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low Marquesas and Caroline hotspots (Kim et al., 2020;
Thorne et al., 2021), but these have not been mapped to
the same detail.
The nature and origin of ULVZs are uncertain. Their

velocity reductions are so extreme that their compo-
sition must be anomalous, and enrichment of magne-
siowüstites is a prime candidate (Wicks et al., 2017; Do-
brosavljevic et al., 2019). The presence of partial melt
is also proposed, but is unlikely to form stable ULVZs
as the melt is dense due to enriched in Fe and drains
to the core-mantle boundary (Hernlund and Jellinek,
2010; Dannberg et al., 2021). Solid-state ULVZs could
be remnants of an early molten mantle, becoming en-
riched in magnesiowüstite due to fractional crystalliza-
tion, and therefore have a primordial origin (Labrosse
et al., 2007). The potential of Fe-enrichment by the core
has also been proposed, through mechanisms of dif-
fusion (Hayden and Watson, 2007; Lesher et al., 2020)
or mechanisms driven by morphological instabilities
(Kanda and Stevenson, 2006; Otsuka and Karato, 2012;
Lim et al., 2021). If ULVZs are dense in composition,
questions remain as to whether they are passive mark-
ers of surrounding convection (Li et al., 2017, 2022), play
an active role by rooting mantle plumes (Jellinek and
Manga, 2004), and if their material can be entrained in
plumes (Jones et al., 2019).
Here we present evidence for the presence of amega-

ULVZ on the core-mantle boundary to the west of the
Galápagos hotspot using shear diffracted waves. Shear
diffracted energy incident upon a mega-ULVZ, causes
guided waves within. This energy is refracted due to
the velocity contrast at the entry to and exit from the
ULVZ. At a seismic station, the refracted energy arrives
off-angle and delayed by 10s of seconds. We refer to this
as the ‘Sdiff postcursor’. The frequency content of the
postcursors is sensitive to the height of the ULVZ. Their
delay times are sensitive to the size, shape, and veloc-
ity reduction of the ULVZ.We focus on four earthquakes
with Sdiff postcursors sampling the core-mantle bound-
ary near the Galápagos Islands. Our preferred ULVZ
model is found by synthetic waveform modeling for 3D
ULVZ models, and by imaging the directionality of the
postcursor energy.

2 Data and Methods

2.1 Data Catalogue
Recognizing consistent arrivals of Sdiff postcursors
caused by a mega-ULVZ requires dense data coverage.
The Transportable Array (TA) is a large-scale deploy-
ment of 400 seismic stations that has gradually moved
fromwest to east across the conterminousUnited States
between 2004 and 2015 with a rough station spacing of
70 km. The presence of the TA here played a major role
in the discovery and mapping of the Hawaiian, Samoan
and Icelandic mega-ULVZs (Cottaar and Romanowicz,
2012; Thorne et al., 2013; Yuan and Romanowicz, 2017).
Over several years since 2014, the TA was transferred to
Alaska, monitoring the most seismically active state of
the USwith unprecedented coverage, while also provid-
ing new geometries to study the core-mantle boundary.

Observations of Sdiff waves from Chilean earthquakes
to the Alaska TA provided us with the first evidence of
the presence of Sdiff postcursors caused by a ULVZ be-
neath the eastern Pacific. Subsequently, we built a cat-
alogue of postcursor observations.
We visually assess earthquake data for the presence

of Sdiff postcursors caused by a ULVZ near the Galápa-
gos Islands from a globally compiled data set of Sdiff
phases for all earthquakes over a magnitude of 5.7 and
for all depth ranges. Data are filtered between 10 and
30 s. To assess, Sdiff phases are aligned on their pre-
dicted arrival time and organized as a function of az-
imuth. Apostcursor is recognized by strong later arrival
that has a move-out in time as a function of azimuth
with respect to the main Sdiff arrival. They can only
be observed if there is sufficient data coverage, a good
signal-to-noise ratio ( judged by eye), and no strong in-
terfering depth phases. A catalogue of promising obser-
vations of postcursors caused by the Galápagos ULVZ is
given in Table S1. We focus on four high quality events
that sample the Galápagos ULVZ from a variety of an-
gles. For these events, we quality check the data by
eye, and remove traces with low signal-to-noise ratio.
Several further examples of postcursor observations are
presented in the supplementary materials.

