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Abstract we analyzed new recordings of SPdKS seismic waveforms from a global set of broadband
seismograms and horizontal tiltmeters from the Hi-net array in Japan from 26 earthquakes in the Central
American region. The anomalous waveforms are consistent with the presence of at least three
ultralow-velocity zones (ULVZs), on the core-mantle boundary beneath northern Mexico and the
southeastern United States. These ULVZs ring an area of high seismic wave speeds observed in tomographic
models that has long been associated with past subduction. Waveform modeling using the PSVaxi method
suggests that the ULVZs have S and P wave velocity decreases of 40% and 10%, respectively. These
velocity decreases are likely best explained by a partially molten origin where the melt is generated through
melting of mid-ocean ridge basalt atop the subducted slab.

Plain Language Summary We use a set of seismic observations recorded globally to investigate
the lower mantle beneath Central America. The deepest mantle in this region has been associated with the
final resting place of subducted slab material from subduction that initiated approximately 200 million
years ago. This ancient subducted material is associated with high seismic wave speeds in the lowermost
mantle just above the core-mantle boundary. We find that patches of highly reduced seismic wave speeds,
referred to as ultralow-velocity zones (ULVZs), appear to be associated with the border of the high wave
speed region, along the border of the subducted slab material. These ULVZ patches are consistent with being
regions of partial melt. A possible scenario for their creation is that mid-ocean ridge basalt (MORB),
comprising the crust of the subducted slab material, has a low melting point at conditions in the deep earth
and may be melting as the slabs reach the bottom of the mantle. Previous experimental work has suggested
that MORB will likely partially melt in the deep mantle, yet little evidence for the existence of MORB
partial melt has previously been found.

1. Introduction

Enigmatic zones of ultra reduced wave speeds sitting directly on top of the core-mantle boundary (CMB),
referred to as ultralow-velocity zones (ULVZs), were first discovered in the early 1990s (Garnero et al.,
1993). A variety of mechanisms have been proposed to explain ULVZ origins (Li et al., 2017), but the most
commonly invoked hypothesis remains a partial melt origin (Berryman, 2000; Williams & Garnero, 1996).
Several studies have shown that data are consistent with the expected 3:1 ratio between S wave and P wave
velocity reductions (8Vs/8V3) for a partially molten ULVZ (Helmberger et al., 2000; Reasoner &
Revenaugh, 2000; Thorne et al., 2013). However, trade-offs exist between ULVZ elastic parameters and
morphology (Garnero & Helmberger, 1998) and the waveforms can commonly be fit by models with a
1:1 or 2:1 8V5/8Vp ratio, consistent with a compositional origin (Brown et al., 2015).

Not everything reported as ULVZs may be a manifestation of the same thing. Wave speed reductions as large
as 45% for S waves (Thorne et al., 2013) and 23% for P waves (Brown et al., 2015) have been reported. In con-
trast, wave speed reductions as low as 3% for S waves (Avants et al., 2006) and 2% for P waves (Hutko et al.,
2009) have been indicated. ULVZ elastic parameters described span this entire range (Bower et al., 2011; Yu
& Garnero, 2018). This wide variety of properties could be a result of trade-offs in the model space but may
indicate that ULVZs are heterogeneous in their properties, undergo time-varying changes in properties, or
that we are lumping all features with low seismic velocities into the same class of object.

Insight into ULVZ origins may be gained by constraining their location on the CMB. An initial effort linked
ULVZs to hot spot volcanism (Williams et al., 1998). Several ULVZs have been detected beneath hot spots
such as Hawaii (Cottaar & Romanowicz, 2012), Comores (Wen, 2000), Samoa (Thorne et al., 2013), and
Iceland (Helmberger et al., 1998; Yuan & Romanowicz, 2017). Recent tomographic efforts have also linked
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whole mantle plumes rooted in ULVZs to hot spots (French & Romanowicz, 2015). Geodynamic efforts have
suggested that dense compositionally distinct ULVZs should cluster near the edges of large low shear velo-
city provinces (LLSVPs; Li et al., 2017; McNamara et al., 2010). This prediction has been preliminarily cor-
roborated (Yu & Garnero, 2018). The edges of LLSVPs may in turn be linked to the formation of whole
mantle plumes (Boschi et al., 2007; Thorne et al., 2004; Torsvik et al., 2006), and thus, hot spot volcanism
may also be linked to compositional ULVZs. Yet, only a small percentage of the CMB has been searched
for ULVZs and a clearer picture may emerge as more of the CMB has been mapped.

