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Imaging paleoslabs in the D″ layer beneath
Central America and the Caribbean using seismic
waveform inversion
Anselme F. E. Borgeaud,1 Kenji Kawai,1 Kensuke Konishi,2 Robert J. Geller1*

D″ (Dee double prime), the lowermost layer of the Earth’s mantle, is the thermal boundary layer (TBL) of mantle
convection immediately above the Earth’s liquid outer core. As the origin of upwelling of hot material and the des-
tination of paleoslabs (downwelling cold slab remnants), D″ plays a major role in the Earth’s evolution. D″ beneath
Central America and the Caribbean is of particular geodynamical interest, because the paleo- and present Pacific
plates have been subducting beneath the western margin of Pangaea since ~250 million years ago, which implies
that paleoslabs could have reached the lowermost mantle. We conduct waveform inversion using a data set of
~7700 transverse component records to infer the detailed three-dimensional S-velocity structure in the lowermost
400 km of the mantle in the study region so that we can investigate how cold paleoslabs interact with the hot TBL
above the core-mantle boundary (CMB). We can obtain high-resolution images because the lowermost mantle here
is densely sampled by seismic waves due to the full deployment of the USArray broadband seismic stations during
2004–2015. We find two distinct strong high-velocity anomalies, which we interpret as paleoslabs, just above the
CMB beneath Central America and Venezuela, respectively, surrounded by low-velocity regions. Strong low-velocity
anomalies concentrated in the lowermost 100 km of the mantle suggest the existence of chemically distinct denser
material connected to low-velocity anomalies in the lower mantle inferred by previous studies, suggesting that plate
tectonics on the Earth’s surface might control the modality of convection in the lower mantle.
INTRODUCTION
The purpose of this study is to obtain high-resolution three-dimensional
(3D) images of the S-velocity structure in the D″ (Dee double prime)
layer beneathCentral America and theCaribbean to search for evidence
of paleoslabs above the core-mantle boundary (CMB) and for evidence
of small-scale low-velocity anomalies that might suggest chemical
heterogeneity (1).

Recently, dense seismic arrays such as the USArray, which includes
many portable stations that have steadily beenmoved eastward to cover
the entire conterminous area of the United States, are providing excel-
lent data for high-resolution imaging of localized regions of D″ using
waveform inversion. Our group has recently conducted two small-scale
feasibility tests of thismethod to invert for the 3D S-velocity structure in
the D″ layer beneath Central America (2) and the western Pacific (3),
and applied the samemethod to a much larger data set to invert for the
3D S-velocity structure in D″ beneath the northern Pacific (4). Here, we
use the fullUSArray toobtain dense coverageof theD″ layer beneathCen-
tral America and the Caribbean. The use of short-period (up to 8 s) wave-
formsmakes it possible to image small-scale structurewith finer resolution
than travel-time tomography or global waveform inversion studies.

The D″ layer at the base of the mantle is, after the Earth’s crust and
uppermost mantle, the second most seismically laterally heteroge-
neous region of the Earth’s mantle (5, 6). Strong large low-velocity
provinces (LLVPs) beneath Africa and the South Pacific, and high-
velocity regions beneath the circum-Pacific, are the large-scale features
found ubiquitously by travel-time tomography or global waveform in-
version studies (5, 7).

Low–seismic velocity regions in the lowermost mantle can be ex-
plained by high temperatures, chemically distinct material, or a combi-
nation of the two. Pyrolite is widely thought to be the average
composition of the lower mantle (8, 9), but the details of the bulk
composition of the lower mantle remain controversial (10, 11). Chem-
ical compositions with increased amounts of impurities, such as Fe and
Al, have lower shear velocities than pyrolite (12, 13). This chemical
heterogeneity, resulting from exchanges between the core and the
mantle, from partial melting in the thermal boundary layer (TBL),
from basalt entrained to the base of the mantle by past subduction,
or as long-lived remnants of chemical differentiation in the early
Earth, is expected at the CMB (1). However, the extent to which
chemical anomalies contribute to the lowermost mantle seismic
structure is still unclear; the LLVPs, which could possibly be large-
scale chemically distinct regions, have been variously suggested to be
due to temperature anomalies only (3, 14–16) or to be chemically
distinct from the rest of the lower mantle (17, 18). High-velocity
anomalies in the lowermost mantle can be explained by the com-
bined effect of low temperatures and the bridgmanite (abbreviated
as MgPv below) to Mg-postperovskite (abbreviated as MgPPv be-
low) phase transition (19, 20).

It is generally thought that high-velocity anomalies inferred from
seismic tomography in the upper mantle and in the upper part of the
lower mantle correspond to remnants of past subduction (21, 22). Seis-
mic tomography shows high-velocity anomalies continuous from the
upper mantle down to the 660-km discontinuity, where the negative
Clapeyron slope of spinel decomposition and a jump in viscosity make
some slabs stagnate, whereas others can be seen to descend to the mid-
mantle (~1800 km depth). In the lowermost ~500 km of the mantle,
strong and broad high-velocity anomalies are seen beneath slabs that
extend to the mid-mantle (5, 7, 23).

Evidence supporting the existence of paleoslabs at the CMB includes
reports of continuous high-velocity anomalies from the transition zone
down to the CMB beneath North America (Farallon slab) and beneath
the southern Indian Ocean (24) and the fact that high-velocity
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anomalies in the lowermost mantle are generally consistent with the lo-
cation of ancient slabs (25). Estimates of the global average sinking rate
of slabs in the lowermantle based on seismic tomography vary from 1.1
to 1.9 cm/year (26, 27). Subducted material older than 160 to 260 mil-
lion years ago (Ma) might thus have reached the CMB. Slabs at the
CMB are strongly heated and probably disintegrate in ~100 million
years (My) (28); thus, material older than ~260 to 360 Ma is unlikely
to cause high-velocity anomalies at the CMB.

