mantle boundary to the 
west of the Nazca subduction, the presence of a high-velocity anom-
aly (the “X” slab) on tomographic images (Figs. 3C and 4C) suggests 
either (i) a highly folded and deformed SPS slab that initially had an 
eastern segment but was later fragmented or (ii) a more complicated 
tectonic history involving a separate subduction event preceding the 
SPS episode (34).

The duration of the subducted SPS anomaly is corroborated by 
thermal history modeling, which shows that a low-temperature 
anomaly persists after a time span of 250 million years (Myr) (see 
text S2 and fig. S11). Given the temporal constraints, global correla-
tions, assuming an average sinking velocity of 1.2 to 1.3 cm/year (35, 
36), would suggest that the entire slab has already descended into 
the lower mantle. However, we observe that the slab remnants, com-
prising approximately 14% of the total slab volume, still accumulate 
in the MTZ after more than 100 Myr. This finding is incompatible 
with the global estimate (fig. S12) and suggests, instead, a deceler-
ated sinking process with a rate of 0.5 cm/year in the upper mantle 
and 1.0 cm/year in the lower mantle (see text S3). The sinking rate 
within the MTZ is observed to be nearly half of that below it, indi-
cating that the MTZ poses a strong barrier to mantle flow.

The MTZ structure beneath the SEPR is consistent with a rem-
nant thermal anomaly from an intraoceanic subducted slab of 

Mesozoic origin. Aside from a thermal origin, water transported 
into the MTZ by subduction could potentially perturb MTZ 
boundaries. The presence of 1 to 2 wt % of water in the MTZ would 
elevate the 410 and deepen the 660, thereby producing a thickened 
MTZ (27). However, our observation of increased velocities disfa-
vors the contribution of hydration, which is expected to lower seis-
mic velocities. Changes in major element chemistry would also 
affect discontinuity topography but cannot fully explain all seismic 
observations. For instance, increasing Al content during the ma-
jorite garnet to bridgmanite transformation primarily manifests 
itself in the depth of the 660 (37). Shifts in Fe content induce 
MTZ thickening but with large uncertainties in depth estimates 
due to limited experimental data on Fe-bearing mineral assem-
blages (38). Both scenarios require further constraints on Al or Fe 
concentrations in subduction settings, which currently remain 
largely unknown.

The recycling of cold oceanic lithosphere back into the deep man-
tle is not likely caused by delamination or dripping of the overlying 
lithosphere, a process that commonly occurs in continental regions 
(39, 40). If present, then a delaminated lithosphere provides a possible 
explanation for increased seismic velocities and thermally induced 
phase boundary perturbations upon sinking into the MTZ. According 
to the delamination model, the lithospheric removal predicts concur-
rent crustal thickening and surface uplift (41), which are absent in 
seismic observations (42). The observed negative dynamic topogra-
phy in this region (43) is further at odds with the model of litho-
spheric delamination.

Implications for lower mantle structures
The presence of slab remnants subducted during the Mesozoic in the 
MTZ supports a segregated whole-mantle mixing model driven by a 
sharp local viscosity contrast between the upper and lower mantle 
(44, 45). The viscosity increase may be attributed to large, intrinsically 
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viscous reservoirs in the midmantle, such as bridgmanite-enriched 
ancient mantle structures (6), which present a resistance to downgo-
ing flow. Consequently, stagnation of slab material is promoted, re-
sulting in a thickened MTZ.

Globally, regions of thickened MTZ show clear spatial correla-
tions with locations of current subduction (28), with notable excep-
tions in eastern Siberia and the eastern Pacific Ocean east of the 
SEPR (Fig. 6). These regions have experienced relative subduction 

quiescence over the past 150 Myr. In the former region, tomographic 
imaging provides evidence for Mesozoic subduction of the Mongol-
Okhotsk Ocean underneath Siberia (46). Unlike this ocean-continent 
convergence without any influence from hot spots, the SPS is excep-
tional because of its direct impact on the Pacific LLSVP. As a result 
of the intraoceanic subduction, material from the eastern part of the 
Pacific LLSVP migrates along the bottom of the slab, bifurcating 
into the superwell anomaly and the eastern arm of the LLSVP. This 
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slab has apparently shaped the morphology of the LLSVP, as sug-
gested by geodynamic models where “piles” are swept away from 
and sometimes split by downwelling slabs (47, 48). This is supported 
by seismic observations of circum-Pacific high-velocity anomalies 
in the lowermost mantle (1, 7, 49). The interaction between the piles 
and slabs is largely influenced by their physical properties, particu-
larly the buoyancy and viscosity contrast (50, 51). The presence of 
cold, negatively buoyant slabs would impose substantial stresses on 
the LLSVP due to the gravitational instability and high viscosity of 
subducted material, which may induce strong topography (52) or 
varying LLSVP heights (48).