2.2 Forwardmodeling

We compute full waveform synthetics for 3D ULVZ
models using the ‘sandwiched’ version of the Coupled
Spectral Element Method (sandwiched-CSEM, Capdev-
ille et al., 2002, 2003), similar to Cottaar and Romanow-
icz (2012) and Yuan and Romanowicz (2017). The ‘sand-
wiched’-CSEM computes the spectral element solution
for a full 3Dmodel in the lowermost 370 km of theman-
tle, and couples this to a normal mode summation for
a 1D model in the rest of the mantle and the core. This
method allows for relative computational efficiency to
compute synthetics down to periods of 10 seconds for
a finely meshed model in the lowermost mantle, at the
cost of not having a fully 3D model in the rest of the
planet. The internal SEM mesh is defined to have a
boundary at the top of the ULVZ.
To reduce theparameter space to search,we assumea

cylindrical anomaly for which we determine the radius,
height, shear wave velocity reduction, and location in
latitude and longitude. Computing full-waveform syn-
thetics is too computationally expensive to allow for a
full grid search of all five parameters. Instead, we eval-
uate the delays, move-outs and amplitudes of resulting
postcursors by eye, and adjust the model to approach a
better fit.
In the background, we use the radially anisotropic

shear velocities of SEMUCB-WM1 (French and Ro-
manowicz, 2014), and a scaled P-wave model. Both
models are tapered to the background 1D model in the
top 70 km of the SEM mesh. Inside the ULVZ, the
isotropic shear wave velocities are reduced. The Vp re-
duction is scaled by a factor of 1, but this choice has neg-
ligible effect on the Sdiff waveforms. The density devi-
ation is scaled by a factor of -0.5, and is thus increased
within the ULVZ, but again has little effect on the Sdiff
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Date Depth [km] Lat. [°N] Long.[°W] Mw Location
A 2016/12/25 21.5 -43.41 -73.94 7.6 Southern Chile
B 2019/09/29 16.7 -35.56 -73.10 6.7 Off Coast of Central Chile
C 2015/05/19 14.9 -54.53 -132.39 6.6 Pacific-Antarctic Ridge
D 2017/02/24 417.9 -23.44 -178.77 7.0 South of Fiji Islands

Table 1 Parameters for the earthquakes. All earthquake parameters are from the Global Centroid-Moment Tensor project
(Ekström et al., 2012) except for event A, for which the W-phase solution published by the USGS National Earthquake Infor-
mation Centre provided a better waveform fit. See Table S1 for full catalogue.

Figure 1 Map shows the geometry of the shear diffracted waves. Data geometries are shown by earthquake location (star),
station locations (grey triangles), and ray path sensitivity to the core-mantle boundary (shaded regions between piercing
points at 2800 km depth). Earthquake locations and ray paths are colored per event: A-blue, B-yellow, C-purple, and D-
green. For earthquake parameters, see Table 1. The Galápagos hotspot is indicated by an orange triangle. The location of the
Galápagos ULVZ, as constrained in this study, is shown as the red-filled circle. Background model is showing the shear wave
velocity deviations at 2800 km depth from the tomographic SEMUCB-WM1 (French and Romanowicz, 2014). Black line with
white dash shows the geometry of the cross-sections in Fig. 8.

waveforms.

2.3 Beamforming
Using arrays of seismic stations, we can determine
the directionality of incoming energy. Searching over
the incoming backazimuth is called beamforming,
while searching over the slowness or incident angle is
called slant-stacking (or vespa processing, e.g. Rost and
Thomas, 2002). Shear diffracted waves have a predicted
slowness of 8.32 s/dg for PREM (Dziewonski and Ander-
son, 1981), but this could vary due to the velocities in
the lowermost mantle at the location where the energy
propagates upwards to the seismic array. The slowness,
or incident angle, could vary slightly between the main
wave and the postcursorwhen they come fromdifferent
directions. For these reasons, we do not fix the slow-
ness when beamforming, but search over coherent en-

ergy by stacking the signals, sj(t), as a function of time
t, slowness, uhor, and backazimuth, θ, for a given sub-
array,

