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S U M M A R Y 

We present a new data set of nearly 100 earthquakes which show clear evidence of the Hawaiian 

ultra-low velocity zone (ULVZ) in the S core-diffracted phase (Sdiff), representing the most 
comprehensi ve Sdif f data set of a ULVZ to date. Using a Bayesian inversion approach, as 
outlined in Martin et al. , and a subset of the data set, we characterise the 2-D morphology and 

velocity of the Hawaiian ULVZ. The results suggest that the ULVZ is smaller than pre viousl y 

estimated, with an elliptical shape, and oriented along the direction of the large low-shear 
velocity province boundary. Using forward modelling, we infer that the ULVZ has a height of 
25 km and shear velocity reduction of 25 %. 

Key words: Composition and structure of the mantle; Body waves; Computational seismol- 
ogy; Wave scattering and diffraction. 
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 I N T RO D U C T I O N  

he lowermost mantle is dominated by two large antipodal slow ve-
ocity structures—large low-shear velocity provinces (LLSVPs)—
eneath Africa and the Pacific, which appear in all global tomo-
raphic models (e.g. Garnero et al. 2016 ). Sitting on the core–mantle
oundary (CMB) lie smaller, but even more extreme reduced ve-
ocity (5–50 % dVs and 5–25 % dVp) features on the order of a
ew to tens of kilometres tall and up to 1000 km in lateral extent,
ubbed ultra-low velocity zones (ULVZs, e.g. compilation by Yu
 Garnero 2018 ). The largest of these, ‘mega-ULVZs’, have been

dentified near the Hawaii (Cottaar & Romanowicz 2012 ; J. Li et al.
022 , Z. Li et al. 2022 ), Samoa (Thorne et al. 2013 , 2020 ; Krier
t al. 2021 ), Iceland (Yuan & Romanowicz 2017 ), and Galapagos
Cottaar et al. 2022 ) hotspots, supporting a hypothesised spatial
orrelation to the LLSVP boundaries (Williams et al. 1998 ; Yu &
arnero 2018 ). 
In this study, we collate and interrogate a data set of events

hich sample the Hawaiian ULVZ with the S core-diffracted phase
Sdif f). These w aves dif fract along the CMB and refract around
LVZs, resulting in ‘postcursors’ to the main phase (Sdiff + ). Pre-
ious studies which have 3-D modelled mega-ULVZs using Sdiff
hases have assumed a simplified uniform dVs cylindrical ULVZ
n Hawaii (Cottaar & Romanowicz 2012 ; Z. Li et al. 2022 ), Iceland
Yuan & Romanowicz 2017 ) and Galapagos (Cottaar et al. 2022 ).
hese studies inferred axisymmetric structure by beamforming and
ackpropagating energy from the Sdiff + arrivals at the seismic ar-
a ys, which show ed that lensing had occurred. The simplest such
tructure that satisfies these observations is a cylinder. Furthermore,
-D full waveform modelling up to the frequencies required for
C © The Author(s) 2023. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
ostcursors (0.1 Hz) is computationally e xpensiv e, taking 100–300
PU hours per event per model. It is impractical therefore to do
 rigorous grid search of potential 3-D morphological parameters.
sing the wave front tracking software (Hauser et al. 2008 ; Martin

t al. 2023 ), which runs on the order of a few CPU seconds, we are
ble to perform the first inversion for the shape of a ULVZ. 

There is significant disagreement about the ULVZ landscape near
he Hawaiian plume root other than that there is a patchwork of UL-
Zs (summarised in Fig. 1 and Table S1 , Supporting Information).
espite studying a similar region, different phases, different filter
ands and different approaches have led to different models. 

Depending on its frequency, Sdiff will have sensitivity to dif-
erent heights above the CMB: higher frequency wa ves ha ve more
ensitivity closer to the CMB but also a lower signal-to-noise ratio
SNR) due to weaker arri v al amplitudes and stronger microseismic
oise. Z. Li et al. ( 2022 ) investigated vertical stratification of a
ylindrical model and the associated effects on this dispersive be-
aviour of postcursor waveforms in Hawaii, opting to relocate the
referred model of Cottaar & Romanowicz ( 2012 ) further SW but
aintaining the 20 km height and −20 % dVs. The higher frequency
a veforms w ere then interpreted to be sensitive to a ∼2 km thick
asal layer with −40 % dVs. J. Li et al. ( 2022 ) also re-analysed
he preferred model of Cottaar & Romanowicz ( 2012 ) with an aug-
ented data set of S, ScS and Sdiff phases and extended the ULVZ