There is a large amount of uncertainty in temperature at the CMB (Anzellini et al., 2013; Zhang et al.,
2016), but, of the possible lower mantle constituents, subducted mid-ocean ridge basalt (MORB), is pre-
dicted to have the lowest melting temperature (Andrault et al., 2014; Pradhan et al., 2015). As the D”
region may be the final resting place of subducted slabs (Fukao et al., 2001; Grand et al., 1997), partial
melting of MORB has been suggested as a source of partially molten ULVZs. Yet, only a couple of
ULVZs have been detected at locations where we infer recent subduction (Havens & Revenaugh, 2001;
Niu & Wen, 2001).

Here we present evidence for partially molten ULVZs at the edges of a subducted slab beneath Central
America. The locations of these ULVZs tend to ring the region dominated by high seismic wave speeds in
tomographic models (e.g., Houser et al., 2008; Ritsema et al., 2011; Takeuchi, 2007). This region has routi-
nely been identified as the remnants of subduction beginning roughly 200 Ma to the west of North and
Central America (Grand, 2002; Sigloch & Mihalynuk, 2013).

2. Seismic Data and Data Processing

We focus on waveforms in the time window around the SPdKS seismic phase (Figure 1a). This phase is
composed of Py arcs along the CMB starting where either the downgoing S wave hits the CMB at the
critical distance to initiate source-side P wave diffraction (SPdKS), or an upgoing SKS wave in the outer
core hits the CMB at the critical distance to initiate receiver-side P wave diffraction (SKPdS). What is
referred to as SPdKS is a combination of pure SPdKS (dark blue ray in Figure la), pure SKPdS (dark
orange ray in Figure 1a), and combinations of these two end member scenarios (other colored rays in
Figure 1a).

We searched for earthquakes in Central America (latitudes of 5°N to 20°N and longitudes 75°W to 105°W)
with magnitudes >5.7 and depths >75 km occurring between 1990 and 2015. We collected recordings from a
global search for three-component broadband stations, and horizontal tiltmeter recordings in Japan (Table
S1 in the supporting information).

We collected data for broadband stations within the epicentral distance range from 90° to 125°. Broadband
recordings are collected from the Incorporated Research Institutions for Seismology (IRIS), the
Observatories and Research Facilities for European Seismology, and the Full Range Seismograph
Network of Japan (F-net). Data processing steps included (1) removing the mean and trends, (2) removing
the instrument response, (3) band-pass filtering between 0.01 and 1 Hz, and (4) rotating to radial component.
We inspected each trace and retained seismograms that showed clear SKS energy, using the identification of
SKKS, SPdKS, sSKS, and SV as indicators of proper phase identification and polarity.

Data for each event was inspected at the F-net stations in order to determine which events showed the clean-
est SKS energy recorded in Japan. We collected additional recordings of horizontal tiltmeter sensors for five
high-quality events (Table S1) from the High Sensitivity Seismograph Network Japan (Hi-net) operated by
the National Research Institute for Earth Science and Disaster Resilience (NIED), Japan. The NIED operates
tiltmeters at over 700 sites (Figure 2a). Tiltmeter recordings have been used as seismic recordings in previous
studies (Takeuchi & Obara, 2010; Tonegawa et al., 2006). Tiltmeter recordings are provided as tilt angle mea-
sured in radians and can be converted to horizontal accelerations by multiplying by —g, where g is gravita-
tional acceleration. The high degree of similarity between broadband seismograph recordings and
tiltmeter recordings is shown in Figure 2b. Tiltmeter recordings were also inspected for quality similar to
broadband recordings. We retained high-quality recordings from 3,588 broadbands and 2,405 tiltmeters
for a total of 5,993 recordings.
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3. Anomalous Seismic Waveforms

