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ARTICLE INFO ABSTRACT

Editor: Dr H Thybo The link between surface tectonic plates and mantle slabs is fundamental for paleo-tectonic reconstructions and
for our understanding of mantle dynamics. Many seismic tomography-based studies have assumed vertical slab
sinking and projected mantle features to the surface to reconstruct paleo-trench locations or explain tectonic
features. Here, we used a slab-unfolding approach that does not require assumptions about sinking paths or rates
to re-interpret the seismic structure of the Lesser Antilles slab underneath the Caribbean. A recent study invoked
mainly vertical slab sinking and a highly folded and deformed slab to explain seismic Caribbean mantle struc-
tures. However, our results show that the upper-mantle Lesser Antilles slab structure can be better explained by
limited intra-slab deformation and up to ~900 km lateral slab transport towards the northwest after subduction.
Our results indicate that such lateral slab transport can occur even with probable weaknesses in the slab that
originate from a subducted fossil ridge-transform system. We ascribe the lateral slab transport in the mantle to a
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kinematic connection with the North American plate, which has migrated northwestward since the Eocene.

1. Introduction

The current locations of tomographically-imaged slabs (i.e., sub-
ducted oceanic lithosphere) within the mantle have often been used to
reconstruct their ancient sites of subduction (Braszus et al., 2021; Chen
et al., 2019; Ren et al., 2007; van Benthem et al., 2013; van der Hilst
et al., 1997; van der Meer et al., 2018; Wu et al., 2016) and can be used
to infer sinking trajectories of subducted slabs in the mantle (Braszus
et al., 2021; Chertova et al., 2014; Parsons et al., 2021; Sigloch and
Mihalynuk, 2013; Spakman et al., 2018; van de Lagemaat et al., 2018;
van der Meer et al., 2018). Some studies imply or assume that slabs will
predominantly sink vertically into the mantle, i.e., the vertically sinking
slab end-member (Braszus et al., 2021; Ren et al., 2007; Sigloch and
Mihalynuk, 2013; van der Meer et al., 2018). In contrast, other studies
argue that some subducted slabs are dragged and transported laterally,
possibly by as much as >1000 km, within the mantle after subduction, i.
e., the lateral slab transport end-member (Chertova et al., 2014; Parsons
et al., 2021; Peng and Liu, 2022; Spakman et al., 2018; van de Lagemaat
et al., 2018), which would be inconsistent with vertical slab sinking
assumptions. These distinctions are important because they would lead
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to different and possibly erroneous predictions for paleo-trench loca-
tions in plate reconstructions that could have wide-ranging tectonic
implications, for example, for terrane accretion histories along western
North America (Pavlis et al., 2019; Sigloch and Mihalynuk, 2013, 2017).
The paths of subducted slabs within the mantle also provide important
inputs or tests for mantle circulation models (e.g., Peng and Liu, 2022).

For the Caribbean region (Fig. 1), studies have proposed contrasting
interpretations, where either subducting slabs are laterally-mobile while
sinking in the mantle (e.g., Fraters et al., 2019) or sink mainly vertically
(e.g., Braszus et al., 2021). Braszus et al. (2021) revised the regional
plate reconstruction of the Caribbean since the Late Cretaceous and
reconstructed spreading ridge segments within the now-subducted
Proto-Caribbean/Atlantic oceanic lithosphere (i.e., Lesser Antilles
slab). Braszus et al. (2021) showed that a simple, vertical projection
provided the best fit between their reconstructed Proto-Caribbean
spreading ridge segments and slower seismic velocity anomalies
within the slab in their tomography model, VoiLA-P19 (black circles in
Fig. 2), implying a dominant vertical sinking and significant folding of
the Lesser Antilles slab during the past 100-120 Myr of subduction. In
contrast, Fraters et al. (2019) and Fraters (2019) show in a geodynamic
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Fig. 1. Caribbean tectonic map. (a) Current plate boundaries of the Caribbean (Bird, 2003). The Lesser Antilles subduction front is highlighted with a bold red line.
Other subduction zones are shown as thin red lines with teeth. Strike-slip plate boundaries are shown as black lines. The dashed black line marks the 15°20’ Fracture
Zone (15°20' FZ), which is probably the current plate boundary between the North and South Atlantic. Plate velocities (black arrows) are from Miiller et al. (2019).
Mu: Muertos Trough; PDB: Panama Deformation Belt; SCDB: South Caribbean Deformation Belt. (b) Satellite-derived free-air gravity anomalies (Sandwell et al.,
2014) reflect tectonic features on the subducting Atlantic plates. Major oceanic fracture zones are marked with dotted black lines. The white dashed line follows the
gravity low near the subduction zone, possibly indicating the bending location of the subducting plate. The location of the seismic tomography cross-sections in Fig. 3
is shown and labelled by circled numbers 1 to 6. (c) and (d) are the Caribbean-North American plate convergence since 50 Ma. (c) In a North American fixed reference
frame, the total convergence since 50 Ma is around 1100 km and the relative motion of the Caribbean plate is eastwards. However, (d) an absolute reference frame
(Miiller et al., 2019) shows that the Caribbean plate is nearly stationary, and the west-moving and subducting North American plate contributes most of the plate

convergence.
<

<

model that, for their preferred set of plate and mantle rheological pa-
rameters, the relatively old and slowly subducting Lesser Antilles slab
can be laterally transported and sheared by the westward-moving North
American plate. To further explore these contrasting results, in this
study, we used a slab unfolding approach to restore the Lesser Antilles
slab back to the Earth’s surface and reevaluate the tectonic evolution of
the Caribbean since the early Cenozoic.

2. Regional geology

The present-day Caribbean plate is bounded by two inward-dipping
subduction systems on its eastern (Lesser Antilles) and western (Central
America) margins (Fig. 1a). The core of the present-day Caribbean plate
has been interpreted as the Caribbean large igneous province (CLIP) that
erupted material with ocean-island-basalt (OIB) geochemical signatures
(Whattam and Stern, 2015) when positioned near the Galapagos hotspot
in the eastern Pacific Ocean. The main phase of the eruption occurred in
the Coniacian-Santonian (~100 to ~85 Ma) (Whattam and Stern, 2015).