An increase in the reported amplitudes of the high-velocity
anomalies in cold regions in the lowermost mantle, and thus in the vis-
ibility of hypothetical paleoslabs, seems most likely to be due to the
MgPv to MgPPv phase transition (19, 20). The detailed structure of
broad high-velocity anomalies in the lowermost ~500 km of the mantle
cannot be resolved in current tomographic models because of their
coarse parametrization in the lowermostmantle. Thus, it was heretofore
not possible to say whether high-velocity anomalies near the CMB re-
sult from spreading of accumulated slabs or from separate paleoslabs
that followed different paths to the lower mantle, possibly originating
at different subduction zones.

Study area
The western margin of North and South America (previously the west-
ern margin of the supercontinent Pangaea) is a region of long-lived
subduction, where the oceanic Farallon plate is believed to have initiated
eastward subduction around 180 to 207 Ma (26); tectonic studies sug-
gest subduction of the Pacific Ocean beneath the west coast of Pangaea
since ~250Ma (29). The Farallon plate is seen in tomographicmodels as
an eastward-dipping high-velocity feature reaching depths of ~2000 to
2500 km (21, 26, 30), and its location at those depths is in general agree-
ment with the reconstructed plate boundary ~180 Ma (31).

Continuity of the Farallon plate (as an eastward-dipping high-
velocity anomaly) from depths of ~2000 to 2500 km to the CMB
beneath Central America is not a strong feature of previous models.
However, previous models show a broad high-velocity anomaly be-
neath and westward of the location of the Farallon slab at a depth of
~2000 km. Tearing and breaking of the slab at the 660-km dis-
continuity or around a depth of ~1000 km could explain the apparent
discontinuity of the Farallon slab (22). This may be supported by ge-
ological evidence for voluminous igneous activity ~200 Ma (29). Thus,
high-velocity anomalies deeper than ~2500 km might correspond to
subduction older than 200 Ma at the western margin of Pangaea. In
addition to subduction at the western margin of Pangaea, tectonic
studies suggest that there were subduction zones within the Pacific
Ocean, where the ocean floor subducted beneath active volcanic arcs (32).
This intra-oceanic subduction (33) has been suggested as a possible
explanation for the high-velocity seismic structure in the deep mantle
beneath the western margin of North America (34) and in the lower-
most mantle beneath Central America (26).
RESULTS
Weconductwaveform inversion for the detailed 3DS-velocity structure
of the lowermost 400 km of themantle beneath Central America and the
Caribbean using ~7700 transverse component records cut 20 s before the
arrival of the direct Swave and 60 s after the arrival of the ScS phase (see
Materials and Methods). The events are deep- and intermediate-focus
events recorded at epicentral distances 70° < D < 100° at broadband seis-
mic stations of the USArray, CanadianNorthwest Experiment (CANOE),
Global Seismographic Network (GSN-IRIS/USGS), Southern California
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Seismic Network (SCSN), Pacific Northwest Seismic Network (PNSN),
Berkeley Digital Seismic Network (BDSN), and Canadian National
SeismographNetwork (CNSN) (Fig. 1). The azimuthal- and epicentral-
distance distribution of the stations is shown in fig. S1. The data are
filtered in the period range of 8 to 200 s using a Butterworth bandpass
filter. The 3Dmodel is obtained by linearized inversionwith respect to a
spherically symmetric initial model.

We first conduct 1Dwaveform inversion (35, 36), with respect to the
global reference model PREM (37), to infer a regional 1D model
(hereafter called PREM′) of the lowermost mantle beneath Central
America (fig. S2). This model was derived by optimizing the fit of the
synthetics to our full data set over a wide range of azimuths and thus
differs somewhat from previously published 1D models of the lower-
most mantle beneath Central America that used a significantly smaller
number of waveforms from a narrower range of azimuths (35, 38).