The inferred Triassic-Jurassic SPS reconciles the observations of 
the anomalous MTZ thickening and seismic tomography. Portions 
of the subducted lithosphere appear to be trapped in the MTZ, al-
though the slab has penetrated to the lower mantle. A caveat is the 
absence of observations of volcanic arc terranes along a paleotrench, 
which may be explained by the Chasca-Catequil ridge collision that 
resulted in the subduction of several ridges beneath South America 
(53). The exact timing of the SPS is also open for debate and war-
rants further geological or geophysical investigations. Despite these 
uncertainties, our study combines seismic waveforms and tomo-
graphic models to shed light on the association between subduction 
history and deep Earth structure. Such an integrated approach, as 
used in this study, provides an independent method for recognizing 
possible ocean-ocean subduction zones that are traditionally diffi-
cult to detect. The observations place additional constraints on slab 
control of the shape of the LLSVP and bear important implications 
for future plate reconstructions.

MATERIALS AND METHODS
SS precursor dataset
We build a regional dataset by collecting all available broadband 
seismograms recorded before 2022 from the Incorporated Research 
Institutions for Seismology (IRIS) Data Management Center for SS 
bounce points located in the area defined by 40°S to 5°N and 140° to 
80°W (Fig. 1 and fig. S1B). We retain earthquakes with depths less 

than 75 km to minimize the interference from depth phases and 
magnitudes between 5.5 and 7.0 to ensure sufficient reflection am-
plitudes. The epicentral distance is restricted to 100° to 170°. We 
apply a Butterworth band-pass filter with corner periods at 15 and 
75 s after rotating the seismograms into transverse components and 
downsampling to 1 Hz. Traces with a signal-to-noise ratio lower than 
3.0 are discarded. The signal-to-noise ratio is defined as the ratio of 
the maximum amplitude of the SS main phase window [±50 s cen-
tered on the predicted SS arrival from the preliminary reference 
Earth model (PREM) (54)] to that of the precursory window (50 s 
before the predicted S660S to 50 s after the predicted S410S arrival). 
Each trace is then normalized to unit amplitude, and the polarity is 
reversed if necessary. Our final dataset consists of 34,147 traces from 
3437 events.

Data preconditioning
To explore the lateral variations of the 410 and 660, we partition 
the data into 336 overlapping circular caps with a radius of 5°. A 
move-out correction is applied to each seismogram to correct for 
the distance dependence of the SS-​SdS differential times for a 
source-receiver distance of 130°. Because of the low amplitude na-
ture of SS precursors, additional signal enhancement is typically 
required to bring energy reflected from mantle interfaces out of 
background noise. Instead of stacking all traces within each cap, 
we precondition the data subset (i.e., common midpoint gather of 
each cap) by partially stacking reflections within a 5° distance 
window (55, 56).

Seismic data reconstruction via matrix rank reduction
The nonuniform distribution of SS bounce points poses a common 
challenge in processing SS precursors. To simultaneously recover 
irregularly missing traces in the presence of noise, one potential 
approach involves the implementation of matrix rank reduction. 
Rank reduction–based methods assume that the data are predict-
able in space and treat data reconstruction and denoising as a low-
rank approximation problem. The MSSA (57), a widely applied 
technique for rank reduction, facilitates this process by embedding 

A

0 Ma 50 Ma 100 Ma 150 Ma 200 Ma 250 Ma 300 Ma 350 Ma 400 Ma

B

Fig. 6. The relationship between subduction locations, transition zone thickening, and LLSVP distribution. Modeled subduction zones since the late Paleozoic from 
Matthews et al. (31) at 50-Ma intervals for the period of (A) 0 to 200 Ma and (B) 200 to 400 Ma. The solid black lines represent the current plate boundaries (73). The blue 
shades outline the value of five in the vote maps of cluster analysis of lower mantle S-wave velocity profiles (1000 to 2800 km) (75), highlighting the geographical extent 
of the LLSVPs. The brown shades show positive (>10 km) anomalies of MTZ thickness (28). Most of the areas with a thickened MTZ are associated with ongoing subduc-
tion. The MTZ thickening beneath the Nazca Plate is unique because the proposed ancient subducted slab has been well preserved since the late Mesozoic and has direct 
interaction with the Pacific LLSVP in the lower mantle.
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spatial data at a given temporal frequency into a trajectory matrix 
(i.e., a Hankel matrix).