The Great Arc of the Caribbean (GAC), at the eastern edge of the
CLIP, consumed the Mesozoic Proto-Caribbean ocean basin (150-65 Ma)
that originally occupied the space between the Americas (Pindell and
Kennan, 2009). In the mid-Eocene (~50 Ma), a regional plate reorga-
nization occurred (Pindell and Kennan, 2009). Convergence along the
northwestern Cuban section of the Greater Arc ceased as the arc docked
to the North American margin (Pindell et al., 2005; Pindell and Kennan,
2009), while subduction activity continued in the east, jumping to the
(Outer) Lesser Antilles Arc (Fig. 1a) (Allen et al., 2019). In response to
this reorganization, a new strike-slip plate boundary formed within the
Caribbean, opening the Cayman Trough (Fig. 1a), from 49.6 Ma, as a
pull-apart basin (Mann et al., 2006). The ~1100 km-long Cayman
Trough recorded the relative plate motion between the overriding
Caribbean and the subducting Atlantic since the Eocene (Fig. 1c¢); in
other words, the kinematics of Cayman Trough opening robustly con-
strains ~1100 km of Atlantic subduction beneath the Caribbean plate
along the Lesser Antilles subduction zone. Additional plate convergence
of 250-500 km is possible if more complicated intra-plate deformation
from tectonic rotations is considered (see Discussion in 5.1) (Montheil
et al., 2023). To the south, the El Pilar strike-slip fault system (Fig. 1a)
forms the South America-Caribbean boundary, serving as a STEP-fault
plate boundary (Subduction-Transform-Edge-Propagator) (Govers and
Wortel, 2005).

3. Method
3.1. Mantle tomography underneath the Caribbean

The mantle structure under the eastern Caribbean has been widely
investigated by using seismic tomography (Bezada et al., 2010; Braszus
et al., 2021; Harris et al., 2018; Miller et al., 2009; van Benthem et al.,
2013; VanDecar et al., 2003). In this study, we show three widely-used
and recently published mantle tomography models side-by-side,
including VoiLA-P19 (Braszus et al., 2021), UUPO7 (Amaru, 2007),
and HP2018 (Harris et al., 2018) (Figs. 2 & 3). The orientation of the
vertical cross sections (Fig. 1b) is intended to be perpendicular to the
current subduction front.

The VoiLA-P19 model (Braszus et al., 2021) is the most recent
regional P-wave travel-time tomographic model that includes, in addi-
tion to a global travel time data set, seismic data from the temporary
broadband ocean-bottom seismometers (OBS) deployment from the
VoiLA experiment (Goes et al., 2019). The UUP07 model (Amaru, 2007)
is a global P-wave travel-time tomography with a variable horizontal
resolution, and the best-resolved parts within our study region have a
lateral resolution of about 150-200 km in the upper mantle and
200-300 km in the lower mantle (van Benthem et al., 2013). The
HP2018 model (Harris et al., 2018) is a regional P-wave tomography
based on finite frequency kernels and teleseismic P and PP travel-time
residuals. We masked the areas that Braszus et al. (2021) identified as
poorly resolved in transparent white, and we overlayed these same areas
over the other models where these regions are probably also poorly
sampled (Fig. 3), although we acknowledge that resolution will differ
between the models.

3.2. Slab mapping and unfolding

Using the software Gocad, we manually mapped the mid-slab surface
in the UUPO7 model in 3D (Fig. 4a) based on seismicity and relatively
fast velocity perturbation anomalies in the tomographic models. We
then transferred the seismic velocity onto the mapped slab (Fig. 4c) to
facilitate visualizing the seismic character of the slab. Following Wu
et al. (2016), we flexurally unfolded (i.e., structurally restored) the
mapped slab (Fig. 4d) back to its original position at the surface, mini-
mizing surface area and internal deformation of the plate.

We then input the unfolded slabs into a paleo-GIS (geographic in-
formation system) software, GPlates (Boyden et al., 2011). Assigning the
plate motions of the parent plate (i.e., the North America plate) from
Miiller et al. (2019) to the unfolded slabs (Fig. 4d), we "unsubduct" the
slab back to the late Cretaceous (Fig. 6). We chose the North American
plate as the parent plate because the Lesser Antilles slab is apparently
detached from South America along the El Pilar strike-slip fault system
(Fig. 1a). For illustration, several reference frames are used in subse-
quent figures. The choice of reference does not affect the relative motion
between surface plates, best illustrated in a South American-fixed
reference frame (Fig. 6), while an absolute (mantle) reference frame
(Figs 8 & 9) better illuminates the relative motion between plates and
mantle slabs.

4. Results
4.1. Comparison of slab tomographic anomalies

To a first order, the three tomography models show similar slab-like,
fast velocity anomalies for the Lesser Antilles slab that at depths < 250
km coincide with its Benioff zone seismicity (Fig. 2). The black dashed
lines in Figs. 2 and 3 show that all three tomographic models image the
center of the slab anomaly (i.e., mid-slab) at similar locations. Braszus
et al. (2021) interpreted lower-wavespeed anomalies within the Lesser
Antilles slab imaged in VoiLA-P19 as subducted (fossil) spreading ridges
(black circles in Figs.2a to d) and tears along subducted fracture zones
(red arrows in Figs.2a to d). Our comparison of all three tomographic
models confirms that these lower-wavespeed features can be seen in all
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Fig. 2. Comparison of three tomographic models for the Caribbean mantle structure. Map views of horizontal depth sections through three tomographic
models: VoiLA-P19 (Braszus et al., 2021), UUPQ7 (Amaru, 2007), and HP2018 (Harris et al., 2018). White dots mark the hypocentres of Wadati-Benioff zone
seismicity (Engdahl and Villasenor, 2002). The dashed black lines follow our mapped mid-slab surface from the VoiLA-P19 model, and these are also shown on the
other two tomographic models for comparison. Open circles are locations of the slow wavespeed anomalies within the slab that were interpreted as subducted