The 3D model is parametrized with 744 3D cells (voxels) of dimen-
sions 5° × 5° × 50 km (equivalent to approximately 300 × 300 × 50 kmat
the CMB) in eight horizontal layers of 50 km thickness from the CMB
to 400 km above the CMB (Fig. 1). To study the dependence of the 3D
models on the initial 1D model, we conducted two inversions, with
respect to PREM and PREM′, respectively. We call the resulting 3D
models CACAR (an abbreviation of Central America–Caribbean) and
CACAR′, respectively. Map views of these 3Dmodels (with the average
perturbation in each layer set to zero) are shown in Figs. 2 and 3, respec-
tively. The two 3D models are in good general agreement.
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Fig. 1. Target region. Waveforms from deep- and intermediate-focus earthquakes
beneath South America (red stars) recorded at stations of the USArray, CNSN, CANOE,
and other seismic networks (see text) (blue inverted triangles) provide dense raypath
coverage of the target region 0 to 400 km above the CMB (yellow squares). Red curves
show ScS raypaths that sample the target region, and black crosses show ScS bounce
points at the CMB. The pink solid circle at 30°N and 110°W shows the location for the
shallow structure trade-off test (fig. S3). The inset shows the location of the cross sections
presented in Fig. 4 and the location of the Farallon plate boundary at 180 Ma (31).
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Fig. 2. Model CACAR. The eight panels show the results of the inversion for the eight depth layers from 400 km above the CMB (upper left) to the CMB (lower right),
with the lateral average of the 3D perturbation set to zero in each layer. The perturbation is relative to the initial 1D model PREM (37). Two distinct high-velocity regions
at the CMB (lower right) suggest two distinct cold paleoslabs. A 3% velocity decrease beneath Mexico concentrated within 100 km of the CMB suggests the possible
existence of chemically distinct material with enriched iron content (for example, basaltic composition). The location of high- and low-velocity anomalies is generally
consistent with recently inferred topography of the D″ discontinuity (42). The Farallon plate boundary at 180 Ma (31) is shown in red in the lower right panel. Its location
is consistent with the high-velocity anomaly beneath Venezuela but is ~1000 km away from the high-velocity anomaly beneath Central America. This might indicate
past intra-oceanic subduction, or breaking or tearing of an ancient paleoslab in the upper mantle (22).
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Fig. 3. Model CACAR′. Same as Fig. 2 but using PREM′ (fig. S2) as the initial 1D model. The velocity perturbations are shown with respect to PREM′, with the lateral
average of the 3D perturbation set to zero in each layer. CACAR (Fig. 2) and CACAR′ are in good general agreement, which suggests that the inversion is robust. The
strong low-velocity anomaly beneath Mexico observed in CACAR is still present, but the strongest low-velocity anomaly is beneath Ecuador. This suggests that strong
low-velocity anomalies are present at several sites around the high-velocity anomalies.
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The key features of our models are the following: (i) two distinct
high-velocity anomalies just above the CMB, one beneath Central
America and another beneath Venezuela; (ii) strong low-velocity
anomalies concentrated in the lowermost 100 km of the mantle at the
edge of the high-velocity anomalies; and (iii) vertically continuous low-
velocity structures above the strong low-velocity anomalies at the CMB.
The past Farallon plate boundary at 180 Ma (31), indicated with a red
line in the lowermost right panel (0 to 50 km above the CMB) in Figs. 2
and 3, is consistent with the location of the high-velocity anomaly be-
neath Venezuela, whereas it is ~1000 km from the high-velocity anom-
aly beneath Central America. In the depth range of 0 to 50 km above the
CMB, the high-velocity anomaly beneath Venezuela in CACAR does not
extend to the north along the past Farallon plate boundary (Fig. 2). The
samehigh-velocity anomaly beneathVenezuela inCACAR′ extends up to
a few degrees north of the Caribbean islands, but a strong high-velocity
anomaly is not present to thenorth of theCaribbean islands (Fig. 3).How-
ever, as the altitude above the CMB increases, the high-velocity anomaly
beneathVenezuela gradually extends along the past Farallon plate bound-
ary to the north of the Caribbean islands and is strongest 250 to 300 km
above the CMB (Figs. 2 and 3).

Cross sections and comparison to previous studies
Several works in the previous decade considered this study area using
finite-frequency travel-time tomography with a model parametrization
with a scale similar to ours (39) or migration of phases refracted by the
D″ discontinuity (40, 41); a more recent study conducted forward
modeling for the topography of the D″ discontinuity beneath Central
America and the Caribbean (42). Our results can also be compared to
the structure in this region obtained by global waveform inversion (7).
From the above studies, we select the finite-frequency travel-time tomo-
Borgeaud et al., Sci. Adv. 2017;3 : e1602700 29 November 2017
graphy study (39) and the global waveform inversion study (7) for a
detailed comparison to our models, as shown in Fig. 4.

Cross sections of the various models along two profiles (see inset
of Fig. 1 for locations) are shown in Fig. 4. Our models CACAR and
CACAR′ are shown in the middle column of Fig. 4. The left column
of Fig. 4 shows the models along these cross sections obtained by the
recent global waveform inversion (7), labeled FR2014, and the models
from the finite-frequency travel-time tomography study (39), labeled
H+2005. Whole-mantle cross sections through the global waveform
inversion model (7) are shown in the right column of Fig. 4.

Figure 4A shows a northwest (A) to southeast (A′) great-circle cross
section through the high-velocity anomaly beneathCentralAmerica. As
shown in the inset to Fig. 1, this cross section is roughly parallel to the
reconstructed Farallon plate boundary at 180 Ma (31). Our models
CACAR and CACAR′ are shown along this cross section in the mid-
dle column of Fig. 4A. The twomodels differ slightly, but we find the
following consistent features in bothmodels. (i) Low-velocity anomalies
are seen at both edges of the high-velocity anomaly (beneath Central
America, labeled “CA” in the Fig. 4), marked by the brown arrows with
unfilled points beneath the second panel in the middle column. (ii) The
low-velocity anomalies are particularly strong in the lowermost 100 km
of the mantle, where ~3% low-velocity anomalies are present. (iii) The
northern part of the high-velocity anomaly labeled “CA” in the figure is
perched above a 100-km-thick low-velocity anomaly just above the
CMB, resulting in a strong velocity contrast (5 to 6% peak to peak over
a small vertical range at the dashed blue line in the upper two panels in
the middle column of Fig. 4A).