ootprint SW, but prefer a height of 50 km and −10 % dVs. Kim
t al. ( 2020 ) propose instead that the observed postcursors can be
qually well modelled by a cylinder ∼600 km tall and ∼450 km
ide, which is interpreted as a deeply rooted plume conduit be-
eath the Hawaii hotspot, or a 50 km tall cylindrical ULVZ with
therwise the same parameters as the model proposed by Cottaar &
oyal Astronomical Society. This is an Open Access 
 https://creati vecommons.org/licenses/b y/4.0/ ), which 
 the original work is properly cited. 2399 
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Figure 1. A map of ULVZ models associated with the Hawaiian plume 
and/or hotspot, compiled from studies using S phases (Avants et al. 2006a , 
b ; Lay et al. 2006 ; Liu et al. 2011 ; To et al. 2011 ; Cottaar & Romanowicz 
2012 ; Zhao et al. 2017 ; Sun et al. 2019 ; Kim et al. 2020 ; Jenkins et al. 
2021 ; Lai et al. 2022 ; J. Li et al. 2022 , Z. Li et al. 2022 ). The background 
model is a cluster analysis vote map from Cottaar & Lekic ( 2016 ), where 
positive (blue) represents number of models with fast velocities interpreted 
as slabs, and ne gativ e (red) represents number of models with slow velocities 
interpreted as LLSVPs. Solid and dotted lines are ULVZ models; dashed 
lines shown in the same colour represent alternative models proposed in 
the same study that both fit data equally well. The boundaries for Jenkins 
et al. ( 2021 ) have been taken as the 2.5 s (solid) and 1.0 s (dashed) contours 
of the pre/postcursor traveltimes, interpreted as thicker/stronger velocity 
reduction and thinner/weaker velocity reduction, respecti vel y. A summary 
of the ULVZ models, including their velocity reductions and heights, is 
given in Table S1 (Supporting Information). 
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Romanowicz ( 2012 ). Similarly, To et al. ( 2011 ) prefer taller ULVZ 

models, 80 km or greater, with dVs at least 25 % reduced. 
To the SE of Haw aii, se veral small patches of ULVZs have been 

identified which have been linked to the Hawaiian mantle plume 
(Avants et al. 2006a , b ; Lay et al. 2006 ; Liu et al. 2011 ; Zhao 
et al. 2017 ; Sun et al. 2019 ; Jenkins et al. 2021 ; Lai et al. 2022 ),
and potentially driven to the edge of the LLSVP by subducted slab 
motion (Lai et al. 2022 ). Using 2-D finite-difference synthetics with 
a combined data set of S, ScS and Sdiff phases, Lai et al. ( 2022 ) 
argue for a slab and plume model with a ULVZ embedded at the 
base of the plume modelled to be 30 km thick, ∼300 km in lateral 
extent and −18 % dVs. Zhao et al. ( 2017 ) modelled the topography 
of the ULVZ near Hawaii using ScS, which was latterly expanded 
upon by Jenkins et al. ( 2021 ) to include the area also containing the 
Hawaiian mega-ULVZ mapped by Cottaar & Romanowicz ( 2012 ). 
Zhao et al. ( 2017 ) and Jenkins et al. ( 2021 ) both identify a regionally 
v arying ULVZ topo graphy, ranging from 0 to 20 km in height. Both 
studies require strong velocity anomalies, dVs 5–40 % reduced, 
but note that there is a strong trade-off between ULVZ height and 
velocity reduction. Additionally, Jenkins et al. ( 2021 ) interpret the 
mega-ULVZ to be 10–20 km thick, and no taller than 30 km, with 
dVs 15 % reduced. In contrast to these thinner models, Sun et al. 
( 2019 ) identify a ULVZ in a similar region SE of Hawaii using ScS 

multipathing that is modelled to be 80 km tall, dVs 15 % reduced 

and ∼150 km in lateral extent. 
In this paper, we present a new data set of nearly 100 earth- 
quakes which sample the Hawaiian ULVZ with Sdiff. It comprises 
data from the United States and Canada (including USArray in 
contiguous United States and Alaska), temporary arrays in Mexico 
and Central America, the Japanese F-net and networks in Australia 
and New Zealand. This represents the largest high-quality data set 
and broadest range of source–receiver geometries of any one par- 
ticular ULVZ currentl y av ailable in the literature, and offers great 
opportunities to study the properties of the Hawaiian mega-ULVZ, 
which are important in constraining its origin and role in mantle 
dynamics. 

Whilst others have performed Bayesian inversions on ULVZ 

problems before (e.g. Thorne et al. 2020 ; Pachhai et al. 2022 ), 
we present the first lateral velocity map of a ULVZ from a Bayesian 
inversion. Using dynamic ray tracing software outlined in Hauser 
( 2007 ) and Martin et al. ( 2023 ) to model wave fronts propagating 
across a spherical shell, we interrogate a subset of the new data set 
within a Bayesian inversion to estimate the morphology and veloc- 
ity reduction of the Hawaiian ULVZ. Finally, we compare the 2-D 

inversion result with 3-D full waveform synthetics of a 3-D ULVZ 

model derived from the inversion. 
This study is an application of the 2-D wave front tracker (2DWT) 

inversion methodolo gy de veloped in the companion paper (Martin 
et al. 2023 ). 

2  M E T H O D  

2.1 Data 

We have downloaded and inspected all earthquakes between 1990 
and 2022 with magnitude 5.7 + at all depths from the Incorporated 
Research Institutions for Seismolo gy (IRIS) catalo gue. From this 
w e ha ve compiled a catalo gue of nearl y 100 high-quality e vents 
which sample the Hawaiian mega-ULVZ with Sdiff and/or the Sdiff 
depth phase (Table S2 and Fig. S1 , Supporting Information). A 

small subset of these which give a broad range of source–receiver 
geometries, high number of stations and a high SNR are analysed 
in this study (Table 1 and Fig. 2 ). 