spreading ridges by Braszus et al. (2021). The locations of these anomalies are generally consistent with the other two models (black arrows). Red arrows mark the
anomalies interpreted as slab tears along former fracture zones (Braszus et al., 2021).
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Fig. 3. Vertical tomographic cross-sections of the three tomography models VoiLA-P19 (Braszus et al., 2021), UUP07 (Amaru, 2007), and HP2018 (Harris et al.,
2018). The cross-section locations are shown in Fig. 1b. Structures are masked in transparent white where resolution is limited according to Braszus et al. (2021).
White dots mark Wadati-Benioff zone seismicity. The black dashed lines follow the mid-slab surface of the Lesser Antilles slab for each of the models. Green
upside-down triangles mark the reconstructed Lesser Antilles paleo-trench locations from this study at 50 Ma and 30 Ma, respectively. Yellow bars indicate a
reference thickness of 100 km. The 50 Ma trenches are vertically projected (black dotted lines) onto the slab, from which the lengths are measured along the slab to
the present trench, as shown in the left column. The total slab lengths are also measured and shown in the middle column.
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Fig. 4. Slab unfolding workflow. (a) Lesser Antilles (LA) mid-slab surface (yellow dashed lines) mapped in 3D on model UUPO7 (Amaru 2007). White dots are
seismicity from the CMT catalog (Dziewonski et al., 1981; Ekstrom et al., 2012) and Bie et al. (2019). (b) 3D slab geometry. Seismicity is color coded with depth. Blue
lines on the top surface follow Atlantic seafloor isochrons (Miiller et al., 2019) (c¢) The wavespeeds (seismic velocity) of UUPO7 as measured along the inferred
mid-slab surface. Seismicity (same as b) is shown as gray dots. (d) Slab after flexural unfolding following the approach of Wu et al. (2016), with mid-slab wavespeeds.

models (black arrows Fig. 2). East-west cross sections show that the
Lesser Antilles slab dip is ~45° in the mid-upper mantle and exhibits a
shallower dip within the mantle transition zone and uppermost lower
mantle down to ~800 km depth, except for the southernmost cross
section (6), where the slab is steeply-dipping and terminates near 800
km depth (Fig. 3). Both the UUP07 and HP2018 tomographic images
extend into the lower mantle and (assuming no significant buckling)
show the Lesser Antilles slab length is about ~1100 km-long (Fig.3, and
also Fig. 5 in van Benthem et al. (2013))

The VoiLA-P19 model (Braszus et al., 2021) shows the most uniform
slab thickness with no clear indication of significant slab thick-
ening/folding with depth (Fig. 3), except in Section 6 (Fig. 3f), where
apparent thickening is found in all three models. Such apparent thick-
ening might be the result of an oblique cut through a slab that bends
east-west wards (Bezada et al., 2010; Braszus et al., 2021; Harris et al.,
2018; Miller et al., 2009; van Benthem et al., 2013) near the South
American margin. As Section 6 is neither perpendicular to the arc
(Fig. 1a) nor to the gravity low (white dashed line in Fig. 1b), the section
might also not be perpendicular to the slab at depth. Alternatively, a
more complicated slab structure with detached South American conti-
nental lithosphere (Levander et al., 2014; Miller et al., 2009) has been
proposed at South America- Caribbean boundary, which might account

for the thickening.
4.2. Slow wavespeed anomalies within the slab

Our mapped Lesser Antilles slab with the transferred wavespeeds
from the UUP07 model shows several patches of reduced (i.e., slower) P-
wavespeed anomalies on the slab. The three most prominent features are
under Puerto Rico (the northern anomaly, AN in Fig. 5a), the central
Antilles (AO in Fig. 5a), and Grenada (the southern anomaly, AS in
Fig. 5a). Independent geophysical observables also show distinct ob-
servations at these locations (Figs. 5b & c¢), supporting that they are not
artifacts, but indeed features distinct from the rest of the slab.

Near A0, between 13.5°N to 14.5°N, intermediate-depth seismicity
(70-300 km) is significantly less (Fig. 5b). Slightly north of A0, between
14.5°N to 15.5°N, the majority of strong (Mw>4.0) deep earthquakes
(150 km depth) along the Lesser Antilles Arc was found (Lindner et al.,
2023). Near AO and AN, the focal mechanisms of these
intermediate-depth earthquakes reflect trench-parallel extension (Bie
etal., 2019; Lindner et al., 2023) (Fig. 5b), which is distinct from the rest
of the slab that shows mainly trench-perpendicular compression or
extension (Bie et al., 2019; see Lindner et al., 2023 for more compre-
hensive comparison). A recent stress inversion study confirms
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Fig. 5. Interpreted within-slab slow wavespeed anomalies in the present-day geometry of the subducted Lesser Antilles slab, in map view. (a) Mid-slab
surface mapped from UUPO7 with labeled slow wavespeed anomalies. (b) Comparison of mid-slab wavespeed structure from (a) to the locations of Wadati-
Benioff zone earthquakes from the CMT catalog (Dziewonski et al., 1981; Ekstrom et al., 2012) that are color-coded with depth. Only the seismicity around the
slab (within 50 m above the mid-slab surface) is shown. The focal mechanism solutions between 50 and 300 km depth from the CMT catalog (Dziewonski et al., 1981;
Ekstrom et al., 2012) are shown and color-coded with depth. We highlighted the solutions in black that show trench-parallel extension near the slow wavespeed
anomalies in (a). (c) Comparison of slow anomalies within the mantle wedge above the slab (red bodies) to seismic anisotropy from the shear-wave splitting where
black lines reflect the fast wavespeed directions and splitting magnitude (Schlaphorst et al., 2017). The red bodies are slow wavespeed body (Vs < 4.25 km/s) in the

mantle wedge from the Rayleigh wave tomography of Harmon et al. (2021).

slab-parallel extension near A0 underneath Dominica (Lindner et al.,
2023). Imaged patterns in teleseismic shear wave splitting (SKS) show
trench-perpendicular anisotropy near A0 (Schlaphorst et al., 2017) and
AN (Meighan and Pulliam, 2013) (Fig. 5¢), which are different from the
overall trench-parallel anisotropy found along the rest of the slab
(Fig. 5¢). In a Rayleigh wave tomographic study (Harmon et al., 2021),
an anomalous slow wavespeed mantle wedge was found above the slab,
extending 200 km into the backarc (isosurface shown as a red body in
Fig. 5c), which was interpreted as a particularly hydrous/melt-rich
mantle wedge fed by dehydration of tectonic features in the subduct-
ing plate. The location of the anomalously slow mantle wedge overlies
our mapped AOQ. We, therefore, conclude that these three slow wave-
speed anomalies are real features within the Lesser Antilles slab. There
are a few other low-velocity anomalies in the deeper slab (A1 and A2 in
Fig. 6e; supplementary Figure 1; discussed below), which are also seen
in all models, and may thus also reflect structures inside the subducted
slab.