We inspected SPdKS waveforms for events occurring in the Central
American region recorded globally (Figure 1b). Multiple events show an
apparent SPdKS arrival emerging at an epicentral distance of approxi-
mately 112° with a larger amplitude than the SKS arrival, which does
not occur for a PREM background velocity. Previous studies have linked
this waveform complexity to ULVZ presence (Ni & Helmberger, 2001;
Thorne et al., 2013; Wen & Helmberger, 1998). Further waveform com-
plexity exists at distances from approximately 108° to 112°, in which up

to three arrivals are apparent. We classify all seismic arrivals in the dis-

Station Azimuth (deg) tance range 108° > A > 114° as anomalous if they either (1) show an

apparent SPdKS arrival with larger amplitude than SKS or (2) show multi-

(b) 0° 60° 120° 180° 240° 300° 360° ple arrivals in the 108° to 112° distance range. Anomalous waveforms are

classified using an automatic peak finding algorithm. Peaks are consid-
ered if they are greater than 80% the amplitude of the largest arrival in
the SKS time window. Anomalous waveforms are manually verified using
the 37/2 phase-shifted SKKS arrival overlain on the anomalous trace to
ensure that the waveform complexity only occurs in the vicinity of the
SKS arrival (inset in Figure 3).

Locations of anomalous waveforms are shown in Figure 1b (red Pg;¢r seg-
ments) and in Figure 3, where in Figure 3 only the point where CMB P dif-
fraction initiates is plotted. Distance profiles for all events and anomalous
waveforms are provided in the supporting information. Anomalous wave-
forms cluster into five groups around the boundary of the highest S wave
speeds. We have labeled two areas as potential ULVZs. Waveforms in

these regions display ULVZ signatures. But, for these anomalies, the Pd

Figure 1. (a) Raypaths are drawn for SKS (black) and range from pure portion of SPdKS and SKPdS are tightly clustered on both source and

SPdKS (blue) to pure SKPdS (orange). Raypaths are drawn for a 500-km
event depth at an epicentral distance of 120°. (b) Earthquake locations are

receiver sides of the raypath. Furthermore, the receiver-side Pd segments

drawn with red stars and receivers are drawn as triangles. The Pd segment ~ OCCUTI at the western edge of Africa and the western Pacific region where
on the CMB of SPdKS are drawn with blue (normal) or red (anomalous) previous evidence has been shown for ULVZs (Idehara et al., 2007;

lines.

Jensen et al., 2013; Rost et al., 2010). The area to the west of Africa has

not been explored (Yu & Garnero, 2018) but is within the African
LLSVP and may contain ULVZs. Hence, both locations are labeled as potential ULVZs as ULVZ structure
is equally likely to occur on the receiver side.

Three clusters of anomalous waveforms exist on the northern boundary of the fast wave speed region. The
clusters are centered at (1) northern Mexico (~27°N, 101°W), (2) south of Louisiana (~29°N, 92.5°W), and
(3) west of Florida (~25°N, 84°W). These ULVZs likely exist on the source side (SPdKS) of the raypath for
the following reasons. First, the northern Mexico ULVZ partially overlaps ULVZ structure identified using
PcP reflections (Havens & Revenaugh, 2001; region outlined in Figure 3) and noise correlations of ScS (Spica
et al., 2017; Figure S1). Second, anomalous waveforms showing a high degree of similarity in waveform
shape are recorded at widely separated receivers but have closely located Pd paths on the source side.
Third, for the Florida ULVZ, there exists crossing coverage of source-side Pd arcs with anomalous wave-
forms. In addition, receiver-side Pd arcs from South Sandwich Island events that cross the Florida ULVZ also
display similarly anomalous waveforms (Figures S25-S27).