Figure 4B shows a west (B) to east (B′) cross section at 5°N, roughly
perpendicular to the past Farallon plate boundary at 160 to 180Ma (31).
For this particular cross section, CACAR′ shows anomalies with smaller
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Fig. 4. Cross sections. Left column: Cross sections through two previous models obtained by global waveform inversion (labeled FR2014) (7) and by regional finite-
frequency travel-time tomography (labeled H+2005) (39). Middle column: Cross sections for our models CACAR and CACAR′. Right column: Whole-mantle cross section
through the global model (7). The horizontal axis of each profile shows degrees along the corresponding great-circle cross section; vertical axis shows elevation above the CMB
(in kilometers) for profiles in left and middle columns and depth (in kilometers) for the whole-mantle profiles in the right column. Locations of the cross sections are shown in
the inset in Fig. 1. The leftmost part of the cross section for model H+2005 in the left column of (B) has been grayed out due to the lack of resolution. (Note that CACAR and
CACAR′ also have little resolution in this region.) (A) The strong velocity contrasts within 100 km above the CMB in CACAR and CACAR′ (blue dashed line in the upper middle
panel) suggest the presence of paleoslabs at the CMB and dense chemical heterogeneities. The paleoslab beneath Central America (labeled “CA”) is perched above a strong
low-velocity anomaly (blue dashed line in the upper middle panel), which might suggest dense iron-enriched material at the CMB (for example, basaltic composition). Low-
velocity vertically continuous structures (brown arrows with unfilled points in cross-section A-A′ in the middle column) at the edges of “CA” suggest upwelling from the
possibly iron-enriched material at the CMB. (B) A low-velocity vertically continuous structure (red filled arrow in cross-section B-B′ in middle column) between two distinct
paleoslabs beneath Central America (“CA”) and Venezuela (“VZ”), and connecting to a low-velocity region in the mid-mantle in a previous global waveform inversion model (7)
(right column) suggests upsplashing of hot TBL material caused by two paleoslabs “CA” and “VZ” sinking to the CMB. Past location of the Farallon plate boundary at ~180 Ma
(31) (green vertical dashed line labeled FA) is consistent with location of ”VZ“, but is laterally ~1000 km away from “CA”.
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amplitudes than CACAR, but the pattern of high- and low-velocity
anomalies for the two models is consistent. We see two high-velocity
structures that correspond to the high-velocity anomalies beneath Cen-
tral America (labeled “CA”) andVenezuela (labeled “VZ”), respectively.
“CA” and “VZ” are separated by a vertically continuous low-velocity
region (indicated by the red arrow).

We now compare our models to the recent global waveform inver-
sion (7), labeled FR2014, and the finite-frequency travel-time tomogra-
phy study (39), labeledH+2005. The high-velocity anomaly “CA” is also
present in the two previous models (left column of Fig. 4A). The strong
low-velocity regions on both edges of “CA” (brown arrowswith unfilled
points beneath the second panel in the middle column of Fig. 4A) are
present in the previous models (left column of Fig. 4A) but are smaller
in size andweaker by ~1.5%. As a result, the fact that near “CA” the high-
velocity anomaly is perched ~100 km above a strong low-velocity zone
at the CMB (dashed blue line in the upper two panels in the middle
column of Fig. 4A) is not evident from the previous models. We also
note in passing that the high-velocity anomaly near “CA” in Fig. 4A is
generally consistent with previous regional forward modeling studies
(40–42). The low-velocity region to the right (south) of “CA” in the
middle column of Fig. 4A (marked by the brown arrow with unfilled
points) connects to a larger low-velocity region that was found to ex-
tend to the mid-mantle by a recent global waveform inversion study
(right column of Fig. 4A) (7). The high-velocity anomaly “VZ” in the
middle column of Fig. 4B is covered by low-velocity material at shal-
lower depths in the global model (right column of Fig. 4B). As noted
above, the location of the high-velocity anomaly beneath Venezuela
agrees with the past Farallon plate boundary at 180 Ma (indicated by
the vertical green dashed line labeled FA), whereas the high-velocity
zone anomaly beneath Central America is ~1000 km distant from it.

The high-velocity anomalies “CA” and “VZ” are also visible in the
previous regional and global models (left column of Fig. 4B). However,
the amplitude of “VZ” in the previousmodels is somewhat weaker than
that of “CA”; the improvement in the resolution of the high-velocity
anomaly “CA” in our model is most likely due to a greater number of
records than the previous regional study (39), made possible by the new
data from the dense, transportable USArray. In addition, waveform in-
version allows us to also use the phase and amplitude information in the
data, which most likely explains why our model shows more consistent
vertical features. Part of the discrepancy between our model and the pre-
vious regional study might also be due to the latter’s use of core phases
(SKS), which can be affected by anisotropy and uncertainty in the outer-
core velocity structure and thus might be affected by artifacts.

The location of high- and low-velocity anomalies in our model gen-
erally agrees with variations in the elevation of the D″ discontinuity re-
ported on the basis of forwardmodeling of the recentUSArray data (42).
In particular, the forward modeling study reports (i) an elevated D″ dis-
continuity beneath Venezuela, where we observe the high-velocity
anomaly “VZ”, (ii) a deeperD″discontinuity in a corridor alongEcuador
and Columbia that extends in the Caribbean Sea, where we see the low-
velocity anomaly corridor separating “VZ” from “CA”, and (iii) the high-
est elevation of the D″ discontinuity above the CMB, where we observe
the high-velocity anomaly beneath “CA”. We note that a previous study
also observed this correlation (43), but our model has finer resolution.
DISCUSSION
We used waveform inversion to image the complex, small-scale D″
structure with two distinct strong high-velocity anomalies at the
Borgeaud et al., Sci. Adv. 2017;3 : e1602700 29 November 2017
CMB shown in Figs. 2 to 4. Our results suggest the presence of two pa-
leoslabs just above the CMB and dense chemical anomalies (that is,
iron-enriched material) concentrated in the lowermost 100 km of the
mantle. Figure 5 shows a schematic illustration of this interpretation.