Although the locations of these anomalies are consistent between the
different studies, we note here that the interpretation of absolute
wavespeed of these features requires caution. Compared to the other two
regional tomography (Fig. 2; Supplementary Fig. 1), the anomalies in
UUPO7 model have slower wavespeeds, which could be affected by more
smearing of the anomalies from the slow mantle wedge above (Fig. 5c).
The UUP07 model has good large-scale coverage, but less regional data
coverage than the two more recent models.

What causes these features within the slab remains debated. For
example, A0 anomaly has been interpreted as a slab gap (Schlaphorst
et al., 2017), torn along the subducted Equatorial-Atlantic transform
boundary (which is probably currently close to the 15°20 Fracture Zone
in Fig. 1a) (Braszus et al., 2021; van Benthem et al., 2013). Alternatively,
the A0 anomaly has been interpreted as a particularly hydrated section
of the subducted lithosphere, possibly near the subducted spreading
center (Braszus et al., 2021). In the next section, we will explore the
possible cause of these anomalies through a plate reconstruction.

4.3. Inferred ridge-transform system

To better understand the potential causes of these wavespeed
anomalies on the slab, we embedded our unfolded (i.e., structurally-
restored) slab (Fig. 6a) into a quantitative global plate reconstruction
in a South-America fixed reference frame (Fig. 6), similar to other
regional plate reconstructions (e.g., Mann et al., 2006; Pindell and
Kennan, 2009). When restoring the unfolded Lesser Antilles slab
(Fig. 6a) back to ~50 Ma, the ~1100 km-long unfolded slab fills the gap
between the reconstructed trench position at the front of the overriding
Caribbean at that time and the currently unsubducted Atlantic litho-
sphere (Fig. 6d).

The tectonic meaning of the wavespeed anomalies is proposed based
on our reconstructed age structure of the Proto-Caribbean seafloor in the
late Cretaceous, the time that the spreading between North and South
America ceased (Miiller et al., 2019). At 70 Ma (Fig. 6e), we found that
anomaly AO reconstructs close to the ridge-ridge-ridge triple junction
with the North and South Atlantic spreading ridges. We, therefore,
interpret the reduced wavespeed anomaly, A0, as one arm of this triple
junction system (Fig. 6e), and associate it with an easternmost segment
of the Proto-Caribbean ridge, RO. When compared with the published
sea floor ages on the Lesser Antilles slab (Fig. 6f) inferred from the

separation history between the North and South America (Braszus et al.,
2021), we found that their proposed ridge segments R1 and R2 collo-
cated with two other slow wavespeed zones on our unfolded slab, which
we labeled as Al and A2 in Fig.6e. We, therefore, interpret these
anomalies as the signatures of this subducted segmented spreading ridge
(Fig. 6e) offset by fracture zones. These ridge segments would have been
fossil ridges because Proto-Caribbean spreading ceased ~10 Ma before
the subduction of R2.

We extended the Demerara and Guyana fracture zones onto our
unfolded slab, as shown in black dotted lines (Fig.6e). In this study, we
slightly updated the location of the Guyana fracture zone (called FZ1 in
Braszus et al., 2021) based on a recent seismic reflection study (Trude
et al., 2022). Braszus et al. (2021) already interpreted the anomaly we
named AS as the expression of a tear along the Guyana fracture zone.
This is consistent with the fact that we find that the locations of AS and
AN coincide with the position of two extrapolated fracture zones
(Fig. 6e), and we interpret both as expressions of fossil fracture zones.

We confirm the conclusions of Braszus et al. (2021) that the wave-
speed anomalies and edges of the Lesser Antilles slab follow pre-existing
spreading ridges and fracture zones. However, there are two key dif-
ferences between our proposed ridge-transform system (Fig. 6e) and the
one proposed previously (Fig. 6f) (Braszus et al., 2021). First, we pro-
pose an additional ridge segment, RO, based on the A0 slow wavespeed
zone on the slab (Fig. 6e). Secondly, we found that the southwestern
edge of our unfolded Lesser Antilles slab is roughly parallel to the two
fracture zones, and we interpret the southwestern edge of our unfolded
slab as coincident with another subducted fracture zone, which we
named the Caracas fracture zone (Fig. 6e). Our proposed fracture zone
location (at ~65°W today) is close to FZ2 from Braszus et al. (2021), but
adjusted so that it roughly aligns with an important boundary on the
South American continent that defines different extensional regimes
(Fig. 6e). To the west, the crust is highly stretched with many exten-
sional basins (Cediel, 2019) and has a thin lithospheric mantle (Masy
et al., 2015) whereas, to the east, both the crust (Schmitz et al., 2021)
and the lithospheric mantle (Masy et al., 2015) are less stretched.
Different extensional regimes separated by fracture zones/ transfer
zones in the adjacent continental margin are also found in other
extensional margins (e.g., Brune et al., 2014). Our proposed configura-
tion leads to more even spacing between transform faults of around 350
km along the intersecting mid-ocean ridges (Fig. 6e), which is similar to
the spacing of transform faults in the Atlantic (400 + 200 km) (Mac-
donald, 1998). A 3D summary of our interpretations of these wavespeed
anomalies on the slab is shown in Fig. 7.