4. Waveform Modeling

We use the axisymmetric finite difference code PSVaxi (Jahnke, 2009) to model seismic waveforms. The
PSVaxi technique has been used in multiple studies of deep mantle heterogeneity (e.g., Jensen et al., 2013;
Thorne et al., 2013). Computations are carried out on a 2-D grid and rotated virtually in 3-D about the axis
passing through the center of the Earth and the earthquake source, thus retaining correct 3-D geometrical
spreading, albeit for a 2-D model.
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(a) Station locations in Japan (b) Broadband/Tiltmeter comparisons
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Figure 2. (a) The locations of F-net broadband sensors are drawn with red triangles and the Hi-net tiltmeter stations are
drawn with gray circles. (b) Comparison of F-net broadband recordings (blue traces) with Hi-net tiltmeter recordings

(black traces). Shown are radial component displacement traces aligned and normalized to unity on the SKS arrival. All
records are band-pass filtered with corners between 0.02 and 0.2 Hz. Records are shown for the 25 February 2011 event.

Anomalous SPdKS waveforms similar to those observed in this study have previously been interpreted and
modeled with ULVZ structures on the CMB (Ni & Helmberger, 2001; Thorne et al., 2013; Wen &
Helmberger, 1998). Using the PSVaxi technique, we compute synthetic seismograms where we alter the
ULVZ elastic parameters: (1) S wave velocity reduction (8V5), (2) P wave velocity reduction (§Vp), and (3)
density (o). We also alter the ULVZs dimensions and location by modifying (4) the ULVZ thickness (h),
the length of the ULVZ along the great circle path (length), and the angular distance from the source where
the boundary, or edge, of the ULVZ is first encountered (I;). We computed synthetic seismograms for over
1,500 unique models. Synthetics were not computed in a strict parameter grid space, but parameters in
the following range were explored: 8Vs: —55% to —10%; 8Vp: —50% to —5%; h: 5 to 45 km, length: 1° to
26°, 1;: 2° to 25°. All synthetics were computed for a 100-km source depth and a dominant period of 6 s with
a density of +10% relative to the PREM model (Dziewonski & Anderson, 1981).

For each event we constructed distance profiles to compare with synthetic seismograms. Distance profiles
are created by aligning seismic traces on the PREM-predicted SKS arrival. Data are stacked in 1° epicentral
distance bins. Seismic traces analyzed in this study were recorded for event depths ranging from 80 to 211
km. To reduce the numbers of synthetic seismograms we needed to compute, we shifted the epicentral dis-
tance of each recording to a source depth of 100 km using the following formula:

As = (0.002°/km) (EV geptn—CSaeptn) + A (1)

where A is the original event-receiver distance, Ag is the shifted distance, EVgep is the event depth, and
CS4epth is common source depth to shift the seismograms by.

We compare events to synthetic models by calculating the root-mean-square (RMS) misfit between data
stack, Sqata, and nearest distance synthetic, syryz. The calculation is done in a 25-s window starting 5 s before
the SKS arrival, where both data stack and synthetic are normalized to the maximum amplitude within the
time window. We obtain a single measure for goodness of fit of the model by averaging each RMS misfit cal-
culation for each of the N data stacks in the event:
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Figure 3. Waveforms are characterized as anomalous with Pd-inception point on the CMB mapped as a red circle or as
normal with inception point mapped as a black cross. The inset shows example anomalous (upper) and normal (lower)
SKS waveforms in black, with the equivalent 37t/2 phase shifted SKKS arrival overlain in red for comparison. Anomalous
traces show multiple arrivals, as indicated with the blue dots. The background S wave velocity model is GyPSuM
(Simmons et al., 2010). ULVZs detected in this study are outlined with red dashed lines. Red boxes show ULVZ detection
from the study of Havens and Revenaugh (2001). The neighboring yellow and green boxes shows regions from the same
study that respectively indicate a possibly large ULVZ and no ULVZ. ULVZ = ultralow-velocity zone.
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Events recorded at the Hi-net array provide unique distance profiles for which we can compare synthetic
seismograms. In particular, four events provide overlapping coverage of the northern Mexico ULVZ
(Figure S44). Figures 4a and 4c show two of the most distinctive events. These waveforms are characterized
by the emergence of three distinct arrivals at approximately 112°, which are persistent out to distances of
118°. The second arrival emerges with an amplitude that is larger than the first arrival. At a distance of about
115° the first arrival becomes the largest amplitude arrival.