Data were downloaded for stations 95 to 135 ◦ epicentral distance 
from the earthquake source, filtered between 10 to 20 s period, 
and then manually screened for SNR and presence of postcursor 
arri v als. The w av eforms for these fiv e ev ents (Fig. 3 ) are aligned 
by the PREM Sdiff arrival time (Dziewonski & Anderson 1981 ) 
calculated using the TauP toolkit (Crotwell et al. 1999 ), and sorted 
by 1 ◦ bins of azimuth from source to receiver. The postcursors of 
Sdif f caused b y the ULVZ, Sdif f + , are highlighted in their respecti ve 
colours to guide the eye. 

Event 3 has a prominent depth phase which cuts off the azimuth 
range that the postcursors can be constrained within, but postcursor 
observations still span a significant azimuth and epicentral distance 
range. For Event 4, the postcursor arri v als are significantl y weaker in 
amplitude than the main arri v als, but can still be distinguished due 
to the SNR. The event shows postcursors extending to large off-axis 
angles. Event 5 is unique in that it has strong Sdiff + postcursory 
energy but no Sdif f arri v al; in this sense it differs from 3-D full 
waveform synthetics previously computed by Martin et al. ( 2023 ), 
which all feature a clear main arri v al interfering with the postcursor 
energy, for example, in Events 1 and 2. 

To extract the Sdiff + arrival times, we correlate the waveforms 
with 1-D PREM synthetics calculated using Instaseis (van Driel 

art/ggad345_f1.eps
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Ta ble 1. Earthquak e subset used in this study. All earthquake parameters are from the Global Centroid-Moment-Tensor project (Ekstr öm et al. 1981 ). # is 
number of receivers with a positive postcursor detection. Source–receiver pairs have been extracted for positive postcursor observations. 

Event Date Lon Lat Depth Mag # Region 

1 2005/08/08 140.23 −3.73 17.0 5.9 96 Irian Jaya, Indonesia 
2 2006/03/14 127.31 −3.35 13.0 6.7 100 Seram, Indonesia 
3 2008/08/30 147.49 −6.33 88.25 6.4 477 Eastern New Guinea Region, PNG 

4 2015/01/23 168.36 −17.06 231.0 6.8 203 Vanuatu Islands 
5 2016/09/08 158.47 −54.51 13.7 6.1 206 Macquarie Island Region 
H 2010/03/20 152.33 −3.32 413.51 6.7 − New Ireland Region, PNG 

Figure 2. An equal area projection map centred on the ULVZ model (red 
circle) proposed by Z. Li et al. ( 2022 ). Fiv e ev ents and their Sdiff ray paths 
close to the CMB (2800 km and deeper) are shown in green (Event 1), purple 
(Ev ent 2), red (Ev ent 3), blue (Ev ent 4) and orange (Event 5). The orange 
dots are surface hotspots. Each concentric ring represents 10 ◦ epicentral 
distance from the centre of the ULVZ model. The background model is the 
2800 km depth slice of SEMUCB (French & Romanowicz 2014 ). 
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t al. 2015 ), again aligned with respect to the Sdiff arrival times cal-
ulated for Preliminary Reference Earth Model (PREM, Dziewon-
ki & Anderson 1981 ). The arri v als are then picked as the continuous
axima of the correlation values. Further details and an example

re available in Martin et al. ( 2023 ). Fig. 4 shows these arri v al times
lotted against the ‘ef fecti ve azimuth’. That is, the angle between
he azimuth of source to ULVZ midpoint and the azimuth of ULVZ

idpoint to receiver. This angle represents the degree of refraction
f the postcursor. Then, if the ULVZ is axisymmetric, the postcur-
ors should collapse onto a single parabola (Yuan & Romanowicz
017 ; Martin et al. 2023 ); the success of this assumption suggests
he ULVZ is indeed quasi-axisymmetric. 

.2 Null events and others not modelled 

dif f w aveforms can v ary significantl y, depending on the source-
ime function (e.g. complicated waveforms or poorly fitting CMT
olutions), earthquake depth (e.g. interfering depth phases), energy
irectionality, azimuthal coverage (e.g. due to small seismic arrays)
nd level of SNR. As such, it was impractical to model a number of
he earthquakes in our catalogue with the method introduced in the
ext section, which requires a distinguishab le, separab le postcursor
o be able to pick the arri v al from the data (Martin et al. 2023 ). This
eant that a lot of the earthquakes which are in unique source–
eceiver geometries (e.g. Alaska and the west coast of contiguous
SA; Figs S3 and S4 a–b, Suppor ting Infor mtion) were unsuitable

or modelling within our framework despite showing clear postcur-
ory energy. These sorts of events would be suitable for 3-D full
 aveform tomo graphic modelling, if computational or algorithmic

dvances make such an inversion feasible. 
Many of the earthquakes listed in the full catalogue would be

ppropriate for use within our inversion scheme, however there is
till a computational cost associated with including additional data.
e therefore only include the subset of five events as detailed in

able 1 in our analysis, selected for optimal coverage. 
We do want to highlight a set of events that stood out during our

ata exploration: earthquakes from the Pacific Ridge, detected by
he Japanese broadband F-net array, demonstrated consistently clear
dif f arri v als but lacked Sdif f + signals (Figs S4 c–d, Supporting
nformation). This poses a significant challenge to our interpretation
f the Hawaiian mega-ULVZ, which from all other source–receiver
eometries that we have events for show clear postcursory energy.
his possibly represents a 3-D topographical effect on the surface
f the ULVZ, which might suggest a sloped top or velocity gradient
nto the LLSVP, but full waveform synthetic modelling of this effect
s outside the scope of this study. 