4.4. Unfolded-slab plate reconstruction

The time evolution of our unfolded-slab plate reconstruction shows
that subduction of our 1100 km unfolded Lesser Antilles slab began in
the Eocene (Fig. 6d). This is consistent with the 1100 km convergence
between the Caribbean and the North America plate constrained by the
magnetic anomalies in the Cayman trough (Fig. 1a). The start of sub-
duction of our unfolded Lesser Antilles slab coincides with the time of
the arc jump from the Aves Ridge/Greater Arc (Fig. 6d) to the (Outer)
Lesser Antilles arc in the Eocene which opened the back-arc Grenada
Basin (Allen et al., 2019). The three ridge segments R2, R1, and RO were
subducted at 50 Ma (Fig.6d), 30 Ma (Fig. 6¢), and 10 Ma (Fig. 6b),
respectively.
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Fig. 6. Plate reconstruction map views of our unfolded Lesser Antilles slab for the past 70 Ma. (a) The unfolded slab at 0 Ma. Present-day existing fracture
zones are shown as black dashed lines. The location of the Guyana fracture zone is after Trude et al. (2022). White lines are magnetic isochrons from Miiller et al.
(2019). We used a South American fixed reference frame in our reconstruction (see Fig. 1d for a mantle reference frame). (b) The unfolded slab at 10 Ma, following
the global plate reconstruction of Miiller et al. (2019). Spreading ridges are shown as yellow lines. (c) The unfolded slab at 30 Ma, (d) 50 Ma, and (e) 70 Ma,
respectively. On (e), yellow polygons on (e) are extensional basins (Cediel, 2019), and brown polygons mark regions with a thick lithospheric mantle (i.e.,
lithosphere-asthenosphere boundary LAB deeper than 90 km) (Masy et al., 2015). (f) The 70 Ma seafloor ages from Braszus et al. (2021). Our interpreted ridge
segments, RO, R1, and R2 are shown as black boxes. The dotted black lines show the extended fracture zones. According to the reconstruction, ridge segments R1 and
R2 were subducted at 50 Ma and 30 Ma, respectively.
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in blue and spreading ridges are shown in red. Future wavespeed anomalies and tears are highlighted in black dashed lines. (b) Present day Lesser Antilles slab with
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The post-Eocene subduction history is kinematically-robust because
the overriding Caribbean plate is connected to the subducting Atlantic
via the plate circuit after the Eocene due to the Cayman Trough opening
(Fig. 1a) (Miiller et al., 2019). Although such convergence is usually
portrayed as a result of the east-moving Caribbean plate in a fixed
American reference frame (Fig. 2c), in an absolute (i.e., mantle) refer-
ence (Miiller et al., 2019), the westwards-moving North American and
South American plates contribute most of the convergence under the
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eastern margin of a near-stationary overriding Caribbean plate (Fig. 2d).
Such a stationary Caribbean plate is a robust output from all tested
mantle references (Miiller et al., 1993; Miiller et al., 2019; Torsvik et al.,
2019).
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5. Discussion
5.1. Inferred mantle dynamics of lateral slab transport after subduction

We estimate the degree of lateral slab transport after subduction
using our reconstructed spreading ridges R2, R1, and RO as reference
points. To do this, we compare the present locations of the subducted
spreading ridges (Fig. 8a; Supplementary Fig. 1) against their recon-
structed subduction locations along the Lesser Antilles paleo-trench
(Figs. 8b, c; Supplementary Fig. 1). The now-subducted spreading
ridge R2 is currently under southern Hispaniola (i.e., A2 in Fig. 8a) but
was initially subducted ~900 km ESE of its present location (black dot in
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Fig. 8b) at 50 Ma based on our plate reconstruction (Fig. 6d). Similarly,
the now-subducted spreading ridge R1 is currently at 15°N latitude and
SE of Puerto Rico (i.e., Al in Fig. 8e) but was subducted ~350 km
southeast of its present location (black dot in Fig. 8c) at 30 Ma, based on
our plate reconstruction (Fig. 6¢). A 3D visualization of the offset sub-
ducted ridges R2 and R1 is shown in Fig. 8d.

Our reconstructed ~900 km lateral offset between the 50 Ma and
0 Ma R2 locations cannot be explained by purely vertical slab sinking,
which would cause a subducted feature to remain in the same lateral
position over time. There is a similarly oriented but smaller (~350 km)
offset between the 30 Ma and present 0 Ma location of the subducted
spreading ridge R1 (Fig. 8c), which suggests that the lateral slab

c. The present R1 location and its

subducted location at 30 Ma
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Fig. 8. Comparison between the present and past locations of subducted seafloor spreading ridges R2, R1 and RO. (a) Map of the present locations of the
three subducted Proto-Caribbean ridge segments RO, R1, and R2 on the Lesser Antilles slab as inferred from interpreting the tomographic wavespeed anomalies A0,
Al, A2. Comparison between the (b) present (i.e., A2) and 50 Ma location of R2 and (c) present (i.e., A1) and 30 Ma location of R1 indicates ~900 km and ~350 km
offsets, respectively. We interpret these offsets to as the result of lateral slab transport after subduction. (d) & (e) Comparison between our interpretation of a laterally
mobile Lesser Antilles slab with a previous interpretation (Braszus et al., 2021) that assumes vertical slab sinking. Both models agree on the subduction locations of
R2 and R1 along the Lesser Antilles paleo-trench at 50 Ma (yellow line) and 30 Ma (green line); however, there are different interpretations of the present-day R1 and
R2 locations on the Lesser Antilles slab. (f) and (g) show different predictions of slab morphology. In a vertical sinking slab scenario, the separation of AO and Al is
only 350 km in the present mantle, compared to the original separation of R1 and R2 (~900 km) in the reconstruction in Fig. 6e. 2-3 folds of slab buckling are
required to accommodate such shortening. (See tomographic images in Fig. 3.) Using the VoiLA-P19 model (Braszus et al., 2021) for the same analysis does not
change the results (Supplementary Fig.1).
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transport has continued to at least 30 Ma and probably to the present-
day, at a rate of 1 cm/yr with the North American plate. The offsets
between the present and reconstructed subduction positions of R1 and
R2 can be explained kinematically in a straightforward fashion by
simply invoking the northwest movement of the entire Lesser Antilles
slab with North America after subduction (Fig 8.d & f).

We explain the lateral offsets implied by our reconstruction by up to
~900 km WNW lateral transport of the Lesser Antilles slab within the
mantle since 50 Ma (Fig. 8f). Indeed, a ~900 km WNW lateral offset
between the 50 Ma and present (0 Ma) subducted ridge location is
reasonable because the Caribbean upper plate has been relatively sta-
tionary in a mantle reference since 50 Ma whereas the Atlantic-North
American lower plate has been moving WNW-wards during the same
time frame (Fig. 1d). A recent study finds paleomagnetic evidence of
differential block rotations and intra-plate shortening within the NE
Caribbean (Montheil et al., 2023). These may imply additional eastward
motion of the Caribbean plate interior 250- 500 km relative to North
America since 50 Ma, depending on whether or not bookshelf-style
rotation of near plate-boundary blocks is considered (Montheil et al.,
2023). Accounting for the 250-500 km additional eastward Caribbean
plate motion would delay the subduction history mentioned above by
5-10 or 10-15 Ma due to the more westward Lesser Antilles trench
location. For the maximum motion, this would reduce our reconstructed
distance of lateral slab transport to ~700 km during a 40 Myr subduc-
tion time interval, i.e. still implying substantial lateral slab transport.

