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Abstract we analyzed 4,754 broadband seismic recordings of the SKS, SKKS, and SPdKS wavefield
from 13 high quality events sampling the Samoa ultralow-velocity zone (ULVZ). We measured differential
travel-times and amplitudes between the SKKS and SKS arrivals, which are highly sensitive to the
emergence of the SPAKS seismic phase, which is in turn highly sensitive to lowermost mantle velocity
perturbations such as generated by ULVZs. We modeled these data using a 2-D axi-symmetric waveform
modeling approach and are able to explain these data with a single ULVZ. In order to predict both travel-
time and amplitude perturbations we found that a large ULVZ length in the great circle arc direction on
the order of 10° or larger is required. The large ULVZ length limits acceptable ULVZ elastic parameters.
Here we find that 6V and 8V, reductions from 20% to 22% and 15% to 17% respectively gives us the best
fit, with a thickness of 26 km. Initial 3-D modeling efforts do not recover the extremes in the differential
measurements, demonstrating that 3-D effects are important and must be considered in the future.
However, the 3-D modeling is generally consistent with the velocity reductions recovered with the 2-D
modeling. These velocity reductions are compatible with a compositional component to the ULVZ.
Furthermore, geodynamic predictions for a compositional ULVZ that is moving predict a long linear shape
similar to the shape of the Samoa ULVZ we confirm in this study.

Plain Language Summary Ultralow-velocity zones (ULVZs) on the core-mantle boundary
(CMB) are some of the most extreme features discovered in Earth's mantle. What ULVZs physically
represent and how they have arisen in the Earth are still open questions. Important clues about the
origin and makeup of ULVZs may come from studying the Samoa ULVZ which, with a length of
approximately 1,600 km along the CMB, is the largest ULVZ yet discovered. We used a new collection
of seismic data with greater sensitivity to the Samoa ULVZ than has been used in previous studies to
determine its physical properties. We determine ULVZ properties by comparing computations of what
seismic waveforms look like for various ULVZ models to the data we collected. Our analysis suggests
that the Samoa ULVZ is likely a compositional anomaly. Recent geodynamic modeling suggests that a
compositional anomaly that is being advected along the CMB will take on a long linear shape similar to
the shape we observe for the Samoa ULVZ. If some of the Samoa ULVZ material is being entrained into
recent hot spot volcanism in the Samoa hot spot chain, then geochemical evidence from the volcanism
may imply that the ULVZ is derived from ancient subducted slab material.

1. Introduction

Thin regions sitting on top of the core-mantle boundary (CMB) with P- and S-wave velocity reductions
as large as 25%-45% respectively, known as ultralow-velocity zones (ULVZs) have been investigated using
seismic techniques for nearly three decades. Evidence continues to accumulate that some of the ULVZs
discovered may be linked to deep seated roots of whole mantle plumes that give rise to hot spot volcanism.
Seismic waveform modeling has inferred large-scale ULVZs beneath hot spots such as Hawaii (Cottaar &
Romanowicz, 2012), Samoa (Thorne, Garnero, et al., 2013), and Iceland (Helmberger et al., 1998; Yuan
& Romanowicz, 2017). Additional evidence has been presented suggesting that ULVZs may also exist be-
neath hot spots such as Comores (Wen, 2000), Yellowstone (Nelson & Grand, 2018), Galapagos (Cottaar &
Li, 2019), Marquesas (Kim et al., 2020), Caroline, and San Felix (Thorne et al., 2020). Furthermore, seismic
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Table 1

Previous ULVZ Studies Beneath Samoa

# Reference Seismic phases 8Vs (%)* 8Vp (%)* Thickness (km) Dimensions on CMB (km)
1 Garnero et al. (1993) LP SPdKS - 5 100 -

2 Garnero and Helmberger (1995) LP SKS, SKKS, SPdKS 10or 5 10or5 20 or 100 -

3 Garnero and Helmberger (1996) LP SKS, SKKS, SPAKS 10 40 -

4 Wen and Helmberger (1998a) BB SPdKS 30 10 40 250 to 400 laterally

5 Y. Zhang et al. (2009) BB SKS, SKKS 20-30 - 10-20 -

6 Thorne, Zhang, and Ritsema (2013) BB SKS, SKKS 30 - 20 -

7 Thorne, Garnero, et al. (2013) BB SPdKS 45 15 10-15 250 X 800

8 Thorne et al. (2021) BB SPdKS - - 480 x 1,600

Abbreviations: BB, broadband; CMB, core-mantle boundary; LP, long period; ULVZ, ultralow-velocity zone.

*Percent reduction with respect to PREM.

tomography has begun to image whole mantle plumes, possibly rooted in ULVZs at the CMB coupled to hot
spots at the surface (French & Romanowicz, 2015; Montelli et al., 2006). ULVZs were initially linked directly
to hot spot genesis (Williams et al., 1998) and a partially molten origin which was supported by consistency
of observations with 3:1 S- to P-wave velocity ratios (Williams & Garnero, 1996) but may also be tied to the
boundaries of or within large low velocity provinces (LLVPs) (Garnero et al., 2016). However, not all large
ULVZs are necessarily related to hot spot volcanism (Thorne et al., 2019, 2020), and although a partially
molten origin to ULVZs is intriguing, some ULVZs may have a compositional origin as seismic observations
are often also supported by a 1:1 or 2:1 S- to P-wave velocity ratio (Brown et al., 2015; Li et al., 2017; Wicks
et al., 2010).