The presence of both noisy and subsampled data can corrupt the 
low-rank structure of seismic data. Simultaneous denoising and re-
construction can be accomplished by minimizing a cost function with 
a low-rank constraint. In this study, to enhance weak signals while 
suppressing high-amplitude coherent (non-Gaussian) noise, instead 
of using the 𝓁2 norm for the data misfit term, we adopt a robust norm 
for the optimization problem with the following expression

where u is the observed data, d is the data after reconstruction and 
denoising, ‖·‖ρ denotes the robust norm, and ρ is Tukey’s biweight 
loss function (58). The forward interpolation operator ℛ maps the 
data from the desired regular grid to the observed irregular grid, 
and its adjoint operator ℛ* connects the observations to the gridded 
data (59, 60). A projected gradient descent algorithm (61) is intro-
duced to iteratively solve the cost function

where 𝒫 is the projection operator, which represents the MSSA rank 
reduction filter, and λ is the step size; W defines a diagonal matrix for 
Tukey’s biweight loss function, and the elements of W are given by

where ri denotes the elements of the data misfit term r = u − ℛd and 
β is a user-defined tuning parameter that controls the level of ro-
bustness of the MSSA filter.

We implement the FMSSA filter (62) as the projection operator 
to handle the three-dimensional precursor data. Compared with the 
classical algorithm, the FMSSA offers substantial computational 
savings by using random projections and avoiding the construction 
of block Hankel matrices. An example of FMSSA-filtered common 
midpoint gather is shown in fig. S13.

Synthetic test
We perform two tests to show that the observations are robust after 
simultaneous reconstruction and denoising. In the first test, we ran-
domly remove 10% of the traces in a move out–corrected synthetic 
common midpoint gather, which is also corrupted by multiple bad 
traces (erratic noise). The seismograms are generated for the PREM 
model using the reflectivity method (63). The FMSSA effectively 
eliminates the corrupted noise, while recovering the missing traces 
at far offsets (fig. S14). In the spike test, two topographic anomalies 
with +10- and −10-km perturbations relative to the 660 (670-km 
depth in PREM) are introduced, and corresponding synthetic wave-
forms are computed. We add 10% random Gaussian noise and con-
taminate 10% of the traces with erratic noise. We then map the 
depth variations using the common midpoint stacking and the ac-
tual SS bounce point distribution. The presence of Gaussian and er-
ratic noise introduces noticeable artifacts in the output maps. The 
reprocessing of the data volume based on data preconditioning and 
the FMSSA greatly suppresses the imaging artifacts, resulting in a 
smoothed and denoised map (fig. S15).

Time-to-depth conversion
The accuracy of discontinuity depth estimates is strongly affected by 
variations in crustal thickness and upper mantle velocity structure. 
To account for the travel time biases, we apply poststack timing cor-
rections by applying constant time shifts calculated from CRUST1.0 
(64) and S40RTS (65) to each discontinuity phase. Each time shift 
corresponds to the median value of the travel time residuals of each 
prestack record with respect to PREM. The stacked traces are lastly 
converted from time to depth according to travel times predicted by 
PREM. The resulting stacks are subsequently subjected to a boot-
strap resampling test (66) using 300 random data subsets to assess 
the robustness and depth uncertainty of each reflection. We compare 
the migration results using various tomographic models, and the 
first-order observations are in reasonable agreement (fig. S5). The 
choice of tomographic correction model introduces an additional 
error in the MTZ thickness of 3.4 km.

Tomographic vote maps
Vote maps are an effective way to identify common features of 
seismically fast and slow regions imaged by tomography. In this 
study, we use the implementation of Shephard et al. (67) and gen-
erate cross-sectional vote maps for seven selected global S-wave 
tomographic models, which include S40RTS (65), GyPSuM (49), 
S362ANI+M (68), savani (69), SPani (70), SEMUCB-WM1 (15), 
and TX2019slab (71).

Supplementary Materials
This PDF file includes:
Supplementary Texts S1 to S3
Figs. S1 to S15
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