5.2. Comparison to Lesser Antilles vertical slab sinking models

Our proposed ~900 km lateral transport of the Lesser Antilles slab,
contrasts with the previous interpretation of a mainly vertically sinking
slab in the Caribbean mantle (Braszus et al., 2021). Fig. 8e shows a
comparison of our results against the purely ’vertical slab sinking’

a. Scenario 1: lateral slab transport (preferred)
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scenario. If the slab’s sinking trajectory was mainly vertical,
paleo-trench locations can be simply projected downwards from the
Earth surface to the mantle (e.g., Figs. 8e & g). With this assumption, the
position of R2 at the 50 Ma Lesser Antilles paleo-trench projects
downwards to the slow-wavespeed slab anomaly Al in our mapping;
likewise, the 30 Ma position of R1 at the paleo-trench projects down-
wards to the slow wavespeed feature AO in our mapping (Fig. 8e).
Indeed, Braszus et al. (2021) associated R1 with A0 and R2 (subducted
~50 Ma) with A1l (Fig. 8e). Instead, here we associate R1 (subducted ~
30 Ma) with A1 and R2 with A2 (Fig. 8d). In short, our work confirms the
interpretation that these slow-wavespeed features correspond to sub-
ducted ridge segments (Braszus et al., 2021), but the ages of subduction
are different from the predictions of the vertical sinking slab scenario.

Considering that the original separation between R1 and R2 in the
reconstruction is ~900 km (Figs. 6e & 6f), a vertically sinking slab re-
quires a 2-3 fold buckling of the slab to accommodate the shortening
needed to achieve the ~350 km separation between AO and Alin the
present slab geometry (Fig. 8e,g). In contrast, lateral slab transport ex-
plains the similar separation between R1 and R2 in the reconstruction
(Figs. 6e & 6f), and the separation between Al and A2 in the present
mantle (Figs. 8d, f); no significant slab buckling is required in this case.
The vertical slab-sinking reconstruction also requires an overall factor
2-3 thickening/folding of the upper-mantle slab (Fig. 9b) to reconcile
the ~500 km present-day slab length (as measured in the left panels of
Fig. 3 as the distance from the present trench to the 50 Ma trench pro-
jected onto the slab) with the 1100 km of Caribbean-Atlantic conver-
gence that is constrained by Cayman trough opening since 50 Ma.
Although tomographic resolution may allow some slab thickening, none
of the three tomographic models show clear indications of the required
factor 2-3 slab thickening apart from at the southern end of the slab
(Figs. 3d, j, and p).

For the earlier subduction history before 50 Ma, previous studies

b. Scenario 2: vertical slab sinking only
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Fig. 9. Schematic block diagrams that show the two end-member scenarios for a Lesser Antilles slab to accommodate the convergence since 50 Ma. (a) In
our preferred lateral slab transport scenario, the slab moves westwards laterally after subduction without significant internal deformation. This can maintain a slab
geometry that shows a typical (~100 km) slab thickness and a slab length that is relatively comparable to the known Caribbean-North America plate convergence
since 50 Ma (~1100 km). The proposed slab geometry is comparable to a cross-section in Fig. 2k. (b) In a vertical sinking scenario, the entire 1100 km plate
convergence would be accommodated under a nearly fixed trench, which would imply a sub-vertical slab that would likely be thickening and buckling (e.g., Sigloch

and Mihalynuk, 2013).
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attributed lower-mantle high wavespeed anomalies below northeastern
South America to subduction along the Greater Arc of the Caribbean
since the mid-late Cretaceous (Braszus et al., 2021; van Benthem et al.,
2013). These parts of the Proto-Caribbean slab are still best-explained if
they sank approximately vertically (Braszus et al., 2021), although we
acknowledge that uncertainties in the mantle reference frame in the
Cretaceous and early Cenozoic (Miiller et al., 1993; Miiller et al., 2019;
Torsvik et al., 2019) could complicate such interpretations.

The proposed change in the sinking behavior of the subducted slab
coincides in time with a significant change in plate motions and in the
configuration of subduction below the Caribbean plate (Miiller et al.,
2019; Braszus et al., 2021). Before ~65 Myr, the two Americas were
moving apart, and active spreading in the Proto-Caribbean accommo-
dated divergence (Miiller et al., 2019; Pindell and Kennan, 2009). While
Proto-Caribbean spreading was active (120-65 Ma), the GAC (the
Greater Arc of the Caribbean) trench system migrated northwards with
the two Americas in a mantle reference frame (Pindell et al., 2005). After
65Ma, the two Americas started to slowly converge, and
Proto-Caribbean spreading stopped (Miiller et al., 2019; Pindell and
Kennan, 2009). Between 60-50 Myr, the western (Cuban) part of the
GAC collided with the North American continental margin, and sub-
duction ceased along this part of the arc (Pindell et al., 2005; Pindell and
Kennan, 2009). Since 60-50 Ma, the motion of the Americas in a mantle
reference frame has been mainly directed westward (Miiller et al., 1993;
Miiller et al., 2019), and a new strike-slip plate boundary between the
Caribbean and North America formed and opened the Cayman Trough
(Mann et al., 2006; Pindell and Kennan, 2009). This change in plate
motion and halt of subduction along the western part of the GAC could
have induced significant shearing in the slab, possibly forcing detach-
ment of what is currently the upper-mantle Lesser Antilles slab from the
previously subducted sections of the slab now residing in the lower
mantle. Our reconstruction suggests that the western edge of the Lesser
Antilles slab could be a former fracture zone (Fig. 6e) that would localize
such shearing and facilitate detachment from the older slab. Some of the
older slabs had likely already reached the lower mantle, which would
have increased resistance to lateral motion of the deeper slab to follow
the surface plate motions (Billen, 2008; Cizkova and Bina, 2013; Goes
et al., 2017).