.3 2DWT Bayesian inversion 

 full description of the methodology (parametrisation, inversion
ormulation and convergence analysis), as well as its advantages
nd disadvantages, and various 2-D and 3-D synthetic tests can be
ound in Martin et al. ( 2023 ). 

In short, we use the 2DWT from Hauser et al. ( 2008 ) and adapted
y Martin et al. ( 2023 ) to model the postcursor arri v al times of the
LVZ in the horizontal plane. Here, wave fronts are tracked across
 spherical shell, which is 2-D in ( θ , φ)-coordinate space. The
ostcursor traveltimes are computed for different ULVZ input ve-
ocity models. The scalar velocity field is parametrised as an ellipse
whose position, size, ellipticity and orientation can be varied) on
 uniform background v elocity, giv en by the PREM velocity at the
MB (7.2996 km s −1 , Dziewonski & Anderson 1981 ). The param-
ter space is defined so to be able to explore the parameter spaces
f previous studies: location is within 15 ◦ of a chosen centre point
190 ◦, 15 ◦), velocity is 0.5–1.0 as a fraction of background velocity,
emi-minor axis length is 50–800 km, rotation can take any value
nd eccentricity is up to 0.866. 

The 2DWT forward model is implemented within a Bayesian
n version framew ork. After running the in version for a while after
onvergence, a sparsely sampled distribution of velocity models is
ssumed to approximate the posterior distribution. From this, we
se the inversion ensemble to produce estimates for the location,
elocity reduction and lateral extent of the ULVZ, as well as their
ssociated errors (Bodin et al. 2009 ). 

art/ggad345_f2.eps
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Figure 3. Waveforms for the selected five events which sample the Hawaiian mega-ULVZ; listed in Table 1 and source–receiver geometries shown in Fig. 2 . 
Waveforms are sorted according to azimuth between source and receiver, and aligned with respect to predicted Sdiff arrival times from PREM (Dziewonski & 

Anderson 1981 ) calculated using the TauP toolkit (Crotwell et al. 1999 ). The postcursors have been highlighted in their respective colours to guide the eye. The 
arri v al times extracted from these waveforms are shown in Fig. 4 . This plot is reproduced without the postcursor highlights in Fig. S2 (Supporting Information). 
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We then estimate the sensitivity of our postcursors to the sur- 
rounding regions of the velocity map by allowing additional ellipses 
to be added to the equilibrium inversion ensemble. The inversion 
framework is then ‘transdimensional’ (Bodin et al. 2009 ; Galetti 
et al. 2017 ), that is, the number of ellipses in a velocity map is itself 
a variable. 

2.4 3-D synthetic modelling using CSEM 

From the ULVZ model obtained in the 2DWT inversion, we ex- 
tend to 3-D full waveform synthetics with the use of the Coupled 
Spectral Element Method (‘sandwiched’-CSEM; Capdeville et al. 
2002 , 2003 ; following Cottaar & Romanowicz 2012 ; Yuan & Ro- 
manowicz 2017 ; Cottaar et al. 2022 ). CSEM couples the normal 
mode summation for a 1-D Earth model with the spectral element 
solution for a full 3-D tomographic model in the lowermost 370 km 

of the mantle, allowing for computationally efficient 3-D full wave- 
form synthetics calculated down to 10 s period. To do this, elliptic 
cylinders are injected into the whole mantle tomographic model 
SEMUCB (French & Romanowicz 2014 ). We then test a limited 
number of 3-D models due to computational expense; the chosen 
models are informed from the preferred 2-D inversion model and 
the height is based on estimates of the Sdiff + frequency content 
(Martin et al. 2023 ). 
3  R E S U LT S  A N D  D I S C U S S I O N  

3.1 Inversion of real data 

For the Sdif f + arri v als extracted (Fig. 4 ) from the earthquake wave- 
forms (Fig. 3 ), we perform a fully nonlinear Bayesian inversion with 
our 2DWT forward model for a single ellipse (Fig. 5 a). The median 
map of the inversion ensemble shows an ellipse oriented SW-NE. 
We recover a characteristic ring of uncertainty in the standard devi- 
ation map of the inversion ensemble, indicating uncertainty in the 
boundary of the ULVZ (Galetti et al. 2017 ). This uncertainty is also 
readily visible in the velocity profile of the midpoint of the ULVZ 

(Fig. 6 ) and a SW-NE cross-section through the ensemble (Fig. 7 ). 
While the prior is a uniform distribution, the posterior distribution 
we recover is highly asymmetric: with a strong peak around −20 % 

velocity reduction, and a long tail skewed towards more extreme 
dVs. This is reflected in the cross-section: ensemble models with 
more velocity reduction have smaller ellipses, which is a conse- 
quence of the velocity-size trade-off (see discussion in Martin et al. 
2023 ). 