As mentioned in Introduction, geological evidence for subduction
~250 Ma beneath the western margin of Pangaea, together with an av-
erage subduction rate of ~1.5 cm/year in the lower mantle, suggests
that remnants of past subduction should be found at the CMBbeneath
Central America and the Caribbean. The following features of our
models suggest the presence of paleoslabs: (i) ~3% high-velocity
anomalies just above the CMB, (ii) vertically continuous low-velocity
structures at the edge of the inferred paleoslabs, (iii) the good agree-
ment between the location of the past Farallon plate boundary and the
high-velocity anomaly beneath Venezuela, and (iv) the correlation be-
tween the topography of the D″ discontinuity reported by previous
forwardmodeling studies and the distribution of high- and low-velocity
anomalies in our models.

To explain the 3% high-velocity anomalies in our inversion results,
we note that a ~1.5% high-velocity anomaly can be explained by the
MgPv toMgPPv phase transition, and the remaining 1.5% by a 390 K
decrease in temperature using the temperature derivative for MgPPv
under lowermost mantle conditions (44). Because the temperature of
3800 K should be homogeneous at the CMB (16), a 390 K decrease in
temperature ~25 to 50 km, or less, above the CMB strongly suggests
the presence of cold material. On the other hand, as noted in Intro-
duction, it is difficult to explain a 1.5% velocity increase as the result of
Fig. 5. Possible geodynamical interpretations. Two high-velocity anomalies (“CA”
and “VZ”, see Fig. 4) just above the CMB, beneath Central America and Venezuela, re-
spectively, suggest the existence of two distinct paleoslabs that took different
subduction paths to the lowermost mantle. Strong low-velocity anomalies in the low-
ermost 100 km of the mantle suggest dense iron-rich material (for example, basaltic
composition). This dense low-velocity material at the CMB can also explain why paleo-
slab “CA” is perched above the strong low-velocity anomaly beneath Mexico. The low-
velocity material is upwelling from the iron-rich anomalies and between the two slabs.
The Farallon plate boundary at 180Ma (red curve) is consistent with the location of the
high-velocity anomaly beneath Venezuela, suggesting that the paleoslab “VZ” sub-
ducted at the western margin of Pangaea.
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differences in chemical composition alone (particularly because in-
creases in both Fe andAl contentwould decrease the shear velocity alone).

The presence of a low-velocity vertically continuous structure (red
arrow in Fig. 4B) that separates the two high-velocity anomalies “CA”
and “VZ” and connects to a low-velocity region that was found to
extend to the mid-mantle by a recent global waveform inversion study
(7) is consistent with the subduction of two distinct paleoslabs. This
continuous low-velocity structure from the CMB to the mid-mantle
suggests that the hot TBL material has been upsplashed by paleoslabs
reaching the CMB, as shown in geodynamical simulations (28), and
upwelled to the mid-mantle.

Finally, the positive correlation on small scales between the
distribution of high- and low-velocity anomalies in our models and
the lateral variations in the elevation of the D″ discontinuity reported
by previous regional reflectivity and forward modeling studies (see
Results) strongly suggest (assuming the MgPv to MgPPv phase
transition) that the high-velocity anomalies “CA” and “VZ” are regions
with lower-than-average temperatures and that the low-velocity corri-
dor that separates “CA” and “VZ” is a region with higher-than-average
temperatures. The resulting strong temperature gradients might be dif-
ficult to sustain without the presence of colder, and thus stiffer, slab
remnants.

Our results thus suggest the presence of a paleoslab at the CMB
beneath Venezuela, which is in good agreement with the past location
of the Farallon plate andmight thus be a remnant of subduction at the
western margin of Pangaea. Beneath Venezuela, this paleoslab is
covered by a low-velocity region ~200 to 400 km above the CMB,
but it gradually extends to the north along the Farallon plate boundary
as the altitude above the CMB increases (Figs. 2 and 3).

The high-velocity anomaly that we observe beneath Central America
has often been imaged by seismic studies and has been interpreted as
folding or spreading of the Farallon plate at the CMB (40, 41, 45).
However, as noted above, the location of this paleoslab at the CMB
is ~1000 km to the west of the past Farallon plate boundary, which
tends to argue in favor of two separate subduction paths in the lower
mantle rather than the spreading of the Farallon paleoslab at the CMB.

We present below three possible interpretations based on our
models CACAR and CACAR′. We note that the velocity model for
the structure above our target region should be further investigated to
verify these interpretations.

As discussed in Introduction, the initiation of the subduction of the
Farallon plate is estimated at 180 to 207 Ma (26) and was probably ac-
companied by strong igneous activity (29). The two distinct paleoslabs
we observe at the CMB might possibly suggest that the strong igneous
activity was related to tearing or breaking of a plate subducting beneath
western Pangaea, leaving two paleoslabs that sunk to theCMB, followed
by the subduction of the Farallon plate itself.

Alternatively, the intra-oceanic subduction of Pacific oceanic floor
beneath a volcanic arc within the Pacific located around the current lo-
cation of Central America, possibly the Stikinia-Quesnellia arc (32),
could also explain the presence of two distinct slabs at the CMB and
the ~1000-km discrepancy between the location of the Farallon plate
boundary and the location of the paleoslab we observe beneath Central
America.