5.3. Significance of Lesser Antilles slab edges and the within-slab slow
wavespeed anomalies

Like Braszus et al. (2021), our reconstruction highlights the tectonic
importance of the fossil fracture zones and ridges within the Lesser
Antilles slab (Fig. 7b). We suggest that slab edge 1 (labeled as green i in
Fig. 7b) is a tear that developed along ridge segment, R2, (Fig. 7a) which
stopped spreading only ~10 Myr before subducting (Braszus et al.,
2021), while slab edge 2 (labeled as green ii in Fig. 7b) likely developed
as the slab was torn along the former fracture zone directly west of R2
(the Caracas FZ in Fig. 7a). These interpretations are based on the
unfolded slab edge locations that coincide with our reconstructed ridge
and fracture zone positions (Figs. 6 & 7a). Slab tearing along edges 1 and
2 could have been induced by the changes in plate motion around 60-50
Ma that would have led to sheared detachment of the shallow from the
deep slab, as discussed above. Slab edge 3 (labeled as green iii in Fig. 7b)
corresponds to the southern edge of the Lesser Antilles slab, which was
formed by a STEP fault type tear (Govers and Wortel, 2005) in the
subducting plate forming the present strike-slip plate boundary at the El
Pilar fault system near the South American continental margin (Fig. 1a).

Many of the wavespeed anomalies and edges of the Lesser Antilles
slab thus follow pre-existing spreading ridges and fracture zones
(Fig. 7a). Fracture zones have been considered weak zones on the
oceanic lithosphere, especially when differently aged plates are juxta-
posed, resulting in different negative buoyancies (Hensen et al., 2019).
Major earthquakes that occurred along fracture zones on the Indian
plate suggest that the mechanical strength of the oceanic lithosphere
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along these remains weak, e.g., due to fracturing and hydration, even
after plate motion along them stops (e.g., Antolik et al., 2006; Hensen
etal., 2019; Robinson et al., 2001). As noted previously, the spreading of
the ridge segments (150-65 Ma) had already ceased by the time of their
subduction in the Eocene. The reasons why fossil ridges serve as weak
zones on the slab are likely due to their formation during a slow
spreading (Miiller et al., 2019), which in present-day examples is
accommodated by > 50% tectonic accretion involving detachment
faults and serpentinization (e.g., Escartin et al., 2008). The Atlantic
lithosphere currently subducting below the Lesser Antilles Arc, which
was formed at similar spreading rates as the Proto-Caribbean, is indeed
substantially tectonized and serpentinized (Allen et al., 2022; Davy
et al., 2020). Geochemical and geophysical observations around the
present-day arc (Bie et al., 2019; Cooper et al., 2020; Hicks et al., 2023;
Paulatto et al., 2017) are consistent with the subduction and dehydra-
tion of particularly serpentinized oceanic lithosphere below Dominica
and Martinique, where we predict the location of subducted fossil ridge,
RO (Fig. 7b). Above RO in the mantle wedge (Fig. 5c), the slow wave-
speed body (Harmon et al., 2021) and enhanced seismic attenuation
(Hicks et al., 2023) could be directly related to the dehydration of RO.
We conclude that the main anomalies, gaps, and edges of the Lesser
Antilles slab are inherited from pre-existing plate boundary structures in
the subducted plate that were compositionally altered by hydration and
remain weak.

Recent paleomagnetic data from the northern Antilles reveals sig-
nificant block rotations of the arc implying up to 500 km westward
motion of the Puerto-Rico-Virgin-Islands block since 40 Ma (Montheil
et al., 2023). These rotations represent deformation of the upper plate,
probably in response to the lateral motion of the slab we infer. Varying
rotations along the arc (from north to south) indicate increasing oro-
clinal bending of the arc (Montheil et al., 2023). We suggest this arc
bending allowed accommodating the different evolution of the northern
and southern edges of the slab. The evolving STEP fault along the
southern edge requires little evolution of arc curvature. However, in the
north, the slab has remained connected to the surface plate, forcing
increasing arc curvature as the leading edge of the slab moved
westward.

5.4. Implications for slab strength and lateral slab transport

Slab motion is impeded by the highly viscous mantle (10'° - 10%! Pa
s) around it, and the slab’s own negative buoyancy only drives vertical
sinking. To move the slab laterally, the attached surface plate must pull
or push it, and stress needs to effectively transmit from the surface plate
to the slab. Hence, lateral slab transport due to the subducted plate
motion has been called “’slab dragging’’ (Spakman et al., 2018).

Previous geodynamic models show that dragging a slab requires a
strong slab whose effective viscosity is at least 2 orders of magnitude
larger (10?2 - 10%* Pa s) than the surrounding upper mantle (~10%° Pa's)
(Chertova et al., 2014; Fraters et al., 2019). Such high slab viscosity is
possible according to lab experiments (Billen and Hirth, 2007; Kohlstedt
et al., 1995). However, geoid studies (Billen et al., 2003; Hager, 1984;
Zhong and Davies, 1999), modeling of along-strike slab curvature
(Loiselet et al., 2009), and downdip bending at the trench and near the
base of the upper mantle (Buffett and Rowley, 2006; Cizkova et al.,
2002; Conrad and Hager, 1999) all suggest slabs are relatively weak
while bending (only 1-2 orders of magnitude more viscous than the
mantle).

Models that include composite nonlinear rheologies based on labo-
ratory parameters show that such rheologies can reconcile the different
strength estimates. Strain rate weakening in dislocation creep and
yielding/plasticity substantially reduce the slab’s resistance during
bending, through strain localized at the top and bottom of the slab, while
preserving a strong, high-viscosity core that is still able to transmit
stresses (Buffett and Becker, 2012; Garel et al., 2014). With such rhe-
ologies, slab strength is recovered when strain rates are low (Billen and
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Hirth, 2007; Garel et al., 2014), and models that incorporate such slabs
show that by the base of the upper mantle, slab tips can be displaced by a
few 100 to a 1000 km from where they subducted at the trench by
drag/push from the subducting plate (Billen, 2008; Cizkovéa and Bina,
2013; Goes et al., 2017). Some studies have suggested that additional
weakening may be required to explain observed slab shapes, with a
recent study showing that re-activation of subducted hydrated fractures
could offer such a mechanism (Gerya et al., 2021). Dragging a slab in the
direction of plate convergence tends to lead to increased slab bending
and further weakening hinge at the trench (e.g., Fraters, 2019), while
dragging opposite to convergence will decrease bending and hence in-
crease its effective hinge strength. Effective slab viscosity will be rela-
tively high when a slab is dragged parallel to its strike, in which
direction weakening due to curvature is probably low.