Model misfit is shown for the four events that sample the northern Mexico ULVZ in Figures 4e-4h. In this
plot model misfit is arranged as a function of §Vg and 8Vp. Because a single combination of 8V and 8Vp may
be represented by multiple models (e.g., different thicknesses or lengths), we only show the result for the
model with the lowest misfit. Symbol size and color represent the degree of misfit, where larger circles repre-
sent models that fit these data best. A range of possible velocity contrasts appears acceptable in these plots,
but models with Vs near —40% and 8Vp near —10% fit the waveforms for all four events. Only a handful of
models computed reproduce the unique waveform characteristics shown in Figures 4a and 4c. Model misfits
are also low for §Vs near —15% and 8Vp near —10%. But synthetics for these models do not have the multiple
arrivals we observe in these data (Figure S52). We note that for the other events shown here (Figures 4g and
4h), the waveforms are not as distinctive and can be fit equally well by a larger number models but that these
events are also well explained by models with 8V and 8Vp near —40% and —10%, respectively. These models
all cluster around 8V = —40%, 8Vp = —10%, thickness = 30 km, length along CMB = 4.0° (~250 km), and
distance from source = 12°. Synthetics are shown overlain on data stacks in Figures 4b and 4d. Variation
in 8V and 8Vp of +5% also provides acceptable data misfit. Variations of either 6V or 8Vp by as much as
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Figure 4. . (a and c) Radial component; displacement seismograms are shown in gray for data recorded by the Hi-net array
in Japan for events occurring on 28 November 2001 (14:32) and 16 January 2002 (23:09). Blue traces show data stacks in 1°
epicentral distance bins. PREM predicted SPdKS arrival times are shown with respect to SKS in red. (b and d) Data
stacks (blue) are overlain on synthetic predictions (black) for a ULVZ model with the following parameters: Vg = —40%,
8Vp = —10%, 8p = +10%, thickness = 30 km, length in great circle arc direction = 4°, and the ULVZ edge located at 12°
from the source. (e-h) Model misfit as a function of S and P wave velocity reduction for four events sampling the
northern Mexico ULVZ. Root-mean-square misfit is normalized between 0 and 1 for each event. Circle size is scaled such
that the lowest misfits have the largest circle sizes. ULVZ = ultralow-velocity zone.

10% with respect to the —40% and —10% optimum values significantly changes the timing between arrivals.
No models are found with thickness less than 20 km that fit the character of these data.

The complex seismic waveforms recorded in this region are related to the interference of secondary phases
with the SPAKS arrival. Most notable are arrivals generated when the down going S wave interacts with the
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ULVZ. When the S wave reaches the edges of a ULVZ P wave energy is created, which travels at Pd moveout
(Movie S1). A negative polarity arrival is generated at the leading edge of the ULVZ and a positive polarity
arrival is generated at the far edge of the ULVZ. Both arrivals have travel time moveouts similar to SPdKS.
These arrivals can lead to destructive and constructive interference with SPdKS.