The overall parameters of the ellipse fitting the inversion data 
are taken to be the mean and standard deviation of the ensemble of 
ellipse parameters: an ellipse oriented at azimuth 56.9 ± 3.7 ◦ (ap- 
proximately SW-NE), centred at (188.90 ± 0.42 ◦, 16.15 ± 0.36 ◦), 

art/ggad345_f3.eps
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Figure 4. Extracted arri v al times for the fiv e ev ents. The arri v al times are 
plotted against the ef fecti ve azimuth, which we define as the angle between 
the azimuth of source to an estimated ULVZ midpoint, and the azimuth of 
ULVZ midpoint to receiver. 
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Figure 6. The probability density function of the dVs of the midpoint of 
the single-ellipse inversion ensemble from Fig. 5 , representing the posterior 
distribution of the velocity of the Hawaiian mega-ULVZ. This is taken as the 
equilibrium distribution of the inversion once it has reached convergence 
(Fig. S5 , Supporting Information). 
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To investigate the sensitivity Sdiff + ray paths have to regions of
he velocity map surrounding the ULVZ, we now permit creating
nd removing ellipses within the inversion—that is, we are now
erforming a transdimensional Bayesian inversion. We do this by
ontinuing the inversion from the equilibriated endpoint of the initial
single-ellipse’ inversion (for details, see Martin et al. 2023 ). In this
multiple-ellipse’ inversion (Fig. 5 b), we see two large ‘shadow
igure 5. Median (upper) and standard deviation (lower) velocity maps of 
he ensemble of models of (left) single- and (right) multiple-ellipse inver- 
ions run for the arri v als in Fig. 4 . The blue dashed line is the defined area 
f sensitivity on the velocity map. The cross-sections AB and CD are shown 
n Figs 7 and 8 , respecti vel y. 
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ones’, which indicate regions of the velocity map which have
ittle impact on the traveltimes calculated with the 2DWT and are
herefore interpreted as regions of low sensitivity to the Sdiff + ray
aths. These shadow zones are located on the NW and SE due to the
ominant SW-NE source–receiver geometry. There are two smaller
hadow zones in front and behind the ULVZ, but which are distinctly
eparated from the ULVZ ring of uncertainty . Notably , in the median
elocity map of the ensemble, we see two patches in the large shadow
ones. Inspecting the NW-SE cross-section (Fig. 8 ) we see that in
hese shadow zones, the posterior is almost uniform: that is, the
elocity field is not well resolved in these regions. We conclude that
hese are artefacts, and are indicative of the poor sensitivity Sdiff +
ay paths have to velocity variations in this region since the level of
oise is comparable to the level of signal. 

Finally, we compute the arrival times for the median velocity
ap of the ensemble with the 2DWT, which show a good fit to the

rri v al times extracted from the waveform data (F ig. 9 ). Notab ly,
he temporal shift in different events matches better than a circular
LVZ model (Fig. S6 , Supporting Information). 

.2 Validation using 2DWT synthetics 

e perform a series of validation tests using inversions with 2DWT
ynthetics to check how w ell w e can resolve the parameters of the
referred ellipse—location, size, velocity reduction, orientation and
llipticity—with the source–receiver geometries available. 

To test the location resolution we perform fiv e inv ersions: one for
he preferred elliptical ULVZ model, and then four shifted 100 km
n the CMB in each of the NE, SE, SW and NW directions (Fig. S7 ,
uppor ting Infor mation). Each inv ersion successfully recov ers the

nput model with a high degree of accuracy, with the characteristic
ing of uncertainty prominent in each. The results suggest we can
esolve features successfully to within at least a location of 100 km
y the present source–receiver geometry. 

We then examine the trade-off between size and dVs (Fig. S8 ,
uppor ting Infor mation). Here, we inver t for a larger ellipse with a
maller velocity reduction and a smaller ellipse with a larger velocity
eduction. Whilst all three inversions reproduce their respective
nput models, the smallest ellipse inversion produces an ensemble
hat is somewhat smeared. This can be seen more clearly when
nspecting the velocity profiles of each of the inversion ensembles
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Figure 7. The probability density function of dVs of the AB cross-section of the ensemble of the single-ellipse inversion in Fig. 5 . The mean (red) and median 
(blue) of the cross-sections are overlaid, with standard deviation marked in dashes. 

Figure 8. The probability density function of dVs of the CD cross-section of the ensemble of the multiple-ellipse inversion in Fig. 5 . The mean (red) and 
median (blue) of the cross sections are overlaid, with standard deviation marked in dashes. 
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(Fig. S9 , Supporting Information). The preferred and larger radius 
inversions produce Gaussian-like velocity distributions, albeit less 
reduced than their respective input models, whereas the smaller 
radius inversion results in a smeared bimodal distribution. This 
suggests that this size of anomaly is at the limit of resolution within 
our inversion methodology, as previously discussed in Martin et al. 
( 2023 ). 

The orientation of the ellipse model, SW-NE, is conspicuously 
in the predominant source–receiver geometry of the reference data 
(Fig. 2 ). We run inversions for the preferred ellipse model, rotated 
by 45 ◦, 90 ◦ and 135 ◦ (Fig. S10 , Supporting Information). It is no- 
table that in the three rotated models, there is some residual SW-NE 

oriented models contributing to the ensemble, likely as a result of 
the overweighting in this orientation to the source–receiver geome- 
tries by the USArra y. How ev er, the ov erall rotation is recovered 
successfully in the median velocity map of the respective inversion 
ensembles (as well as their corresponding rings of uncertainty), 
which gives us confidence that this is a real effect and not just an 
artefact. 
3.3 Re-modelling using 3-D synthetics 