We note that if the convection in the lower mantle is isolated
from the convection in the upper mantle (46), the high-velocity
anomalies “CA” and “VZ” (Fig. 4) that we observe at the CMB might
be colder-than-average material related to downflow in the isolated
lower mantle.
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Chemically distinct layer
The strong velocity contrast (5 to 6% peak-to-peak over less than 100 km
vertically and 300 km laterally) that we observe in the lowermost 100 km
of the mantle seems too strong and sharp to be explained by tem-
perature variations only; a 5 to 6% velocity anomaly would require
a 1300 to 1560 K temperature variation (44). Chemical heterogene-
ities with enriched iron content (that is, basaltic composition) have a
lower seismic velocity than pyrolite and can explain strong negative
anomalies (12). They are also denser than pyrolite and thus could
remain close to the CMB. Our model shows that strong low-velocity
anomalies are concentrated in the lowermost 100 km of the mantle.
Chemical anomalies at the CMB provide the most reasonable expla-
nation for the strong velocity gradient we observe within 100 km of
the CMB.

Furthermore, geodynamical simulations of a slab sinking to the
CMB show that in the case where a thin basaltic layer is present just
above the CMB, the center of the slab reaches the CMB, but its edges
are perched above a dense basaltic layer (28). This is consistent with our
results (Figs. 4A and 5) that suggest that the northwestern edge of the
paleoslab “CA” is perched above a strong low-velocity anomaly.

The dynamical stability of a paleoslab perched above a low-velocity
anomaly will depend on the density and viscosity contrast between the
possible chemically distinct material at the CMB and the rest of the
mantle. Some geodynamical studies suggest that this material beneath
subduction zones will always be entrained by mantle convection and
form large thermochemical piles imaged as large low–shear velocity
provinces by seismic tomography (47). Other studies suggest that a
denser (4.3% denser than harzburgite) primordial layer at the CMB
cannot be easily entrained by mantle convection (48). The fact that
in our model CA is partially perched above a possibly chemically dis-
tinct low-velocity anomaly seems to suggest that the density contrast
between the ambient mantle material and the chemical anomaly is rel-
atively strong and that that a chemical anomaly may thus not be easily
entrained by mantle convection.
CONCLUSION
Our model shows that low-velocity anomalies adjacent to and below
high-velocity anomalies interpreted as cold subducted paleoslabs seem
to be connected to low-velocity anomalies inferred by previous tomo-
graphic studies (7). The low-velocity anomalies beneath the Caribbean
in the lower mantle can be interpreted as originating at the low-velocity
anomalies just above the CMB found in our model. These low-velocity
anomalies have possibly been growing below the cold paleoslabs due to
increased heat transfer from the core, as suggested by some geo-
dynamical studies (28). They can be interpreted as chemical rather than
thermal anomalies because of dense primordial material or iron-rich
materials chemically concentrated from pyrolytic or basaltic materials
due to the heat from the core or self-generated heat in basalt. Once these
concentrations of dense materials are created immediately above the
CMB, they are pinned there until stirred or entrained by mantle con-
vection when they become the origin of upwelling flow in the lower
mantle. Considering these pinning effects, significant upwelling flows
in the lower mantle found beneath hotspots by previous studies (49)
might be related to past subduction history.

The significant upwellings beneath the Pacific and Africa are located
beneath past supercontinents Rodinia andGondwana, respectively (50).
Because significant downwelling flow is expected in the lowermost
mantle beneath the location of accumulated subduction zones such as
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the present East Asian zone and past supercontinental margins, self-
generated heat in subducted basaltic material is likely to be the origin
of the significant upwelling (51). Our seismic velocity model is
consistent with the possibility that subducted material accumulated at
the TBL produces concentrations of iron-rich material due to chemical
differentiation, which becomes the origin of upwelling flow from this
iron-rich material pinned at the CMB. Significant downwelling from
the Earth’s surface due to subduction could be responsible for
transporting large amounts ofmaterial enriched in radiogenic elements,
such as basalt, that produce iron-rich materials according to chemical
differentiation due to self-generated heat, which are then pinned at the
CMB, thus providing the origin of the hotspots. This suggests that the
modality of convection in the lower mantle is controlled by plate tec-
tonics on the Earth’s surface.

As the temperature at the CMB is isothermal because of the vigorous
convection of the outer core (52), knowledge of the temperature gradi-
ent just above the CMB is essential for understanding the thermal
evolution of the Earth. Because the heat flux is the product of the
temperature gradient and the thermal conductivity, intermittent paleo-
slab subduction could make the cooling rate at the surface of the outer
core both spatially and temporally heterogeneous. Because significant
downwelling flow and iron-rich material pinned at the CMB are
expected in the lowermost mantle beneath the location of accumulated
subduction zones such as the present East Asia and past supercontinen-
tal margins, long-lasting localized significant cooling of the core might
affect the geodynamo (including contributing to causing geomagnetic
reversals) in the outer core.

Our results can be explained by a whole-mantle convection model
where cold and dense paleoslabs sink to the base of the mantle and
trigger upwelling flow of hot and less densematerial. This whole-mantle
convection is also supported by recent imaging of broad plumes origi-
nating at LLVPs at the CMB and continuously connecting to current
hotspots at the Earth’s surface (49).We note that it is also possible that
our study region is not representative of the whole Earth and that a
layered-type convectionwith decoupling between the upper and lower
mantle (or above and below a depth of ~1000-km)might be appropriate
for other regions, as suggested by tomographic images of stagnating
slabs (22) and geodynamical simulations (53).
MATERIALS AND METHODS
Our data set consists of ~13,000 transverse component records of
ground velocity at epicentral distances 70° < D < 100° from 40 deep-
and intermediate-focus South American earthquakes (see table S1 for
details) in the period 2004–2015, recorded at broadband stations of
the transportable and backbone arrays of the USArray. We augmented
this data set by ~1500 records from a total of 80 South American earth-
quakes in the period 1993–2015 (also listed in table S1) recorded at
CNSN (Canadian National Seismograph Network), CANOE, IRIS/
USGS, SCSN, PNSN, and BDSN networks (Fig. 1). The records used
in the inversion were selected so that (i) the amplitude ratio between
the observed record and the corresponding synthetics was less than 3
and greater than 0.33 and (ii) the variance of the residual (that is, the
variance of the difference between the data and synthetics) was less than
300%. After selection, 7768 and 7654 records were used in the inver-
sions formodels CACAR and CACAR′, respectively. The large number
of records used in this study contributed to the stability of the inversion.