Anomalous structure beneath the Samoa hot spot was presented in the earliest ULVZ studies (Garnero &
Helmberger, 1995, 1996; Garnero et al., 1993; Wen & Helmberger, 1998a), although these studies did not
specifically link ULVZs to hot spots (see Table 1 for a review of ULVZ parameters reported). These efforts,
using the seismic phase SPAKS (an SKS wave with an additional leg of P-diffraction along the CMB, see Fig-
ure 1) estimated ULVZ properties over a wide range of values including: (a) S-wave velocity (§Vs) decreases
from 5% to 30% with respect to PREM (Dziewonski & Anderson, 1981), (b) P-wave velocity decreases (8Vp)
from 5% to 10%, (c) thickness from 20 to 100 km, and (d) lateral dimensions of 250-400 km on the CMB.
Among these studies, Garnero and Helmberger (1996) was the first to demonstrate that SKKS travel-time
anomalies are also consistent with ULVZ presence in the region, although even older studies had already
recognized that SKKS and SKS travel-times and amplitudes in this region would require modification of
existing 1-D Earth models to explain (Kind & Miiller, 1977; Schweitzer & Miiller, 1986). The initial studies
used the long period data and initially postulated a thick (on the order of 100 km) low velocity layer with
P-wave velocity perturbations on the order of 5%. But subsequent studies using the broadband data recog-
nized that an unobserved SKS precursor should be apparent for such a thick ULVZ and opted for thinner
ULVZ models. Y. Zhang et al. (2009) considered SKKS/SKS amplitude ratios and showed that a 10-20 km
thick ULVZ with 8V reductions of 20%-30% was consistent with the anomalously high amplitude ratios.
However, this study neglected to locate the ULVZ. Thorne, Zhang, and Ritsema (2013) also considered
SKKS-SKS differential travel-times for a ULVZ embedded in the seismic tomography model S40RTS (Rit-
sema et al., 2010); again, demonstrating the need for a 20 km thick ULVZ in the region. Localization of the
ULVZ beneath Samoa was first presented in Thorne, Garnero, et al. (2013). This study argued for a ULVZ
at least 250 x 800 km across, making the Samoa ULVZ one of the largest-scale yet detected. More recently,
Thorne et al. (2020, 2021) analyzed a global collection of highly anomalous SPdKS waveforms showing
that the Samoa ULVZ may span an area as large as 480 X 1,600 km. The scale and linear morphology of
the Samoa ULVZ is unique. ULVZs beneath Iceland (Yuan & Romanowicz, 2017) or Hawaii (Cottaar &
Romanowicz, 2012; Kim et al., 2020) may rival the Samoa ULVZ in size, but at least initially appeared to be
rounded features, rather than the long linear feature observed beneath Samoa. However, we note that recent
studies suggest that ULVZ structure beneath Hawaii may also be significantly larger and more complicated
than originally imaged (Jenkins et al., 2021; Zhao et al., 2016).
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Figure 1. Upper left: Ray paths of seismic phases used in this study. Ray paths are drawn for receiver (green dot)
located 115° from the earthquake (red star). Shown are SKS (blue), SPAKS (green), and SKKS (red). Main plot: Location
of 13 earthquakes (red stars) analyzed. The numbers to the left of the stars correspond to the earthquake numbers in
Table 2. Great circle arc paths are drawn as dashed black lines. Pd segments of SPAKS on the core-mantle boundary are
thick lines shaded by event. The shading is shown in the legend to the right of the plot by event number. The dashed
green lines show the position of the ultralow-velocity zone (ULVZ) modeled. The dashed orange lines provide the
ULVZ contour at the probability = 0.5 level from Thorne et al. (2020). The red dot at the center of the ULVZ shows the
location of the Samoa hot spot. The inset in the lower right-hand corner shows the location of the study region with the
0.5 ULVZ probability contours from Thorne et al. (2020) drawn with the dashed orange lines.

The Samoa hot spot shows one of the clearest whole mantle plume signatures in seismic tomography
(French & Romanowicz, 2015; Montelli et al., 2006). However, volcanism along the Samoa line shows a
wide array of isotopic taxonomies spanning the major Ocean Island Basalt end members. Although a high
degree of heterogeneity exists in the older volcanism, the most recent volcanism has a weak himu (high u,
or high **U/**Pb ratio) signature, which has been argued to descend from ancient subducted oceanic crust
(Jackson et al., 2014). However, Samoa has the largest EM2 (enriched mantle) signature of all hot spots
(Jackson et al., 2007) which is linked to ancient subducted continental crust. Furthermore, Samoa has the
second highest *He/*He ratio among the hot spots in the Pacific (Jackson et al., 2021) which is linked to high
buoyancy flux and a deep-seated origin as a signature of primordial material. Thus, these lines of evidence
point to a deep origin to the Samoa hot spot, although it is unknown if ULVZ material can be entrained
into upwelling plumes and contribute to the isotopic diversity several studies have suggested this possibility
(e.g., Jones et al., 2019; J. Zhang et al., 2018).
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Table 2
Events Used in This Study
# Mo/Day/Year H:M:S Lat (°) Lon (°) Depth (km) Mag Azimuth (°) NR*
1 6/30/02 21:29:36 —22.010 179.250 620 6.5 40-70 73
2 6/30/10 4:31:02 —23.307 179.116 581 6.4 40-70 143
3 2/21/11 10:57:52 —26.142 178.494 558 6.5 30-70 395
4 4/26/13 6:53:29 —28.681 —178.916 351 6.1 40-70 479
5 8/28/13 2:54:41 —27.783 179.634 478 6.2 30-70 692
6 5/4/14 9:15:53 —24.611 179.086 527 6.6 30-70 678
7 7/21/14 14:54:41 —19.801 —178.400 614 6.9 40-70 520
8 5/27/16 4:08:44 —20.810 —178.648 567 6.4 40-70 304
9 2/24/17 17:28:45 —21.259 —178.804 414 6.9 30-70 339
10 6/17/17 22:26:02 —24.093 179.604 511 6.1 40-70 200
11 9/16/18 21:11:48 —25.415 178.199 576 6.5 40-70 348
12 9/30/18 10:52:23 —18.360 —178.063 550 6.7 40-70 298
13 11/18/18 20:25:46 —17.873 —178.927 540 6.8 40-70 285

“NR is the number of records used for epicentral distances from 100° to 130° for the azimuth range indicated.

In this study, we further examine the Samoa ULVZ by modeling the SKS, SPdKS, and SKKS wavefield (Fig-
ure 1) based on measurements of differential travel-times and amplitudes between SKKS and SKS, which
are intimately linked to the generation of SPAKS. We show that only a limited range of ULVZ models can
explain these data. In particular, we show that the lateral width of the Samoa ULVZ may be as large as
700 km with a thickness of 26 km. The inferred ULVZ elastic parameters and linear morphology of the Sa-
moa ULVZ is consistent with a compositional origin that could in part be derived from ancient subduction.

2. Seismic Data

Seismic data used in this study were initially drawn from the data set collected in Thorne et al. (2020). In
that study, a global set of the broadband seismic data were collected from 1990 to 2017. A total of 271,602
high quality radial component seismograms in the epicentral distance range from 90° to 130° for 1,146
events with depths >75 km were retained. The data from this previous study were subsequently augmented
by adding 26 events and 10,972 additional records from 2018. Thorne et al. (2020) provide details on the data
processing and selection process, but in summary, the primary data processing steps were: (a) the mean and
trend of the traces were removed, (b) traces with gaps within the SKS/SKKS time window were removed, (c)
instrument response was removed, (d) traces were integrated to displacement, and (e) rotated to the radial
component. Similar to Thorne et al. (2020), we apply a two pass Butterworth filter to these data in the period
band from 6 to 40 s before further analysis.