(1)S (t, uhor, θ) =
N∑

j=1
sj (t − uhor(θ) · xj)

where uhor(θ) = uhor

(
sin θ
cos θ

)
=

(
uEW

uNS

)
is the horizon-

tal slowness vector, and xj =
(

xEW

xNS

)
j

is the distance

vector to the centre of the subarray.
A seismic signal can be expressed in amplitude and

instantaneous phase:
(2)sj(t) = Aj(t) exp [iΦj(t)]

We create two separate stacks, one stack for the am-
plitude envelope, SA, setting sj(t) = Aj(t), and one
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Figure 2 Geometry, data, and synthetics for event A. (A) Geometry of data coverage, event (star), stations (triangles), and
sensitivity to the core-mantle boundary (shaded region) and ULVZ model (red circle). Background shows the shear wave
velocity deviations at 2800 km depth from the tomographic SEMUCB-WM1 (French and Romanowicz, 2014). (B) Wavefront
predictions for modeled ULVZ illustrating the cause of the postcursors. For an animation, see Movie S1. (C) Synthetic wave-
forms for 1D Earth model PREM (Dziewonski and Anderson, 1981). (D) Observed data. (E) Synthetics including background
tomographicmodel and the preferred cylindrical ULVZmodel. Data panels showSHdiff on the transverse component filtered
between 10 and 30 s, binned by azimuth and centered on the predicted arrival times. Postcursor energy is highlighted by
shaded region.

stack over the phase, SΦ, setting sj(t) = exp [iΦj(t)].
Finally, we interpret a phase weighted envelope stack
(Schimmel and Paulssen, 1997), where the phase is
weighted by a factor of 4,

(3)PWES = SASΦ
4

where all stacks are 3Darrays as a functionof (t, uhor, θ).
A light Gaussian filter is applied to the stack to reduce

irregularities and allow automated picking of peaks.
The main peak and other peaks above 10% of the maxi-
mumpeak arepicked. Uncertainty is establishedby tak-
ing the minimum andmaximum values for the contour
at 95% of the peak amplitude. An example of a high-
quality stack is shown in Fig. S13.
To build subarrays for an event, we create a sliding

window in distance-azimuth space. The window is both
5° in distance and in azimuth, and we shift the window
every 2° in azimuth and distance. For each window that
has at least 12 stations, a stack is considered. The stacks
are manually quality controlled for having one or two
clear peaks that are well constrained in time-slowness-
backazimuth space.

3 Results

3.1 Sdiff postcursor data set

Our analyses are based on waveform data from four
different earthquakes (Fig. 1, Table 1). We use shear-
diffractedwaves recorded at theAlaskaTA from twoma-
jor earthquakes in Chile that sample the core-mantle
boundary beneath the Eastern Pacific (Events A and
B). Events A and B are shallow thrust events along the
Chilean subduction zone ofmagnitude 7.6 on 25Decem-
ber 2016 and magnitude 6.7 on 29 September 2019, re-
spectively.
With Sdiff observations from only one azimuthal di-

rection, the location of theULVZ in the direction of their
propagation remains non-unique. To fully constrain the
location of ULVZs, we need rays crossing at a different
angle. This is provided by Event C,which is amagnitude
7.2 on the Pacific-Antarctic ridge, recorded in the north-
eastern US and south-eastern Canada. Additional evi-
dence from a third angle comes from recordings across
the Caribbean for an event in Fiji, although coverage in
this direction is poor (Event D).
Figs. 2-5 show the expected and observed data for

4
SEISMICA | volume 1.1 | 2022



SEISMICA | RESEARCH ARTICLE | The Root to the Galápagos Mantle Plume on the Core-Mantle Boundary

Figure 3 Geometry, data, and synthetics for event B. Same as Figure 2, but for Event B. For an animation, see Movie S2.