We filtered our data set between 8 and 200 s using a Butterworth
bandpass filter. We cut each trace 20 s before the arrival of the direct
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S phase and 60 s after the arrival of the ScS phase. S and ScS arrivals were
computed using the TauP Toolkit (54). ScS precursors (for example,
Scd) and postcursors (for example, Sbc), which are sensitive to sharp
velocity contrasts in the D″ layer (55), were included in the waveforms
in our data set. We weighted each cut residual trace (observed trace mi-
nus synthetic trace) so that itsmaximum amplitudes were all equal to
unity. We then applied a second weighting factor to the residuals to
partially correct for the uneven azimuthal- and epicentral-distance
distribution of the stations in our data set (fig. S1; see the Supplementary
Materials for details about the computation of the weighting factors).
Each record was also corrected for the effect of the 3D structure outside
the target region by a time shift that aligned the onset of the direct S
phase on the record with the onset of the direct S phase on the corre-
sponding synthetic (56). We discarded the records for which the time
shift was greater than 10 s. Although this did not correct for propagation
effects due to strong heterogeneity in the uppermantle, using both S and
ScS made our data set primarily sensitive to the lowermost mantle. To
verify this, we conducted four different tests shown in figs. S3 to S5 and
S12. Figure S3 shows that the partial derivative kernel for the structure
in the target region is nearly completely independent from that for the
structure in the shallow mantle. Figure S4 shows that (i) simultaneous
inversion for the shallow upper mantle and D″ S-velocity structures left
theD″ essentially unchanged compared to inversion forD″ only and (ii)
inversion for the shallow upper mantle S-velocity structure only yields
small amplitude S-velocity perturbations (~0.6%) and small variance
reduction (~1%) compared to the inversion for the D″ model only
(~5%). Figure S5 shows that a strong 10% velocity decrease in the depth
range of 24.4 to 220 km can be nearly completely corrected for using the
abovementioned time shifts. Finally, fig. S12 shows that three inverted
models using three different data sets selected by dividing the stations
into western, central, and eastern regions, where there are different
upper mantle structures (57), are in good general agreement in regions
where there is common raypath coverage.

We used the methods recently developed by our group for localized
3D waveform inversion (2–4). Waveform inversion uses all the
information in the waveforms, that is, not only travel times of identified
phases but also their shape and amplitude. Because waveform inversion
compares observedwaveforms to syntheticwaveforms directly, phases
do not have to be identified individually; that is, overlapping phases
can be used. This allows the use of ScS when it partially overlaps with
S at D > 85°. The improvements in resolving power provided by the
additional use of shape and amplitude information, and overlapping
phases are discussed below.

We computed partial derivatives with respect to a spherically sym-
metric (1D) initialmodel using the Born approximation, which gave the
first-order perturbation to the wave equation. The 1D synthetics were
computed using the direct solutionmethod (DSM) (58). Using the Born
approximation with respect to a 1D initial model significantly reduces
the computation time, thus allowing the use of a large data set of rela-
tively short period waveforms (down to 8 s).

Every inversion method used some smoothing or regularization
techniques. In our case, we truncated the conjugate gradient (CG) ex-
pansion for both CACAR and CACAR′ at six CG vectors based on the
criterion ofminimizingAkaike’s information criterion (AIC) as defined
in our recent studies (2, 3).

At present, we fixed the earthquake source parameters to theGCMT
(Global Centroid Moment Tensor) catalog. Redetermination of the
source parameters and a study of how this affects the 3D models ob-
tained by the inversion is a topic for future work.
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Resolution and robustness
The improvement in the fit of the synthetics for the 3D models to the
data is shown in table S2. For the initial model PREM, the fit of the
initial synthetics to the data (144.4%) was reduced to 79.7% after
time-shifting the data to correct for 3D structures above the target
region in D″. Inversion of the corrected data yielded synthetics for
the final 3D model CACAR with a fit of 74.5%, improving by 5.2%
the fit of the initial synthetics for PREM. Similar fit improvements
were realized for CACAR′ (see table S2). We note that the relatively
small variance reduction is, in part, due to the fact that it is mainly
the fit of the part of the waveforms around the smaller amplitude ScS
phase (rather than the larger amplitude S phase) that is improved by
the inversion.

The similarity between CACAR and CACAR′ suggested that our
method and data set yielded robust results. In addition, we con-
ducted various tests (presented in the Supplementary Materials for
the partial derivatives computed with respect to PREM) to evaluate
and confirm the robustness and resolution of our models. We con-
ducted two checkerboard tests showing that we could resolve an input
checkerboard pattern of horizontal scale of 300 × 300 km and that the
addition of artificial Gaussian noise to the input synthetics did not affect
our ability to recover the input checkerboard pattern (figs. S6 and S7).