For this study, we selected 13 high quality events that sample the Samoa ULVZ as inferred from previous
studies (Thorne et al., 2020; Thorne, Garnero, et al., 2013). These events were chosen based on the following
criteria. First, only events with depths greater than 300 km were considered. This is in order to remove con-
structive/destructive interference from depth phases such as sSKS and pSKS. Second, we selected the events
with the greatest density of recordings passing through the Samoa ULVZ and the highest signal-to-noise
ratio. Details on the events selected are shown in Table 2 and their locations are shown in Figure 1. Also
shown in Figure 1 is the location of the Pd segments of SPAKS along the CMB for these events.

In this study, we only consider records in the distance range from 100° to 130° because SKKS is not well
developed at the shorter distances. We also only consider recordings that cross the Samoa ULVZ, in the
azimuthal range from 30° or 40° to 70° (depending on event, see Table 2). Thus, we use a total of 4,754 seis-
mograms in this study recorded in North America.
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3. Methods
3.1. Differential Travel-Time and Amplitude Measurements

Similar to previous studies (Thorne, Zhang, & Ritsema, 2013;Y. Zhang et al., 2009), we measure differential
travel-times and amplitudes between SKKS and SKS relative to a reference model. We define the travel-time
difference as

bs REF
0Tskks = Tskks-sks ~ TskKs-sKs-
where T§exs_sks is the observed differential travel-time between SKKS and SKS, and Tgggs_sks is the predict-

ed differential travel-time from a reference model. In this study, we use either the PREM or S-wave tomogra-
phy model TXBW (Grand, 2002) as the reference model. We define the amplitude ratios as

A obs A PREM
SAskks = IOgJO[%J - 10210[%} ’

SKS SKS

where Aggys and Asgs are the amplitudes of the SKKS and SKS arrivals in either our observations or in
PREM predictions. Amplitude measurements are all based on PREM synthetics as we do not compute syn-
thetics through tomography model TXBW for each observation in which to make an amplitude estimate.
In this study, we do not measure differential travel-times using a cross-correlation as was done in previous
studies. Rather, we measure differential travel-times based on peak times which provides greater sensitivity
to ULVZ structures. We measure the SKS peak in a +20 s window centered on the PREM prediction. We
measure SKKS peaks within —5 and +20 s from the PREM prediction, after the seismogram has been phase
shifted by 377/2 to account for the SKKS phase shifts.

A synthetic example is shown in Figure 2. Here we show displacement synthetic seismograms for a 500 km
deep earthquake computed with the PSVaxi method (Jahnke, 2009; Jensen et al., 2013; Thorne, Garnero,
et al., 2013). The PSVaxi technique is a 2-D finite difference method for computing synthetic seismograms in
axi-symmetric geometries. The seismograms are split into two parts as either normal displacement (red and
black traces in the vicinity of SKS) or 377/2 phase shifted displacement (gray and orange traces in the vicinity
of SKKS). PREM synthetics are shown in black (near SKS) and gray (phase shifted, near SKKS). The ULVZ
synthetics are shown in red (near SKS) and orange (phase shifted, near SKKS). The model shown is a 30 km
thick box-car shaped ULVZ with a length () of 2.7° (164 km on the CMB) in the great-circle arc direction,
that starts 15.0° in angular distance from the source.

First, we will describe the travel-time behavior shown in this example. The peak arrival in the ULVZ syn-
thetic seismograms is indicated by the red asterisk. At the shortest epicentral distances (~100°-107°) the
peak arrival in the SKS window is increasingly delayed for the ULVZ model with respect to PREM, whereas
the SKKS arrivals in PREM and the ULVZ model are not significantly altered. This shows up as decrease in
8Tskks. Between ~108° and 111°, we see that the SKS arrival has clearly bifurcated into two arrivals, with
the second arrival having the largest amplitude and thus the peak time is picked on the second arrival. The
second arrival in this window is related to the SPAKS arrival, but likely occurs due to a conversion of the
down-going S-wave to a P-wave at the boundary of the ULVZ which creates a second Py arrival traveling
ahead of SPAKS (Thorne et al., 2020). This manifests as a continuation of the decrease in &Tskxs, Which
reaches its minimum value at 111°. At 112°, the first arrival in the SKS window has the largest amplitude,
which causes an abrupt jump in 8Tskks. From approximately 112°-125°, there is only a small difference in
8Tsxs-

The amplitude behavior of SKS and SKKS was first described in a theoretical study by Choy (1977). Our
primary observation is the increase in 8Agkks that peaks around 108°-109°. This increase in 8Askks has pre-
viously been observed in data for the central Pacific region and was interpreted in terms of ULVZ presence
(Y. Zhang et al., 2009). In PREM when the SPdKS phase is initiated, some of the energy in the down-going
S-wave gets converted to Pggr, and the subsequent SKS arrival loses some of its energy to SPAKS. This ap-
pears as a large increase in the SKKS amplitude relative to SKS at the emergence of SPAKS (see synthetic
seismogram for PREM at 111°, Figure 2a). In the ULVZ model, energy in the SKS arrival is lost at an earlier
epicentral distance because the down-going S-wave interacts with the ULVZ before SPAKS is initiated. This
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Figure 2. (a) Comparison of synthetic seismograms for PREM and an ultralow-velocity zone (ULVZ) model. The ULVZ
model has §Vg = —25%, 8Vp = —11%, thickness (k) = 30 km, length in the great circle arc direction / = 2.7°, and a ULVZ
edge location Agge = 15.0°. A schematic drawing of the ULVZ model is shown in the inset to the right of the panel

with a SPAKS raypath drawn at an epicentral distance of 108° for reference. The seismograms are broken in two as
follows: (1) on the left, displacement seismograms are shown aligned on the PREM predicted arrival time for SKS and
normalized to unity on the peak amplitude within a 25 s time window after the predicted SKS arrival time. The black
traces are for PREM and the red traces are for the ULVZ model. The peak of the ULVZ model traces is indicated with a
red asterisk. Synthetic seismograms are bandpass filtered with corners between 6 and 40 s; (2) on the right, 377/2 phase
shifted displacement traces are shown. These traces are phase shifted from the amplitude normalized traces on the left.
The gray traces are for PREM and the orange traces are for the ULVZ model. (b) The differential amplitude of SKKS
with respect to SKS is shown for the ULVZ model relative to the PREM model. (c) The differential travel-time of SKKS
with respect to SKS is shown for the ULVZ model relative to the PREM model. CMB, core-mantle boundary.

causes the amplitude of SKKS relative to SKS to spike at an earlier epicentral distance than in PREM as is
observed in the Agkks measurements in Figure 2b.