Martin et al. ( 2023 ) discussed some of the limitations of the 2DWT: 
primarily, the inability to capture 3-D mantle effects and the height 
of the ULVZ. Our results can be thought of as a velocity map 
for 10–20 s diffracted phases, similar to the phase velocity map 
produced for surface waves of a particular period (Galetti et al. 
2017 ). This study also inverted for Sdiff + arrivals extracted from 

3-D full waveform synthetics calculated using CSEM (Capdeville 
et al. 2003 ) showing that the recovered velocity reduction was con- 
sistently less than the input model. We note that if the ULVZ is 
actually 20 km thick, then our recovered velocity is likely under- 
estimated. If it is 50 km thick as some studies suggest (To et al. 
2011 ; Kim et al. 2020 ; J. Li et al. 2022 ), then it is likely closer to
the actual dVs value. As such, we now use our preferred elliptical 
ULVZ model (extracted from the median velocity map of the inver- 
sion ensemble) in CSEM, with a modified dVs −25 % and height 
of 25 km. We note that this is in agreement with the height inferred 
from analysis of frequency content of Sdiff + waveforms (Cottaar 
& Romanowicz 2012 ; Z. Li et al. 2022 ) and within the range of 
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Figure 9. The arri v al times for five events, as shown in Fig. 4 . Overlain in 
darker colours are the arri v als calculated with the 2DWT for median velocity 
map of single-ellipse inversion. 
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ermitted heights for the Hawaiian mega-ULVZ directly measured
y a recent ScS study (Jenkins et al. 2021 ). 

Fig. 10 shows the 3-D full waveform synthetics of the five events
or the elliptical model with SEMUCB in the lowermost 370 km
f the mantle (French & Romanowicz 2014 ). The highlighted re-
ions track the Sdif f + arri v al times extracted from real data (as
lso plotted in Fig. 3 ), which indicates that Events 1–5 are well
tted by the elliptical model. It is noteworthy that the CMT solu-

ions are not correct for our observed wavefor ms: par ticularly in
vent 3, where there is a missing depth phase in the synthetics.
or Event 5, the main phase is reduced in amplitude around the
zimuths where the ULVZ is present, which is not captured by our
odel. 
Whilst this model fits all the modelled Events 1–5, we are also

ble to test events that were not used in the inv ersion. Ev ent H
Table 1 ) was a deep, high magnitude earthquake in Papua New
uinea with high-quality Sdiff + arrivals detected by stations in the
SArray, and has been used in several previous studies (Cottaar
 Romanowicz 2012 ; J. Li et al. 2022 , Z. Li et al. 2022 ). Fig. 11

hows the data and 3-D full waveform synthetics of several ULVZ
odels for this event. The cylindrical model of Z. Li et al. ( 2022 )

s larger than our elliptical model, but has a velocity reduction of
0 % and a height of 20 km. Our novel elliptical model appears to fit
he waveform amplitude profile and Sdiff + traveltime move out as
ell or better than the cylindrical ULVZ model. While differences
ight be minimal, it is noteworthy that the cylindrical ULVZ was
ainly designed to fit this particular event (Cottaar & Romanowicz

012 ; Z. Li et al. 2022 ) but this event is absent from our inversion
ata set. In the Supporting Information, we also compare our results
gainst synthetics for further ULVZ models (J. Li et al. 2022 ; Kim
t al. 2020 ). Se veral quantitati ve measures show that our preferred
lliptical ULVZ model performs best and demonstrate the added
alue of our in version framew ork over a purel y forw ard modelling
pproach (Table S4 , Supporting Information). 

Figs S11 and S12 (Suppor ting Infor mation) show 3-D full wave-
orm synthetics for the additional events shown in Fig. S4 (Events
–9, Table S3 , Suppor ting Infor mation), for the LLSVP and LLSVP
ith elliptical ULVZ, respecti vel y. We note that the published CMT

olutions do not capture much of the Sdif f/Sdif f + w aveform shape
n Events 7–9, but the important thing is that we do not observe
ostcursory energy in these events caused by the Pacific LLSVP. The
diff depth phase in Event 6 shows significant curvature, which re-

ates to the source–receiver distribution (stations further away from
he source have a commensurately higher tra veltime dela y, which
appens to resemble a postcursor moveout). The elliptical ULVZ
ynthetics show good agreement between the observed postcursors
or earthquakes in Alaska and the West Coast, USA (Events 6 and
), but there still remains the question why the Pacific Ridge earth-
uakes (Events 8 and 9) do not appear to sample the ULVZ as
ynthetically predicted. 

Our inversion is based on the ‘absolute’ arri v al time of postcur-
ors, which are well fitted by our preferred elliptical model for
 vent H (e ven though this event is not included in our data set). The
ain Sdif f arri v al is sensiti v e to the v elocities abov e the ULVZ and
avefront healing, both of which cannot be captured by the 2DWT.
hus, it is not possible to include this in our inversion approach. We
ote that there is information lost from the main phase, both in the
elay time and in the damping of amplitude. Some have claimed
ther 3-D structures (To et al. 2016 ) or multipathing (To et al.
011 ; Lai et al. 2022 ) are needed to explain more complex Sdiff
aveforms. This study represents a step forward with the inclusion
f the 2DWT within a Bayesian inversion, but better tomographic
odels of the lower mantle and further methodological and com-

utational advancements will be required to address this inherently
-D problem. 