Compared to other slabs that show significant lateral movements
within the mantle} (Parsons et al., 2021; Qayyum et al., 2022; Spakman
et al., 2018; Spakman and Hall, 2010; van de Lagemaat et al., 2018), the
Lesser Antilles slab (Fig. 10) has been dragged over a similar distance
(~1000 km) and at a moderate dragging velocity (~20 mm/yr). How-
ever, our results show that the Lesser Antilles slab experienced a longer
duration of dragging (50 Myr) (Fig. 10). The currently subducting
Atlantic lithosphere at the trench is relatively old (Fig. 6f) and hence
strong at the trench compared to younger plates. However, the deeper
slab appears torn along various pre-subduction plate weaknesses, such
as fracture zones and spreading ridges. The observation that much of the
drag occurred more or less along the strike of the northern part of the arc
might explain how this slab could be dragged for close to 1000 km.
Numerical experiments from Fraters (2019), who used a composite
dislocation/diffusion/plastic slab rheology, show the plausibility of such
drag and also show that even if there are gaps in the slab at the location
of tomographic slow wavespeed anomalies, they do not strongly affect
the dragging, as it is aided by the overall mantle flow pattern driven by
the sinking slab and moving Americas. Other factors that may have
facilitated/initiated the dragging of the slab subducted since 50 Ma
could be (i) that the high strength of the old Atlantic lithosphere may
preclude forming a STEP fault (Schliffke et al., 2022) which would be
needed to allow migration of the northern tip of the Lesser Antilles Arc
towards the Mid-Atlantic Ridge, instead forcing continued subduction
below the Hispaniola-Virgin Island part of the trench that is now almost
parallel to the direction of convergence, (ii) the relatively small size of
the Lesser Antilles slab compared to the parent plates (North and South
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Fig. 10. Global compilation of laterally-transported slabs. The Lesser
Antilles slab would have been transported laterally at a slow velocity of 18 mm/
yr and over a moderate distance of 900 km compared to other cases of laterally-
transported slabs (Tonga, van de Lagemaat et al., 2018; Gibraltar, Spakman
et al., 2018; India, Parsons et al., 2021; Hindu Kush, Qayyum et al., 2022;
Banda, Spakman and Hall, 2010).
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America), particularly if the deeper part of the slab had indeed been
detached, may mean that strong driving forces are able to overcome
dragging resistance (as in the models by Fraters (2019)). Several other
slabs (e.g., the Gibraltar and the Banda slabs) that have been inferred to
have been dragged were also small compared to the plates they were
dragged by (Spakman et al., 2018; Spakman and Hall, 2010).

6. Conclusion

We compared three published tomography models of the subducted
slab underneath the eastern Caribbean, and we found that the three
models consistently reveal a set of slow wavespeed anomalies within the
upper-mantle slab. Based on our unfolded slab reconstruction, we
interpret these reduced wavespeed zones as slab gaps/weakness zones
along the fossil spreading ridges and fracture zones in the subducted
plate, supporting previous results from Braszus et al. (2021). We found
that the upper-mantle part of the slab accounts for subduction at the
Lesser Antilles Arc from about 50 Ma, and that the current western edge
of this slab likely formed as it tore along a fossil ridge and fracture zone,
possibly in response to a plate motion change when the Cuban part of the
Great Arc of the Caribbean (GAC) collided with the North American
margin.

Our interpretations (Fig. 9) based on slab unfolding do not agree with
the widely used assumption in comparing tomographic images and plate
reconstructions that all slabs sink predominantly vertically at trenches.
A previous interpretation assuming vertical sinking slab suggested the
upper mantle Lesser Antilles slab represented about 70 Myr of subduc-
tion, requiring folding by 2-3 times its original thickness (Fig. 9b).
Instead, our unfolded slab reconstruction suggests a relatively unde-
formed slab of which the tip was transported laterally by ~900 km after
subduction (Fig. 9a). Such lateral transport in the mantle is likely due to
the physical connection to the North American plate, whose north-
westward motion since the Eocene has been dragging the slab in the
same direction.

Lower mantle wavespeed anomalies that previous studies attributed
to the earlier GAC subduction (Braszus et al., 2021; van Benthem et al.,
2013) probably are still best explained by approximately vertical sink-
ing. Our results strengthen previous suggestions that different modes of
slab sinking are possible, where certain configurations of slab geometry
and motion of the attached surface plates may allow for substantial
lateral slab transport, placing them at distances as much as 1000 km
from where they originally subducted. Our slab unfolding approach
provides a new way to link mantle slabs to surface plate tectonics not
requiring a-priori dynamic assumptions. Our work also shows the po-
tential of analyzing the seismic wavespeed character of the unfolded slab
to reconstruct fossil plate boundaries, which can be applied to other
subduction zones.

Supplementary Figure 1. Sensitivity tests of our analysis using
different tomography models. (a) and (b) are within-slab slow
wavespeed anomalies in the present-day slab geometry with transferred
wavespeeds from UUP0Q7 (Amaru, 2007) and VoiLA-P19 (Braszus et al.,
2021), respectively. The dashed lines show the locations of the slow
wavespeed anomalies mapped from UUPO7 model (same as Fig.8). For
reference, we overlayed these dashed lines onto the slab with the
wavespeeds of VoiLA-P19 superimposed. The hatched area in (b) reflects
the bottom of the VoiLA-P19 model, as the model does not extend
beyond 600 km depth (Braszus et al., 2021). (c) and (d) are the same
analysis as Figs. 8a-c, but using slab surfaces with either the wavespeeds
from UUPO7 (Amaru, 2007) or VoiLA-P19 (Braszus et al., 2021) models.
Although the relative amplitudes of the slab wavespeed anomalies are
different between models, as expected due to different datasets and
regularization in the inversions, the locations of the main anomalies and
interpretations in terms of the amount of lateral slab transporting and
deformation agree well
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