Note that the example shown in Figure 2 represents a special case in which the SPdKS arrival emerges with
an amplitude that is larger than that of SKS. Observations similar to this, with large emergent SPAKS ampli-
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tudes, are common in a variety of geographic settings (Thorne et al., 2020). In this case, the peak amplitude
at the shortest epicentral distances is due to the combined SKS + SPdKS arrivals. But, as SPAKS moves out
with respect to SKS, the SPdKS arrival is the sole arrival being picked in the measurement. As SPdKS con-
tinues to move out, its amplitude gradually decreases until the SPAKS amplitude drops below that of SKS.
At this point, the peak amplitude in the search window suddenly shifts to the SKS arrival and we observe a
sudden shift in 8Tskks. This travel-time behavior is most distinctive for ULVZ models where SPAKS emerges
with a larger amplitude than SKS, however not all ULVZ models produce SPAKS arrivals with such large
amplitudes. When the SPdKS arrival emerges with an amplitude smaller than that of SKS, the 8Tskks curve
does not contain the discontinuous jump around 112°. In these cases, the peak amplitude at the shortest
epicentral distances is still the combined SKS + SPdKS arrivals, which may look delayed relative to SKS by
itself in PREM. But, at the larger distances SKS, and not SPdKS, is the only arrival that is tracked. Thus, as
SPdKS moves out, there is not a sudden jump in 8 Tskks.

3.2. Data Measurements

In order to apply this measurement technique to the real data, a few additional considerations must be
made. Data measurements are made relative to PREM synthetics. We created a database of PREM synthetic
seismograms for events in depths from 300 to 650 km in 25 km increments, and in epicentral distances from
100° to 130° in 0.5° increments using the PSVaxi method. Each data trace is compared to the closest synthet-
ic in depth and distance. As described in Thorne et al. (2020) an empirical SKS wavelet was constructed for
each event by stacking SKS records in the distance range from 90° to 105° and finding the best-fit triangle
or truncated triangle function by grid search which could subsequently be used to convolve with the PREM
synthetics before comparison. Initially, we made our travel-time measurements relative to the PREM mod-
el. But, as shown in Thorne, Zhang, and Ritsema (2013) the presence of the Pacific LLVP adds additional
travel-time anomalies between SKKS and SKS, so we also made our travel-time measurements with respect
to tomography using the model TXBW as the reference model (Grand, 2002). Tomographic travel-times
were measured by tracing rays in PREM using the Tau-P Toolkit (Crotwell et al., 1999) and overlaying these
on the tomography model to sum the travel-time. We first experimented with 3-D ray tracing using the
LLNL-Earth3D package (Simmons et al., 2012). However, this method added considerable scatter to our
observations (see Figure S40), so we simply used the 1-D ray tracing approach described above. As there
is negligible difference between 1-D and 3-D rays for SKS and SKKS for these paths choice in tomography
model makes little difference in the pattern of 8Tsxks (see Figures S39 and S41). 8Askks measurements were
corrected to account for the axi-symmetric ring-source radiation pattern introduced by the PSVaxi method
in the PREM synthetics and for the data using moment tensor solutions from the USGS catalog. 6 Tsxxs and
dAskks measurements for each event were ultimately grouped and averaged in 0.5° epicentral distance bins
for comparison with synthetics as described in Section 5.3.

3.3. Comparison With Synthetics

We compare 8Tskgs and dAgxxs measurements from the data to those of 2.5D synthetic seismograms com-
puted for ULVZ models. We consider box-car shaped ULVZ models where we fix the density contrast (§p) at
+10% commensurate with density constraints from other studies (Brown et al., 2015; Rost et al., 2005). We
allow five ULVZ parameters to vary: (a) 8V, (b) 8Vp, (c) h—ULVZ thickness, (d) —ULVZ length in the great
circle arc direction, and (e) Acgee—angular distance to the leading edge of the ULVZ. For selected events,
we perform a line minimization where we select a starting model, and then compute synthetics for pertur-
bations to that model one parameter at a time. We calculate the data to synthetic misfit as follows. First, we
calculate the sum of the squared residuals in 6T and 8A between the data and ULVZ model separately. This
is done for the starting model and each perturbation to that model. Then we use an equally weighted linear
combination of misfits from the model and each perturbation, where each is scaled to range from 0 to 1.
At each step, we update the model to the perturbation with the lowest misfit, if no perturbation produces
a lower misfit, then we retain the original model and move on to the next ULVZ parameter. Because static
offsets exist in the measurements of 8Tskxs and 8Askks, We also include a parameter in our inversion to
account for the offset. Thus, in our inversions, we are fitting the 8Tsxxs and 8Askks patterns and not the
absolute values which depend on the larger-scale 3-D seismic structure which we cannot perfectly account
for using tomographic models.
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At first, we use a large range and step-size of ULVZ parameter perturbations. For example, we start with 8V
ranging from —5% to —50% in 5% increments. At later iterations, we reduce the range and step-size of the
perturbations (e.g., £10% in 1% increments for 6V). We continue the line minimization until no change in
ULVZ parameter reduces the misfit.

A starting model is chosen by comparison of the data to synthetics for a bank of 306 ULVZ models. The
model bank was created to coarsely span the range of possible ULVZ parameters. Parameters ranged from:
(a) 8V varied from —40% to —10% in 10% increments, (b) 8V varied from —40% to —10% in 10% increments,
(c) h was allowed to be 10, 20, or 40 km, (d) [ was allowed to be 3°, 6°, or 12°, and (e) Acqge Was allowed to
be 8°, 11°, 14°, 17°, or 20°. The model with the lowest misfit relative to the event data was chosen as the
starting model.

4. Results
4.1. Data Measurements

Data and measurements for one of the cleanest events (event #6 in Table 2 occurring on May 4, 2014)
are shown in Figure 3. This event has several highly anomalous SPdKS records as identified in Thorne
et al. (2020) which are evident in the data stacks (Figure 3a) for distances between 109° and 112°. Here we
see SPdKS-like arrival emerging from SKS with a larger amplitude than SKS, reminiscent of the synthetics
shown in Figure 2. This is manifest in the 8Asxxs measurements by an increase in the amplitude ratio at
distances less than approximately 113°. We see a steady decrease in 8Tskks reaching a minimum of about
—4 s at a distance of 113°. Despite using records at a wide range of azimuths (30°-70°, see Table 1) the meas-
urements are consistent and a pattern is observed similar to those of the synthetics in Figure 2.

The event closest to the May 4, 2014 event in our data set occured on June 17, 2017 (Event #10 in Table 2).
The epicenters of these events are only separated by 0.7° (78 km). Data and measurements for this event
are shown in Figure 4. Although records for #10 do not have as high of a signal-to-noise ratio as the 2014
event, there is remarkable agreement in the pattern of §Tskks and 8Askks between the two events. Although
we note a static offset in the amplitude measurements between the two events, this demonstrates that two
nearby events display nearly identical waveform shape and measurements of differential travel-times and
amplitudes.