Figure 4 Geometry, data, and synthetics for event C. Same as Figure 2, but for Event C. For an animation, see Movie S3.
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Figure 5 Geometry, data, and synthetics for event D. Same as Figure 2, but for Event D. For an animation, see Movie S4.

events A-D. The SH component of the shear diffracted
wave and its postcursor attenuates less along the core-
mantle boundary and therefore these phases are best
observed on the transverse component. Transverse
components shown are bandpass filtered between pe-
riods of 10 and 30s. Data are organized as a function
of azimuthal angle from the earthquake and windowed
around the predicted arrivals times of Sdiff for 1D ra-
dial Earth model (PREM, Dziewonski and Anderson,
1981). Expectedwaveforms are computed synthetics for
this 1D radial Earthmodel showingwaveformvariations
predicted due to source effects, but littlewaveformcom-
plexities, due to the absence of any mantle heterogene-
ity in the model.

Event A (Fig. 2) is a shallow event, causing the depth
phases (pSdiffand sSdiff) to arrive shortly after themain
phase. The observed compared to the expected wave-
forms show evidence for deep 3D heterogeneity in two
ways. Firstly, the initial Sdiff phases arrive later at
smaller azimuths and earlier at larger azimuths. This
variation in travel time is causedby thedichotomy in the
lowermost mantle where the waves at smaller azimuths
propagate through the LLVP beneath the Pacific, and
the waves at larger azimuths propagate through broad
areas of likely subducted slab material (Fig. 1). Sec-
ondly, and this is the focus of this study, delayed and sig-
nificant postcursors are present. The postcursors inter-
fere with the main arrivals at azimuths of 321-327° and
move out in time towards larger azimuths. The nature
of these postcursors is comparable to those observed for

the Hawaiian and Icelandic mega-ULVZs (Cottaar and
Romanowicz, 2012; Yuan and Romanowicz, 2017).
Event B (Fig. 3) shows comparable observations to

event A. Again, the main Sdiff arrival shows a trend in
arrival timewith azimuth related to the LLVP boundary,
and there is the presence of a postcursor thatmoves out
towards larger azimuth with respect to the main Sdiff
phases. However, the postcursor for this event is much
weaker in amplitude relative to the main phase.
Event C (Fig. 4) shows postcursors with a very differ-

ent propagation path through the same area at the core-
mantle boundary. Its postcursors are stronger in am-
plitude towards larger azimuths and display a weaker
move-out with time.
Event D (Fig. 5) shows hints of postcursor energy af-

ter the main phase at azimuths above 75°. Due to the
poor station coverage in this area though, it is hard to
observe any trends in the postcursor behavior. Poten-
tially this data is also affected by a mega-ULVZ beneath
the Marquesas as suggested by (Kim et al., 2020), imply-
ing there could be two postcursors. The data imaged by
stations in the US at smaller azimuths show diffracted
waveswith no discernible postcursors, suggesting there
arenomega-ULVZs located in abroad regionof the core-
mantle boundary between Hawaii and Marquesas.

3.2 Preferredmodel
Our best fitting ULVZ is centered at 105° W and 2° N. It
has a height of 20 km and a width of 600 km, which is
equal to nearly 10° on the core-mantle boundary. The

6
SEISMICA | volume 1.1 | 2022





SEISMICA | RESEARCH ARTICLE | The Root to the Galápagos Mantle Plume on the Core-Mantle Boundary

Figure 7 Mapped ULVZs and ocean island basalt isotopic signatures. Previous suggested locations of ULVZs (light orange)
and recently 3D mapped mega-ULVZs (red) combined with helium and tungsten isotope ratio deviations observed in ocean
island basalts compared to mid-ocean ridge basalts (scaled blue and green triangles, respectively). a. Compilation of ULVZ
studies (Yu andGarnero, 2018) and a box is added for the regionwhere small-scale ridges are found to the south of Galápagos
Islands (Ma et al., 2019), b. Icelandicmega-ULVZ (Yuan and Romanowicz, 2017), Samoanmega-ULVZ fromThorne et al. (2013)
and with 0.5 probability contour from Thorne et al. (2021), Hawaiian mega-ULVZ (Li et al., 2022). Note that other modeling
studies for the mega-ULVZs near Hawaii (Jenkins et al., 2021; Lai et al., 2022; Li et al., 2022) and Samoa (Krier et al., 2021)
not represented here. c. Scaled maximum observed positive 3He/4He isotopic ratio deviations from 9 Ra, the upper end of
the MORB range, based on data compiled by Williams et al. (2019); Jackson et al. (2017); see references therein, and with
additions from Jackson et al. (2020); Peters et al. (2021). d. Largest observed negative deviations in µ182W compiled from
Mundl et al. (2017); Rizo et al. (2019); Mundl-Petermeier et al. (2020). Note that the largest deviations for He and W do not
always occur in the same samples for a given hotspot, and hotspotsmight be affected to different degrees by overprinting by
recycled crust (Parai et al., 2019; Jackson et al., 2020; Péron et al., 2021; Day et al., 2022). Additionally, both the compilations
of the ULVZs and the isotopic anomalies have a degree of geographical bias to where (more) studies have been conducted.