Because the Born approximation was only strictly accurate for in-
finitesimal perturbations, we tested our ability to recover synthetic
input models with spherically symmetric perturbations (hereafter
referred to as block tests) of ± 1% and 2% in 100- and 200-km-thick
layers (~1.7 and 3.4 times the wavelength for 8-s waveforms); the
input models were reasonably well recovered (fig. S8). The block
tests also showed that (i) we could resolve a 2% low-velocity anomaly
0 to 100 km above the CMB topped by a 2% high-velocity anomaly
100 to 200 km above the CMB (fig. S8C), which suggested that the
strong vertical velocity contrast beneath Mexico in CACAR and
CACAR′ was not an artifact; (ii) the fact that the strongest high-
velocity anomalies in our inferred model were located 0 to 100 km
above the CMB was probably real and not an artifact of increase in
sensitivity of the partial derivatives just above the CMB (fig. S8, A
and B); (iii) CACAR might not accurately constrain the absolute am-
plitude of the perturbation, which might be overestimated (fig. S8, A
and B). However, we note that, in fig. S8C, the recovered amplitude
matched that of the input model. For this case, the radially averaged
perturbation in the lowermost 400 kmof themantle of the inputmod-
el, and thus the S-ScS differential travel time (for 70° < D < ~85°), was
nearly the same as for the initial model (PREM). This is illustrated in
fig. S9, in which we showed a profile of stacked waveforms for the
input model of fig. S9C. Figure S9 shows that the recovered model
in fig. S8C fits the difference in amplitude between the input and ini-
tial model (PREM). Because the S-ScS differential travel time was
nearly zero, travel-time tomography could not resolve this input
model. In addition, fig. S9 shows that the inversion is highly sensitive
to data around an epicentral distance of 85°, which cannot be used by
travel-time tomography because S and ScS merge at those epicentral
distances.

The fact that CACAR′, which was obtained from a different initial
model with ~1% higher average velocity in the lowermost 400 km of
themantle, had perturbationswith amplitudes comparable toCACAR
suggested that the amplitude of perturbations we inferred was rela-
tively robust.

As an additional test of the validity of the Born approximation for
inversion of S-velocity in D″, we show a “nonlinear checkerboard test”
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in fig. S10. The input model is shown in fig. S10A. Synthetic seismo-
grams for this model were computed using full 3D wave calculation
(SPECFEM3D GLOBE) (59–61). Because of heavy computational re-
quirements with increasing maximum frequency, we computed syn-
thetics down to ~17 s and filtered them with a bandpass filter
between 23 and 200 s (as compared to the 8- to 200-s synthetics we used
in the inversion of the actual data). We also did not include anelasticity
because the synthetics computed using SPECFEM3D GLOBE differed
slightly from those computed using theDSM,whereas for the elastic case,
which we used for this test, the synthetics for DSM and SPECFEM3D
GLOBE for PREM were in nearly perfect agreement. Because we ex-
pected longer wavelengths to have less resolving power than shorter
wavelengths, we increased the dimension of heterogeneities in the
checkerboard pattern to 100 km in the vertical direction (we kept the
same lateral dimension of 5° × 5° as in the inversion of actual data).
The result (fig. S10B) shows that the inversion using the Born approxima-
tion underestimated the absolute amplitude of the perturbations by
about 30% (~2% for the inversion result, compared to the 3% perturba-
tion of the input pattern) but that the pattern of high- and low-velocity
anomalies was reasonably well recovered.

To test the robustness of CACAR, we also conducted a jackknife test
(fig. S11); we conducted three inversions, each of which used 50% of the
data randomly picked from our total data set. The result shows that the
high-velocity anomalies beneath Central America and Venezuela
might be connected in the north of our target region beneath the
Caribbean islands (our model was less well constrained in this region
due to the smaller number of raypaths) but that a low-velocity corridor
along the west coast of South America and extending to the Caribbean
Sea was a robust feature of our model; thus, the two high-velocity
anomalies we imaged at the CMB beneath Central America and
Venezuela were most likely separated. The jackknife test also shows
that the strong low-velocity anomaly beneathMexico is a robust feature
of CACAR.

To visually confirm that the final models CACAR and CACAR′
did improve the fit of the synthetics to the data, we show record
sections of traces (data and synthetics for initial and final models)
for two events (#35 and #49 in table S1) in fig. S13. Figure S13 shows
that the synthetics for the final models CACAR and CACAR′ are clo-
ser to the data than those for PREM or PREM′. In particular, we note
that the double-peaked S wave at D > ~95° in the observed traces, as
well as an ScS precursor, which both indicate triplication of the Swave
due to a strong discontinuity in the D″ layer, were better reproduced
by the synthetics for the finalmodelsCACARandCACAR′ than those
for the initial models. This visual check was strictly an ancillary mea-
sure for quality control.

Although the raypaths in our data set were almost all aligned in the
north-south direction, the checkerboard tests (figs. S6, S7, and S10)
seemed to show nearly no smearing along the event-receiver path
(north-south direction). As an additional check of the absence of smear-
ing, we conducted two point-spread function tests (fig. S14). The results
confirmed the absence of smearing in the north-south direction. This
suggested that the fact that the high-velocity anomalies “CA” and “VZ”
(see Fig. 4) inmodels CACAR and CACAR′were elongated in the direc-
tion of the event-receiver path was probably a feature of the actual struc-
ture in D″ beneath Central America and not an artifact due to smearing.

We suggested a qualitative explanation for the absence of smearing
in the north-south direction in fig. S15.We show that the large range of
epicentral distances and events latitudes in our data set created a cross-
ing raypath geometry for ScS in a vertical cross section. This crossing
8 of 10



SC I ENCE ADVANCES | R E S EARCH ART I C L E
raypath geometry of ScS in the lowermost mantle was probably the rea-
son why we could resolve individual voxels in the lowermost mantle
using S and ScS waveforms.
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