Another high-quality event is shown in Figure 5 (Event #9 in Table 2, February 24, 2017). This event epi-
center is located 3.8° to the northeast from the May 4, 2014 event shown in Figure 3, however the average
raypath azimuth is almost identical for these events. 8 Tskxs and dAskks measurements show a pattern re-
markably similar to the two examples discussed above. Note that this event occurred at a depth of 414 km
which is on the order of 100 km more shallow than the previous two events (527 and 511 km respectively),
but shows distinctly similar waveforms and anomalies in travel-time and amplitude. Hence, it is unlikely
that near source structure is responsible for these anomalous observations.

Other nearby events (events #1, #2, and #11) all show similar patterns in §Tsggs and 8Agskks as the events
discussed above (events #6, #9, and #10). We will refer to this as pattern A. Of the remaining events, event
#8 appears somewhat similar to pattern A, but the pattern is less clear for this event. Events #12 and #13
have their Pd arcs the furthest to the northeast. Their travel-times are somewhat similar to pattern A, yet
the amplitudes are nearly flat and almost PREM-like. Events #4, #5, and #7 show complex waveforms and
complex measurments of 8Tskxs and 8Asks that are difficult to interpret. These events have paths that are
parallel to those of events #6 and #10, but are further away. 6 Tsxxs and 8Agxxs measurements for all events
are provided in the online supplements.

Event #3 is unique and is shown in Figure 6. The shape of dAskxs is similar to pattern A except the peak in
the amplitude ratios appears to be shifted to slightly larger epicentral distances. However, 8Tsxxs appears
to climb in the distance range from 100° to 112° rather than decrease as in the case of pattern A. This event
is located further to the southwest of event #6, and thus it may be encountering a ULVZ at a greater Acgge.
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a) Seismogram stacks: May 4, 2014 event b) Stacks and synthetic seismograms
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Figure 3. (a) Radial component displacement seismograms for the May 4, 2014 event (Event #6 in Table 2). All seismograms are aligned in time on the
PREM predicted SKS arrival time and normalized to unity on the peak amplitude from 0 to 20 s. Seismograms are shown in the azimuth range from 30° to
70°. Individual seismograms are drawn in gray and stacks in 1° epicentral distance bins are drawn in blue. (b) Seismogram stacks are repeated in blue and
overlain for synthetics (green) computed for a ultralow-velocity zone model with 8V = —20%, 8Vp = —15%, h = 26 km, Aqee = 8.5°, and length (1) = 10.0°. (c)
Differential amplitude measurements, 8Askks, for the event are shown. Measurements for each trace are shown with black crosses. The red squares and error
bars show averages and one standard deviation error bars in 0.5° epicentral distance bins. The dashed green line shows the synthetic prediction for the model
shown in the previous panel. (d) Differential travel-time measurements, 8Tskks, corrected for tomography. Measurements for each trace are shown with black
crosses. The red squares and error bars show averages and one standard deviation error bars in 0.5° epicentral distance bins. The dashed green line shows the
synthetic prediction.

4.2. Synthetic Modeling

Finding ULVZ models that explain these data are performed using line minimization. We initiate the search
from one of the models in our coarse synthetic model bank. Figure 7 shows travel-time predictions (8 Tskks)
for a subset of these models. In this figure we show how 8Tskks varies as function of ULVZ size (h, I, and
Acgge) Where 8V and 8V are both held constant at —20%. Only a limited number of models reproduce the
travel-time variation pattern as observed for the data with a pattern A. For example, a model with length
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a) Seismogram stacks: June 17,2017 event  b) Stacks and synthetic seismograms
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Figure 4. (a) Seismograms for the June 17, 2017 event (Event #10 in Table 1). Seismograms are shown in the azimuth range from 40° to 70°. (b) Seismogram
stacks are repeated in blue and overlain for synthetics (green) computed for a ultralow-velocity zone model with §Vs = —20%, 8Vp = —15%, h = 26 km,
Acgge = 8.5°% and length (I) = 10.0°. (c) Differential amplitude measurements, dAskks, for the event are shown. (d) Differential travel-time measurements, 8Tskks,

corrected for tomography.

(D) = 3°, Aegge = 14°, and h = 40 km (third row of column a in Figure 7) has a similar travel-time pattern as
a model with length (I) = 6°, Aegee = 11°, and h = 40 km (second row of column b in Figure 7). That is, we
observe a fundamental trade-off between ULVZ length and position. Seismograms that produce the pattern
A travel-time anomaly are typically associated with the highly anomalous type of waveforms as described
in Thorne et al. (2020). Thus, we can infer that from travel-time observations alone, and perhaps waveform
shape of SPAKS, it may not be possible to constrain ULVZ size and position.

8Tskks is moderately sensitive to the ULVZ position. For example, consider the model with length (1) = 6°,
Acgge = 11°, and h = 10 km (second row of column b in Figure 7). Here we see the pattern A travel-time
behavior. However, if the ULVZ position is shifted 3° further away to the model with length (I) = 6°,
Acgge = 14°, and h = 10 km (third row of column b in Figure 7) the pattern shifts to one where we see 8 Tsks
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a) Seismogram stacks: Feb. 24,2017 event b) Stacks and synthetic seismograms
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Figure 5. (a) Seismograms for the February 24, 2017 event (Event #9 in Table 2). Seismograms are shown in the azimuth range from 30° to 70°. (b) Seismogram
stacks are repeated in blue and overlain for synthetics (green) computed for a ultralow-velocity zone model with §Vs = —20%, 8Vp = —17%, h = 26 km,

Acgge = 8.75°, and length (I) = 10.75°. (c) Differential amplitude measurements, 8Agks, for the event are shown. (d) Differential travel-time measurements,
dTskxs, corrected for tomography.

increase at the epicentral distances less than roughly 112°. This is similar to the pattern we observed for
event #3 (Figure 6).

Figure 8 shows amplitude predictions (8Askxs) for the same ULVZ models as shown in Figure 7. Here we
can see that, although a model with length (I) = 3°, A4 = 14°, and h = 40 km may have fit the travel-times
well for event #6 (Figure 3), it severely under-predicts the increase in amplitude ratios. In particular, we
can see that for event #6 the peak-to-peak change in 8Agkxs is on the order of 0.8 (Figure 3), whereas the
peak-to-peak change in 8Askks is on the order of 0.4 for the length (I) = 3° synthetics in Figure 8. But,
increasing the size of the ULVZ has the tendency to increase the amplitude ratio. And thus to fit both
travel-times and amplitudes for event #6, we need to increase its size. For example, a model with length
(D) = 12°, Acgge = 8°, and h = 20 km (green line in first row of column c in Figure 8).
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a) Seismogram stacks: Feb. 21,2011 event b) Stacks and synthetic seismograms
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e February 21, 2011 event (Event #3 in Table 2). Seismograms are shown in the azimuth range from 30° to 70°. (b) Seismogram

stacks are repeated in blue and overlain for synthetics (green) computed for a ultralow-velocity zone model with §Vs = —20%, 8Vp = —15%, h = 26 km,

Acgge = 13°, and length (I) = 10.0°
corrected for tomography.