.4 Relation of ULVZ model to Pacific LLSVP and other 
LVZs 

revious studies have hypothesised a link between the locations
f ULVZs and LLSVPs (e.g. Williams et al. 1998 ; Yu & Garnero
018 ), and especially between mega-ULVZs and LLSVPs (e.g. Cot-
aar et al. 2022 ): Hawaii, Iceland, Galapagos and Samoa. 3-D mod-
lling of the Hawaiian mega-ULVZ has, up until recently, been
imited to cylindrical anomalies located close to the LLSVP bound-
ry near Hawaii. Our results suggest that the ULVZ is elliptical,
nd lies parallel to the LLSVP boundary (Fig. 12 ). The preferred
lliptical ULVZ model is plotted against the −0.5 % dVs contour of
 number of whole mantle tomography models: SEMUCB (French
 Romanowicz 2014 ), S40RTS (Ritsema et al. 2011 ), GLADM25

Lei et al. 2020 ) and SP12RTS (Koelemeijer et al. 2016 ); in the
ackground is a cluster vote map of fast and slow velocities by
ottaar & Lekic ( 2016 ). Each of these models has different sensi-

ivities to the lowermost mantle, depending on-, for example, the
ata coverage and parametrisation used, but the overall correla-
ion is invariant to the model: the ULVZ seems to lie parallel to the
LSVP boundary. This has consequences for the origin of the ULVZ
nd for geodynamic modelling of ULVZs. Our model is consistent
ith geodynamical models which show that ULVZs are pushed up

gainst the edges of LLSVPs by slab-driven motion (e.g. M. Li et al.
017 , J. Li et al . 2022 ; Sun et al. 2019 ; Lai et al. 2022 ; Pachhai et al.
022 ). This could suggest a resistive force provided by the LLSVP
nducing an elliptical, rather than cylindrical, ULVZ structure. This

ay also be consistent with not being able to observe Sdiff + from
ll source–receiver geometries, for example, from the Pacific Ridge
owards Japan, which may correspond to a range of potential causes.
or example, a smooth velocity gradient from the ULVZ into the
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Figure 10. 3-D full waveform synthetics calculated using CSEM (Capdeville et al. 2003 ) for the selected fiv e ev ents with the preferred elliptical ULVZ model, 
with −25 % dVs and 25 km thickness; listed in Table 1 and source–receiver geometries shown in Fig. 2 . Synthetic waveforms are sorted according to azimuth 
between source and receiver, and aligned with respect to predicted Sdiff arrival times from PREM (Dziewonski & Anderson 1981 ) calculated using the TauP 
toolkit (Crotwell et al. 1999 ). The highlights are smoothed azimuth-traveltime curves for Sdiff + traveltimes picked from the real data (these are the same as in 
Fig. 3 ). 
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LLSVP, or a gentle downwards slope of the top of the ULVZ into 
the LLSVP. 

Our preferred elliptical model with a dVs −25 % reduction and 
25 km height is more reduced and taller than the cylindrical models 
by Cottaar & Romanowicz ( 2012 ) and Z. Li et al. ( 2022 ), but is 
onl y approximatel y half the area. This demonstrates the trade-of f 
observ ed between v elocity reduction, size and height. Our elliptical 
model is in direct contrast to J. Li et al. ( 2022 ) who recently proposed 
an increase in size of the Hawaiian ULVZ with a commensurate 
decrease in velocity reduction to −10 % and a height of 50 km; as 
well as others who argue for a taller ULVZ structure (e.g. To et al. 
2011 ; Kim et al. 2020 ). 

The Samoan mega-ULVZ, originally modelled by Thorne et al. 
( 2013 ) and re-analysed by Thorne et al. ( 2020 ) and Krier et al. 
( 2021 ), is unambiguously inside the Pacific LLSVP and is modelled 
to be ∼500 × 1600 km in lateral extent (Krier et al. 2021 ). This 
aspect ratio raises questions about nature of similarity between the 
elliptical Hawaiian and quasi-rectangular Samoan mega-ULVZs. 

4  S U M M A RY  

We have presented the most comprehensive data set of events which 
sample the Hawaiian mega-ULVZ with Sdiff and related depth 
phases. Using a wave front tracking software on a 2-D spherical 
shell (2DWT), we perform a Bayesian inversion on a subset of our 
data set. The resulting inversion ensemble can be approximated by 
an ellipse centred at (188.90 ± 0.42 ◦, 16.15 ± 0.36 ◦), with a shear 
velocity reduction −21.7 ± 3.5 %, and oriented approximately SW- 
NE. Validation tests using our 2DWT forward model show that the 
preferred ULVZ model is robust against translation, rotation, and 
coupled variations in size and dVs with the real source–receiver 
distribution. 

From this preferred 2-D elliptical model we infer and compute 
3-D full waveform synthetics for a 3-D ULVZ model—an elliptic 
cylinder with the same elliptical shape as the preferred 2-D model, 
with a height of 25 km and velocity reduction of 25 %. This 3-D 

model performs comparati vel y to, if not better than, other models 
in the literature for an event not included in the 2DWT Sdiff + data 
set. 