could be interpreted as plumes, but do not all agree
on its direction of tilt or continuity across the mantle
(Fig. 8). The resolution of the models beneath the Galá-
pagos will be biased due to the seismic stations being
largely located on land to the east and north. Some of
the latest globalmantle shear wave velocitymodels sug-
gest the plume is offset to the southwest (French andRo-
manowicz, 2015; Lei et al., 2020) and this offset also re-
sults when combining shear velocitymodels with a geo-
dynamical model (Williams et al., 2019). A recent in-
novative use of increasing coverage around the hotspot
by using passively floating seismometers resulted in a
P wave velocity model with a vertical plume down to
1900 km, beneath which resolution might be lost (Nolet
et al., 2019). A different recent Pwave velocitymodel fo-
cused on adding coverage in the lowermantle, observes
a vertical plume down to 1000 km depth with fast ve-
locities underneath (Hosseini et al., 2020). In both of
these P wave models, the suggested plume is vertical.
It is however easy to speculate that if there is a whole-
mantle plume, that it originates within or at the edge of
the LLVP (Steinberger and Torsvik, 2012; Li and Zhong,
2017) and its base is therefore offset to thewest or south-
west of the hotspot at the surface.

The geochemistry of basalts from the Galápagos

archipelago indicate a plume with at least three dis-
tinct components, each manifesting in geographically-
restricted portions of the archipelago along with a de-
pleted upper mantle component (Harpp and White,
2001; Gleeson et al., 2021; Geist et al., 1988; White et al.,
1993). Harpp and Weis (2020) observed that the plume
component mixture evident in the southwestern part
of the archipelago is distinct from that in the north-
east and argued for a bilaterally asymmetric Galápagos
plume. Notably, subaerial and submarine samples from
the westernmost island of Fernandina exhibit the high-
est 3He/4He ratios in the archipelago (Graham et al.,
1993; Kurz and Geist, 1999; Kurz et al., 2009), and the
most solar-like Ne isotopic compositions of ocean is-
lands globally (Kurz et al., 2009; Péron et al., 2021). So-
lar nebular helium and neon are thought to have dis-
solved into a terrestrial magma ocean during Earth’s ac-
cretion (Harper and Jacobsen, 1996). High 3He/4He ra-
tios in ocean island basalts (compared to those mea-
sured in mid-ocean ridge basalts) reflect greater reten-
tion of the primordial helium budget, which mutes the
impact of radiogenic 4He ingrowth by decay of U and
Th over Earth history (Mukhopadhyay and Parai, 2019;
Parai et al., 2019). The Fernandina heliumandneon iso-
topic signatures indicate that the southwestern side of
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Figure 8 Cross-sections through the Galapagos ULVZ and hotspot. (A) Shear wave velocity deviations in SEMUCB-wm1
(French and Romanowicz, 2014). (B) P wave velocity deviations in DETOX-P2 (Hosseini et al., 2020). Red line on the core-
mantle boundary shows location of ULVZ. Green triangle at the surface shows the location of hotspot. See Fig. 1 for location
of the cross-section.

the Galápagos plume samples a reservoir that has ex-
perienced relatively little degassing and thus retained
a high proportion of primordial solar He and Ne from
Earth’s accretion.
Four hotspot locations (Hawaii, Iceland, Samoa and