. (c) Differential amplitude measurements, SAskgs, for the event are shown. (d) Differential travel-time measurements, 8 Tskks,

We performed a line minimization of events #6 and #9 which showed the cleanest signal in §Tsgxs and
dAskxs. For event #9, we initiated the search for model with Vs = —20%, 8Vp = —20%, h = 30 km, [ = 12°, and
Acgge = 8°. After 15 iterations, we converged on a best-fit model with 8V = —22%, 8Vp = —17%, h = 26 km,
[=10.75° and Acqge = 8.75°. Similarly for event #6, we found a best-fit model with Vs = —20%, Vp = —15%,
h =26 km, | = 10.0°, and A4, = 8.5°. Synthetic seismograms for these models and events are shown in
comparison to data stacks for these events in Figures 3b and 5b. Comparison of synthetic predicted &Tsxxs
and 8Agkxs are also shown in Figures 3c, 3d, 5¢c and 5d. Because events #6 and #10 were nearly co-located,
we also show predictions for the best-fit model (for event #6) in comparison to event #10 in Figures 4b-4d.

In each of the cases shown above (Figures 3-5), the general character of the §Tsxxs and 8Askgs measure-
ments are well represented. However, the model and observation misfit are not perfect. This is likely due to
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Figure 7. Synthetic predictions of 8 Tskgs for select ultralow-velocity zone (ULVZ) models. All models shown have 8V = —20% and 8V = —20%. Each column
shows a ULVZ with a length in the great circle arc direction of (a) I = 3°, (b) I = 6°, and (c) [ = 12°. Each row shows a ULVZ with an edge position of: (row 1)
Acgge = 8°, (TOW 2) Aggge = 11°, (10w 3) Acgge = 14°, (row 4) Ao = 17°. Each panel shows the prediction for four different ULVZ heights, h = 10, 20, 30, and

40 km ranging from light to dark brown. Panels highlighted in yellow have models that are potentially compatible with observations for events #6 and #10

shown in Figures 3 and 4.

trying to fit a 3-D structure with a 2-D axisymmetric model, and also the fact that we are only using simple
box-car shaped models. Nonetheless, using the axisymmetric approach used here, we are unable to find a
reasonable fit to both 8Tskks and dAgskks without using the large-scale (I = 10.0° or greater) ULVZ models.

We can also see that the predicted SKKS arrival is not always as delayed for the ULVZ model as is observed
in real data (see Figures 3b and 4b). In conducting our line minimization, we also inverted for a static shift
between the observations and model, which often was as large as 4 s. The need to invert for this static shift
is likely because of large-scale S-wave velocity perturbations that are not accounted for in tomography. Even
though we corrected travel-time measurements for a tomographic model (model TXBW), this model did not
erase all of the large-scale travel-time perturbations. This problem has been explored in past studies and in
particular, it is already known that tomography models underpredict travel-time delays for seismic phases
crossing the Pacific LLVP (Thorne, Zhang, & Ritsema, 2013).
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Figure 8. Synthetic predictions of Asxs for select ultralow-velocity zone (ULVZ) models. All models shown have §Vs = —20% and 8V = —20%. Each column
shows a ULVZ with a length in the great circle arc direction of (a) [ = 3°, (b) [ = 6°, and (c) [ = 12°. Each row shows a ULVZ with an edge position of: (row 1)
Acdge = 8°, (TOW 2) Aggge = 11°, (10w 3) Acgge = 14°, (oW 4) Acgge = 17°. Each panel shows the prediction for four different ULVZ heights, h = 10, 20, 30, and

40 km ranging from light to dark brown. Panels highlighted in yellow have models that are potentially compatible with observations for events #6 and #10

shown in Figures 3 and 4.

The event #3 epicenter is located 1.6° to the southwest of event #6. If the best-fit ULVZ position for event #6
is correct, we would expect the Pd rays to encounter this ULVZ at a larger Acq,. position. Hence we comput-
ed synthetic predictions for this best-fit model (Vs = —20%, §Vp = —15%, h = 26 km, [ = 10.0°) for a variety
of Acqge positions to see if a larger position fits these data as we expected, finding that a A, position of 13°
fits these data the best (Figures 6¢ and 6d). This best-fit model predicts 8Askks reasonably well, and predicts
the general shape in 8Tsxxs but does not capture the rapid rise in 8Tskks at the shortest epicentral distances.

The better fit for event #6 with a larger Acqq position is evidence that we have the size and position of the
ULVZ correct; however, we note that a larger distance of separation is found between events #6 and #9,
than #6 and #3 and we do not see a comparable shift in position between the best-fit models for those two
events. Comparison of best-fit ULVZ positions for these four events is shown in Figure 9. We note that this
modeling was done with a 2D axi-symmetric geometry, hence the ULVZ positions indicated in Figure 9 are
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Figure 9. Modeled ultralow-velocity zone (ULVZ) locations for events #3, #6, #9, and #10. Event locations are
indicated with stars and labeled by event number. ULVZ probability contours of 0.3 (light gray), 0.4 (gray), and 0.5
(dark gray) are reproduced from Thorne et al. (2021). Inferred ULVZ locations for each event are shown for event #3
(red line corresponding with red star for event #3), events #6 and #10 (purple line), and event #9 (green line). Regions
are outlined based on the axi-symmetric geometry used in the waveform modeling and the azimuthal range of the
data used (see Table 2). 3-D modeled areas shapes are indicated by dashed black lines for the boundaries of the 3-D
rectangular ULVZ model, the 0.4 probability contour and the cylindrical shaped model described in Section 5.

drawn as the sectors of a circle where the azimuthal bounds are defined by the azimuthal bounds of the data
used for each event (see Table 2) and the width of the ring is defined by the leading ULVZ boundary at Agge
and the far ULVZ boundary at A.gge + I. Overall there is good overlap between these models, and they also
overlap the ULVZ probability calculations of (Thorne et al., 2021). However, as seen from the probability
contours, the Samoa ULVZ has a 3-D structure that the 2-D axi-symmetric modeling is not capturing. We
will discuss possible 3-D effects in the next section.