5. Discussion and Conclusions

The ULVZ models providing the best fit to data analyzed in this study cluster around 8Vs = —40% and
8Vp = —10%. However, several factors may affect our results that were not included in our modeling.
(1) This region contains a D” discontinuity (Thomas et al., 2004; Whittaker et al., 2016). Embedding
ULVZs within a D” layer may introduce additional waveform subtleties. However, this primarily intro-
duces small-amplitude variations (see Figure S50). (2) The presence of slabs and slab debris can introduce
additional waveform artifacts (Sun et al., 2016; Zhan et al., 2014). We have possible complications from
slabs on the source and receiver sides. However, similarly shaped anomalous waveforms are observed
for paths leaving the Central American slab at a wide variety of azimuths and are also recorded at stations
far from the slabs subducting beneath Japan (Figures S2-S43). Hence, it appears unlikely that the anom-
alous waveforms we observe result from slab structure. (3) We only consider box-car-shaped ULVZs in
2-D. Variations in 2-D ULVZ shape alter waveform characteristics (Vanacore et al., 2016), and it is
expected that 3-D ULVZ shapes will as well. Computing high-frequency synthetic seismograms for 3-D
models is currently possible, albeit at high computational cost (Leng et al., 2016), and will be important
in future efforts.

One previous study concluded that a ULVZ likely exists beneath Mexico using postcursors to PcP arrivals
(Havens & Revenaugh, 2001). This study inferred a ULVZ with dimensions at least 300 km X 500 km on
the CMB. Their preferred model has P and S wave velocity reductions from 7-8% and 14-16%, respectively,
with a 14-16% increase in density and a thickness from 15 to 20 km. This study also identified a zone on the
eastern side of this ULVZ that the authors were hesitant to interpret. Havens and Revenaugh (2001) sug-
gested this zone could be one of the most anomalous ULVZ regions on Earth with a thickness of up to 40
km and S wave velocity reductions as large as 45%; findings similar to our study.

Compositional anomalies are consistent with observed P and S wave velocities associated with ULVZs
(Brown et al., 2015; Sun et al., 2013; Wicks et al., 2017). In particular, mixtures of iron enriched (Mg,Fe)O
and (Mg,Fe)SiO; may be able to produce the velocities we observe in this study. Although a compositional
ULVZ is not out of the question, these studies suggest a P wave velocity decrease in excess of the 10-15%
decrease observed here would be required. Thus, we suggest that these ULVZs contain some amount of par-
tial melt. Several scenarios exist that may explain the occurrence of partial melt here. A thin layer of partial
melt or discrete pockets of partial melt may have already existed at the CMB prior to the slabs arrival to the
CMB (Labrosse et al., 2007). As the downgoing slab reaches the CMB it may push the partially molten mate-
rial to the side creating the pockets of ULVZs. Geodynamic simulations (Tan et al., 2002) suggest that under
the right conditions, downgoing slabs can induce upwelling material near the slab boundary and possibly
produce melt through decompression melting. Another possibility is that the slab, once sitting atop the
CMB, acts as a thermal blanket trapping heat. Over time the temperature beneath the slab increases to
the point where melting starts to occur. A final scenario is that MORB in the slab starts to melt. MORB is
expected to have the lowest melting temperature of lower mantle constituents and hydrated MORB could
melt at even lower temperatures (Andrault et al., 2014).

If MORB is melting, then reactions with Fe-bearing minerals in the surrounding mantle are expected to
suck in Fe, potentially making a dense melt sitting atop the CMB (Pradhan et al., 2015). This melt could
get swept away toward LLSVPs (Li et al., 2017). Partially molten ULVZs could get refreshed as MORB
continues to melt during the slab’s descent. It is unclear whether these ULVZs would remain partially
molten or evolve into compositional anomalies (Andrault et al., 2014). The partial melt could be enriched
in FeO (Pradhan et al., 2015), commensurate with inferences of highly Fe-enriched FeO compositional
ULVZs (Brown et al., 2015). If ULVZs are generated by melting of MORB, then additional partially mol-
ten ULVZs should also be detected in the vicinity of downwelling's. Future efforts should continue to
search for ULVZs near the borders of high wave speed regions in tomographic models as the origin of
ULVZs could lie there.
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