Galápagos) that have a mega-ULVZ situated near their
projection down onto the core-mantle boundary share
a collective set of geochemical features. Samples from
these locations exhibit high 3He/4He ratios, relatively
solar-like Ne isotopes, and anomalous 182Wisotopic sig-
natures (Fig. 7). 182Wwas produced by decay of the ex-
tinct radionuclide 182Hf in the first ~60Myr of Earth his-
tory. Core segregation within the lifetime of 182Hf frac-
tionated Hf/W ratios and generated a radiogenic 182W
isotopic signature (µ182W=0, where µ182W signifies the
part per million deviation in 182W/184W from a labora-
tory standard) in the bulk silicate Earth compared to
chondrites (Kleine et al., 2002; Yin et al., 2002). The
core locked in an unradiogenic 182W signature (nega-
tive µ182W), as would any other siderophile-enriched
reservoir in the interior that formed during the life-
time of 182Hf. Among hotspots, Hawaii, Iceland, Samoa,
and Galápagos have the highest measured 3He/4He ra-
tios (Kurz et al., 1983, 2009; Hilton et al., 1999; Jackson
et al., 2007) and the most solar-like Ne isotopes (Val-
bracht et al., 1997; Trieloff et al., 2000; Kurz et al., 2009;
Mukhopadhyay, 2012; Jackson et al., 2020; Péron et al.,
2021; Peto et al., 2013). Some of the strongest negative
µ182W anomalies occur in samples with high 3He/4He
ratios from these same hotspots (Mundl et al., 2017;
Mundl-Petermeier et al., 2020, see Fig. 7).
The heliumandneon isotopic signatures of themega-

ULVZ affiliated hotspots suggest a relatively undegassed
source, which is commonly suggested to come from a
deep mantle reservoir (Allègre et al., 1983; Parai et al.,
2019), but has also been suggested to originate from
the outer core (Bouhifd et al., 2020). Xe isotopes mea-
sured in samples with high 3He/4He and solar-like Ne
from Iceland and Samoa require that the reservoir that
hosts this signature separated from the upper mantle
within the first ~100 Myr of Earth history (Mukhopad-
hyay, 2012; Peto et al., 2013). The anomalous tung-

sten isotope signature (negative µ182W) suggests the in-
volvement of a siderophile-enriched reservoir that like-
wise formed early in Earth’s history. An obvious can-
didate for this reservoir is the core, and many poten-
tial processes to transfermaterial or isotopic signatures
across the core-mantle boundary have been proposed
(Kanda and Stevenson, 2006; Hayden andWatson, 2007;
Otsuka and Karato, 2012; Lesher et al., 2020; Buffett
et al., 2000; Lim et al., 2021). However, direct mate-
rial transfer from the core would impart strongly frac-
tionated noble gas elemental ratios to a plume, and
these are not observed (Wang et al., 2022). An alterna-
tive is an early-formed, iron-rich deepmantle reservoir.
Mundl-Petermeier et al. (2020) suggests that to explain
the full space of helium-tungsten isotope observations,
two high 3He/4He components are needed: one with
negative µ182W and one with tungsten isotopes similar
to the bulk silicate Earth. These distinct components
could potentially reflect material entrainment from an
LLVP and a ULVZ, with the ULVZ providing the nega-
tive tungsten isotope signature. Geodynamical model-
ing shows mantle plumes can sample LLVP material,
and to a degree the much denser ULVZ material (Jones
et al., 2019). The correlationbetween thesemega-ULVZs
and the isotopic signatures is striking and should be
tested in further localities.

5 Conclusion
We present seismic evidence of a mega-ULVZ on the
core-mantle boundary to the west of the Galápagos Is-
lands in the formof postcursors to the Sdiff phase. Mod-
eling the delay times and move-out of the postcursors
allows us to constrain a simplified cylindrical shape
with a width of ~600 km, a height of 20 km, a shear
wave velocity reduction of 25%, and centered at 105°
W and 2° N. This model also largely reproduces the ob-
served incoming directionality of the postcursors. Sim-
ilarmega-ULVZs have beenmapped beneath or near the
Hawaiian, Samoan and Icelandic hotspots. Ocean is-
land basalts in all four locations show anomalous sig-
natures in He, Ne, and W, which could be clues to
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the mega-ULVZs representing a primordial reservoir or
containing a component of outer core material.
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