5. Discussion

If a single large ULVZ is responsible for our observations, then we infer a maximum width of 10.75° (650 km
along the CMB) when modeling in 2-D. However, the data used in this study appear to obliquely cross the
Samoa ULVZ inferred in Thorne et al. (2021), so the actual ULVZ width may not be this large. This previous
work inferred a long linear ULVZ stretched out in the North-South direction. We show probability contours
of 0.4 and 0.5 from Thorne et al. (2021) in Figure 1 which are consistent with the ULVZ imaged here. How-
ever, our 2-D modeling efforts are averaging the 3-D structure. If the contours are a guide then we may be
underestimating the ULVZ width for the smaller azimuths and overestimating the width for the larger azi-
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muths. Nonetheless, if we are sampling the ULVZ obliquely then the actual width of the Samoa ULVZ may
only be on the order of 8° (485 km) in the East-West direction if we use the 0.4 or 0.5 probability contours
as a rough guide for the ULVZ shape.

Previous studies have suggested the Samoa ULVZ is between 250 and 400 km across (Thorne, Garnero,
et al., 2013; Wen & Helmberger, 1998a). Here we suggest the ULVZ is likely at the larger end of that thes-
cale approaching 500 km in width. Yet it is difficult to constrain as our ray paths may be crossing the ULVZ
obliquely. But, given this constraint on ULVZ width in the raypath direction, this imposes limits on the
ULVZ elastic parameters. Here we find that 8V and 8V} reductions from 20% to 22% and 15% to 17% respec-
tively gives us the best fit, for a ULVZ with a thickness of 26 km. Previously Thorne, Garnero, et al. (2013)
proposed a larger S-wave velocity drop, as high as 45%. However, that study only considered 3:1 8Vi: 8Vp
ratios as implied by partial melt. In addition, that study did not use SKKS observations and also suggested a
ULVZ that was not as wide as we model here. Thus, we do not disagree with the results of Thorne, Garnero,
et al. (2013); rather that study just did not consider all the possibilities in the model space and also only
considered SPdKS. As seen in Figures 3-5, the model we propose here also predicts the highly anomalous
waveforms for this region that were modeled in Thorne, Garnero, et al. (2013). The results presented in
this paper are also more consistent with previous SKKS and SKS based studies (Thorne, Zhang, & Ritse-
ma, 2013; Y. Zhang et al., 2009) which both inferred a roughly 20 km thick ULVZ with a 8V reduction
between 20% and 30%.

It is now possible to compute short period (~2 s dominant period) synthetic seismograms for fully 3-D
ULVZ models using the AxiSEM3D technique (Leng et al., 2019, 2020). This mixed pseudospectral/spec-
tral-element method (Leng et al., 2016) exploits wavefield smoothness in the azimuthal direction, such that
its discretization can be adapted to the complexity of the problem. For any 3-D models exhibiting regions
of smooth variations, such as in tomographic models, with localized complex structures, such as ULVZs,
the computational speedup can be drastic while retaining exact solutions. Previous tests conducted for a
cylindrical ULVZ in 3-D compared with an axi-symmetric ULVZ in 2-D showed marked differences in pre-
dictions for the same base ULVZ model (Thorne et al., 2021). In that case, the cylindrical symmetry of the
ULVZ focused energy into the ULVZ in a way that was not seen for the 2-D model, resulting in much more
anomalous waveform shapes with larger amplitudes for SPAKS related seismic phases. However, in this
location we do not see a cylindrical shaped ULVZ but rather a long linear ULVZ. The geometry of the ULVZ
observed here is not however axi-symmetric, and so we test the long linear ULVZ shape in 3-D relative to
the 2-D axi-symmetric case.

In particular, we tested three 3-D geometries: (a) a rectangular shaped ULVZ that has a width constrained
by our modeling of event #6 (modeled rectangle size is 9.2°x35°), (b) a cylindrical-shaped ULVZ that has
a10.75° diameter constrained by our modeling of event #6, and (c) an approximately rectangular NS elon-
gate—irregularly shaped ULVZ defined by the 0.4 ULVZ probability contour of Thorne et al. (2021) (see Fig-
ure 9). For each of the three models, we used an S-wave velocity reduction of 20%, and P-wave velocity re-
duction of 15% and a thickness of 26 km as best-fit by event #6. The first model is tested in order to examine
how well the axi-symmetric modeling compares to a fully 3-D model in this case where we have previously
inferred that the ULVZ has a long linear shape. The second model is selected in order to assess whether the
long linear shape is necessary. The third model is chosen to see how the irregularity of the boundary affects
the wavefield and to test whether the probability contours of Thorne et al. (2021) may act as a reasonable
proxy to the ULVZ shape. Thorne et al. (2021) compared 2-D axi-symmetric synthetics to a cylindrical 3-D
ULVZ. The 3-D cylindrical ULVZ strongly focused energy and predicted much more anomalous waveforms
than the 2-D case. Hence, our overall goal in these 3-D tests is to determine whether or not the ULVZ size
and elastic parameters are over-estimated by the 2-D modeling we performed.

Results for the different 3-D models are shown in Figure 10. These synthetic seismograms are computed
for source characteristics of event #6 (see Table 2). We computed synthetics at the same receiver locations
used for this event and stacked them into 1° epicentral distances bins as was done with these data. Stacked
synthetics (red traces) are compared to the stacked data (blue traces) in Figures 10a-10c. Visually, all three
synthetic models compare reasonably well with the data, but differences exist in the 110°-111° distance
range in which the timing and amplitude of the SPAKS arrival do not quite match up. A more quantitative
comparison is made in Figures 10d and 10e in which the Agkks and 8Tsgxs measurements are shown. Little
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Figure 10. Data stacks for the May 4, 2014 event (Event #6 in Table 2) are given in blue. All traces are radial
component displacement seismograms. 3-D synthetic seismograms are given in red for either (a) a rectangular
approximation to the Samoa ultralow-velocity zone (see purple dashed line in Figure 9), (b) a cylindrical shaped
approximation (see black dashed circle in Figure 9), or (c) the 0.4 probability contour (see solid purple line in Figure 9).
Approximate SPAKS arrival is indicated by the dashed line. (d) 8Askks and (e) 8 Tsxxs measurements for the rectangle
(orange), cylindrical (blue), and contour (green) 3-D synthetic models compared to data. Black crosses correspond to
individual data measurements. The average and standard deviations are given by the red squares and lines.

variation is seen in the 8Asxxs measurements for the three models, and all three models underestimate the
amplitude ratios at the shortest epicentral distances. The differential travel-times show much greater vari-
ation in the patterns than the amplitude measurements. The rectangle model shows the closest agreement
with the data, although the minimum in 8Tskks is not replicated. Both the cylindrical and contour models
show a complicated multi-valued relationship. In both models, the observations for distances less than ap-
proximately 112° tend to split between regions where (a) 8 Tskks drops below zero and (b) 8 Tskks rises above
zero. This split is due to the data being sampled over a wide azimuthal band and the complex behavior and
sensitivity of the SPAKS waveforms with respect to ULVZ length (1) and edge positions (Acgge) as demon-
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strated in Figure 7. Interestingly, the data for events #4 and #5 that we did not try to model because of their
complexity have 8Tskks patterns suggestive of this split behavior which could be indicative of the 3-D nature
of this ULVZ (see Figures S17 and S18).