Comparison with LLSVP boundaries from a number of whole 
mantle tomography models shows that the elliptical ULVZ model 
is oriented parallel with the LLSVP. This ma y ha ve implications 
for the origins of the Hawaiian mega-ULVZ and its role in lower 
mantle dynamics, and therefore for considerations in geodynamic 
modelling. 
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Figure 11. Data and synthetic waveforms for Event H detected by the USArray. This event is the one that ULVZ models from Cottaar & Romanowicz ( 2012 ) 
and Z. Li et al. ( 2022 ) are primarily fitted to. (a) Data filtered 10–20 s; 3-D full waveform synthetics for (b) the lowermost 370 km of SEMUCB (French & 

Romanowicz 2014 ) with no ULVZ, (c) SEMUCB with the preferred elliptical ULVZ model from this study, (d) SEMUCB with the preferred cylindrical ULVZ 

model from Z. Li et al. ( 2022 ) and (e) the linear stack data for (a–d). Data are binned into 1 ◦ azimuths. 

Figure 12. A comparison map of the elliptical ULVZ model with contours 
at d ln Vs of −0.5 % as an indication of the LLSVP boundary location in 
several whole mantle tomography models: SEMUCB (French & Romanow- 
icz 2014 ), S40RTS (Ritsema et al. 2011 ), GLADM25 (Lei et al. 2020 ) and 
SP12RTS (Koelemeijer et al. 2016 ). The background model is a cluster anal- 
ysis vote map from Cottaar & Lekic ( 2016 ), where positive (blue) represents 
number of models with fast velocities interpreted as slabs, and ne gativ e (red) 
represents number of models with slow velocities interpreted as LLSVPs. 
The preferred ULVZ models from Z. Li et al. ( 2022 , dashed black) and J. Li 
et al. ( 2022 , dashed blue) are overlaid. 
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ATA  A N D  C O D E  AVA I L A B I L I T Y  

he facilities of IRIS Data Services ( www.iris.edu ), and specifi-
ally the IRIS Data Management Center, were used for access to
aveforms and related metadata. IRIS Data Services are funded
hrough the Seismological Facilities for the Advancement of Geo-
cience (SAGE) Award of the National Science Foundation under
ooperative Suppor t Ag reement EAR-1851048. Data from the TA
etwork were made freely available as part of the EarthScope US-
rray facility, operated by IRIS and supported by the National Sci-

nce Foundation, under Cooperative Agreements EAR-1261681.
he facilities of NIED ( http://www.bosai.go.gp/e/ ), and specifically

he F-net (Okada et al. 2004 ), were used for access to waveforms
nd related metadata of Japanese seismometers. Earthquake param-
ters were used from the Global CMT Project www.globalcmt.org ).
odes used will be made available by CM or SC upon request. 
The waveform data used in this study are from the following

etworks: 6E (10.7914/SN/6E 2013), 7A (10.7914/SN/7A 2013),
C (10.7914/SN/7C 2015), 7D (10.7914/SN/7D 2011),
G, AK (10.7914/SN/AK), A T (10.7914/SN/A T), AV

10.7914/SN/AV), AZ (10.7914/SN/AZ), BK (10.7932/BDSN),
C (10.7914/SN/CC), CI (10.7914/SN/CI), CN (10.7914/SN/CN),
O (10.7914/SN/CO), CU (10.7914/SN/CU), DK, EP, ET,
 (10.18715/GEOSCOPE.G), GE (10.14470/TR560404), GS

10.7914/SN/GS), II (10.7914/SN/II), IM, IU (10.7914/SN/IU),
W (10.7914/SN/IW), KY (10.7914/SN/KY), LB, LD
10.7914/SN/LD), LI (10.7914/SN/LI), MB (10.7914/SN/MB),
4 (10.7914/SN/N4), NE (10.7914/SN/NE), NM, NN

10.7914/SN/NN), NR (10.7914/SN/NR), NU (10.7914/SN/NU),
V (10.7914/SN/NV), NW, NX (10.7914/SN/NX), NY

10.7914/SN/NY), OK (10.7914/SN/OK), OO (10.7914/SN/OO),
B, PE (10.7914/SN/PE), PO, PQ (10.7914/SN/PQ), RV
10.7914/SN/RV), SB (10.7914/SN/SB), SC, T A (10.7914/SN/T A),
D, TO (10.7909/C3RN35SP), UO (10.7914/SN/UO), US

10.7914/SN/US), UU (10.7914/SN/UU), UW (10.7914/SN/UW),
U, WY (10.7914/SN/WY), X4 (10.7914/SN/X4 2016),
7 (10.7914/SN/X7 2016), X8 (10.7914/SN/X8 2012), XC

10.7914/SN/XC 2006), XD (10.7914/SN/XD 2014), XE

art/ggad345_f11.eps
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file:www.globalcmt.org
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(10.7914/SN/XE 2005), XF (10.7914/SN/XF 2006), XK 

(10.7914/SN/XK 2004), XL, XO (10.7914/SN/XO 2011), 
XP (10.7914/SN/XP 2008), XQ (10.7914/SN/XQ 2007), XR 

(10.7914/SN/XR 2008), XT, XU (10.7914/SN/XU 2006), XV 

(10.7914/SN/XV 2014), Y5, Y6, YC, YH (10.7914/SN/YH 2016), 
YM (10.7914/SN/YM 2013), YN (10.7914/SN/YN 2005), 
Y O (10.7914/SN/Y O 2003), ZA (10.7914/SN/ZA 2006), 
ZE (10.7914/SN/ZE 2015), ZG (10.7914/SN/ZG 2006), 
ZL (10.7914/SN/ZL 2011), ZQ (10.7914/SN/ZQ 2015), ZW 

(10.7914/SN/ZW 2013). 
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