Of the 3-D models, the rectangle model fits the observations the best as this model alone does not show a
complex bi-modal distribution of travel-times in the 105°-113° epicentral distance range. However, discrep-
ancy in both the amplitude and travel-time variations exists with respect to the data. We also computed 3-D
models where we shifted the rectangle by one or two degrees in longitude to the east or west. Of the shifted
models, a slight shift of 1° to the west provides a slightly better fit to these data. However, dAgkks is still
underestimated and the magnitude of the §Tsxks decrease is still not replicated. Both of these observations
could be explained by the result of the different focusing observed in 2-D axi-symmetric versus 3-D synthet-
ic seismograms for the SPAKS related phases (see supplemental animation in Thorne et al., 2021) as well as
complex 3-D structure of the ULVZ.

Although we do not get a perfect agreement between models in 2-D and 3-D the results presented above
suggest that the 2-D model results are generally consistent with 3-D models. The disagreement between 2-D
and 3-D models could be due to the complex 3-D shape of the ULVZ and differences in focusing of the arriv-
als associated with SPAKS, both of which could affect the elastic parameters recovered. This demonstrates
the importance of future efforts using a fully 3-D modeling. However, expanding the model space to 3-D
geometries increases the possible model space dramatically and is beyond the scope of the present work.

Some additional considerations should be made with respect to the 2-D modeling used in this study. First,
we only tested box-car shaped ULVZ models. Some previous efforts have suggested that ULVZs may be
dome shaped or more irregularly shaped features (e.g., Wen & Helmberger, 1998a, 1998b). However, the
ULVZ we image here has a thickness on the order of 20 km over a length of approximately 600 km in the
great circle arc direction (the length is ~30x the height). Hence, the shape may not play as important of
a role in our modeling as with other smaller-scale ULVZs, yet we did not test the effect of shape in this
study. Furthermore, SPAKS has a complimentary phase SKPdS that occurs on the receiver-side of the path.
Structure on the receiver-side of the path can also affect the waveforms we observe here. A large ULVZ is
known to exist on the receiver-side beneath northern Mexico (Havens & Revenaugh, 2001; Spica et al., 2017;
Thorne et al., 2019), but none of the Pd paths used in this study cross this ULVZ. However, we cannot rule
out possible contamination from unknown ULVZs beneath N. America. But a previous effort has shown
that the receiver-side effects are likely only observed on a handful of stations (Thorne et al., 2021). Since the
patterns we observe in 8 Tskxs and 8Askks are consistent over a large range of azimuths (a 30° or 40° span) it
does not appear that a receiver-side structure is strongly affecting our measurements.

In addition to further 3-D modeling efforts, we may learn more about the Samoan ULVZ if we can incorpo-
rate additional seismic wave arrivals into the inversion. Unfortunately, there is little overlap in this region
with the seismic phases most commonly used to detect ULVZs such as ScP (e.g., Rost & Revenaugh, 2003),
ScS (e.g., Zhao et al., 2016), Sy (e.g., Kim et al., 2020), and PKP (e.g., Waszek et al., 2015). However, addi-
tional information such as SPdKS back azimuth could provide additional constraints. Initial tests suggest
that the circular ULVZ model shows significant energy coming from off great-circle path. In this study we
do not attempt to measure whether the SPdKS energy is arriving from off great-circle paths, but future ef-
forts could potentially use this as an additional constraint in fully 3-D waveform modeling efforts.

The elastic parameters we recovered with the 2-D modeling suggest a 8V to 8Vp ratio of 1.3, which is con-
sistent with a compositional origin to the ULVZ (Brown et al., 2015; Wicks et al., 2010). From a geodynamic
perspective, the most striking aspect of the Samoa ULVZ may be its long linear shape. Simulations show a
similar snake-like shape when compositional ULVZ material is in the process of migrating across the CMB
(Li et al., 2017; McNamara, 2019). When not in motion, compositional ULVZs appear rounded similar to
the shape of most other inferred ULVZs (Thorne et al., 2021). However, the Samoa ULVZ lies directly in the
center of the Pacific LLVP, and if this LLVP is a single feature such as a thermochemical pile as opposed to
a tomographically blurred collection of mantle upwellings (Bull et al., 2009; Hosseini et al., 2019), then we
expect the highest temperatures in the lowermost mantle to exist where we observe the Samoa ULVZ. Thus,
it is possible that the Samoa ULVZ is composed of partial melt, a possibility which we cannot rule out based
solely on the observed ULVZ size and shape in comparison to geodynamic simulations.
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6. Conclusions

The long linear shape of the Samoa ULVZ appears unique among ULVZs that have been imaged to date.
In this paper we considered measurements of both differential travel-times and amplitudes between SKKS
and SKS, measurements which are highly sensitive to ULVZ properties and location as well as the emer-
gence of the SPAKS arrival. Using these additional constraints, we observe that if a ULVZ is responsible for
our observations then it must be on the order of 500 km wide or we are not able to predict the SKKS/SKS
amplitude ratio measurements. In turn, the wider ULVZ implies that velocity variations for S- and P-waves
are likely in the —20% and —15% range respectively. These velocity variations are more similar to a 1:1 8V:
8Vp velocity ratio, and are consistent with a compositional origin to the ULVZ such as predicted for a ULVZ
composed of highly Fe-enriched ferropericlase (Brown et al., 2015; Wicks et al., 2010). Interestingly, in
geodynamic simulations a dense compositional anomaly in motion most resembles the shape of the Samoa
ULVZ in our preferred model. Geochemical evidence points to a possibly ancient subduction component to
the most recent volcanism in the Samoa line. Hence, if the ULVZ we observe beneath Samoa has material
that is being entrained into Samoan hot spot lavas, these materials may in part be derived from ancient sub-
duction (Jackson et al., 2014), which has been pushed to the central Pacific and is currently being entrained
into the Samoa hot spot.

Data Availability Statement

All radial component displacement seismic recordings used in this study for the 13 events listed in Table 2
are freely available in the hive.utah.edu data repository: https://doi.org/10.7278/S50DT3X22GGB.
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