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Abstract

We use core reflected ScS waves sensitive to a broad region of the core-mantle

boundary beneath Hawaii to create the first high-resolution map of the Hawai-

ian ultra-low velocity zone (ULVZ). Positive ScS-S differential times are used to

identify regions of strong slow velocity anomalies in the lowermost mantle, and

the presence of pre/post-cursors around the main ScS phase confirm the sharp

top of a basal ULVZ layer. Pre/post-cursor arrivals are mapped into a volume

across their region of sensitivity to produce a detailed image of ULVZ morphol-

ogy. The variability observed across the ULVZ can be interpreted in terms of

varying height or velocity reduction, but the large range of velocity variations

required to explain observations suggests that most variability reflects varying

layer thickness.

The Hawaiian ULVZ is observed to be a large-scale regional feature of vary-

ing height (∼5-25km) extending across a wide area along the edge of the Pacific

large low-velocity province (LLVP). Variability in previous models of the Hawai-

ian ULVZ can be explained by studies imaging different parts of this strongly

variable, large-scale feature. Maximum ULVZ thicknesses (no taller than 30km)

are found in a flat-topped, steep-sided region on the order of 1000km in di-
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ameter located west of Hawaii. This feature is coincident with the previously

identified Hawaiian mega-ULVZ, and is interpreted to represent the root of the

Hawaiian plume, which is offset from the volcanic surface expression. A tall,

asymmetric ridge of ULVZ material is observed to the east of Hawaii. Both re-

gions of maximum ULVZ heights are bounded by the Pacific LLVP to the south,

and fast seismic velocity anomalies interpreted as slab remnants to the north.

This points to a potential geodynamical scenario where dense ULVZ material is

pushed by subducted slab remnants into thicker piles against LLVP margins.

Keywords: Ultra-low velocity Zone, Hawaii, plume, Core-mantle boundary

1. Introduction: Ultra-low Velocity Zones1

Ultra low velocity zones (ULVZs) are enigmatic seismic features found on2

the core-mantle boundary (CMB). While seismic wave-speeds in the majority3

of the Earth’s mantle vary by only plus or minus a few percent from 1D radial4

predictions, ULVZs show wave-speed reductions of 5 – 50% in shear-wave veloc-5

ity and 5 – 25% in compressional-wave velocity (Yu and Garnero, 2018). ULVZs6

are usually observed in local waveform studies as small isolated patches of ma-7

terial, 100s of km wide and only tens of km high, and are below the resolution8

of long-wavelength seismic tomographic models.9

It has been suggested that ULVZs may be preferential located at the edges10

of (and possibly within) the two large-scale low-velocity features of the CMB11

landscape – large low-velocity provinces (LLVPs). There have also been sug-12

gestions of a link between particularly large “mega”-ULVZs and the base of13

major mantle plumes, with observations beneath Iceland (Yuan and Romanow-14

icz, 2017), Hawaii (Cottaar and Romanowicz, 2012), Samoa (Thorne et al.,15

2013) and Galapagos (Cottaar and Li, 2018). This had lead to the hypothesis16

that these structures could act as plume anchors, and may be the source of17
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anomalous geochemical observations in some hotspot lavas (Mundl et al., 2017;18

Harrison et al., 2017).19

The underlying cause of ULVZs is not known, but velocity reductions of such20

magnitude require extreme variations in either temperature or composition, or,21

more likely, some combination of both. A variety of hypotheses have been22

proposed including: the presence of partial melt, association with subducted23

material in the form of metallic slab-derived melts (Liu et al., 2016) or partially24

molten basaltic piles (Pradhan et al., 2015), reactive material from the Earth’s25

core (Buffett et al., 2000; Otsuka and Karato, 2012) or iron-enriched remnants26

of a basal magma ocean from early in Earth history (Labrosse et al., 2007).27

Geodynamic modelling shows that ULVZs formed of either partial melt or a28

compositional distinct dense material, are predicted to interact with other lower-29

mantle structures in different ways, resulting in different global distributions and30

morphologies (e.g. Li et al., 2017). Thus good seismic constraints on the detailed31

shape of ULVZs and their relationship to LLVPs, remnant slabs and plumes on32

the CMB will help to identify their underlying cause and their role within the33

large-scale mantle convecting system.34

1.1. Seismic imaging of the Hawaiian ULVZ35

Many previous seismic observations of the Hawaiian ULVZ have been made36

using a variety of data types sensitive to different areas around Hawaii. Esti-37

mates of the ULVZs lateral extent, height (5 – 80km), velocity contrast (Vs -3 –38

-30%) and even location (to the west, south or East of the Hawaiian islands) vary39

widely between studies (see Supplementary Table 1 for a summary). This could40

be the result of the different types of observations and modeling approaches41

used. Alternatively variability could represent sampling of a large-scale struc-42

ture with varying velocity contrast and/or topography, as hinted at by some of43

the more recent studies (Zhao et al., 2017).44

3



To the West of Hawaii, studies have mapped a so-called “mega”-ULVZ using45

diffracted waves grazing the CMB (To et al., 2011; Cottaar and Romanowicz,46

2012; Kim et al., 2020). The long distances over which diffracted waves sample47

the CMB means that they are unable to determine the exact location and shape48

of ULVZ structure. Proposed models are restricted to simple cylindrical or49

gaussian shapes, with trade-offs between the radius and velocity contrast of50

structure.51

To the southeast of Hawaii, the CMB has been sampled by reflecting waves52

(ScS and PcP phases) recorded at stations in the US (Mori and Helmberger,53

1995; Kohler et al., 1997; Revenaugh and Meyer, 1997; Lay et al., 2006; Avants54

et al., 2006; Hutko et al., 2009; Zhao et al., 2017; Sun et al., 2019). These phases55

have a much finer horizontal-resolution, only being sensitive to CMB structure56

around the wave’s bounce-point, but this also makes them limited in terms of57

data coverage. Thus most studies using reflected waves have been restricted to58

small regional observations. Unlike diffracted waves, reflected phases provide59

good lateral constraints, but have trade-offs between the height and velocity60

contrast of modeled structure.61

Here we concentrate on mapping the detailed shape of the Hawaiian ULVZ62

using the high lateral resolution provided by CMB reflected waves, making use of63

the large seismic station deployments of the USArray and Alaskan transportable-64

array. The recent movement of USArray into Alaska, provides new data cov-65

erage of the CMB west of Hawaii that has previously only been mapped using66

diffracted waves. This data set allows us to map out the broad lateral extent67

and complex 3D morphology of the Hawaiian ULVZ across a large region using68

a consistent dataset and analysis approach. We interpret our observations in69

the context of geodynamic models and long-wavelength velocity structure im-70

aged in tomographic models to infer ULVZ properties and investigate how these71
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features interact with other CMB structures.72

2. Seismic Data and initial processing73

2.1. Core reflected S waves74

We use S-waves that bounce off the CMB (ScS phases, Figure 1-inset) to75

make observations of ULVZ structure beneath Hawaii using stations and events76

separated by epicentral distances of ∼65-87◦. Beyond 80◦ S and ScS phases start77

to interfere and eventually merge as S-waves that diffract along the CMB. We78

extend the usable data range up to 87◦ by deconvolving an estimated S-source79

waveform (as detailed in 2.3). We use transverse component seismograms which80

record larger amplitude SH waves and avoid complications of P-SV converted81

phases set at ULVZ interfaces.82

2.2. Events and stations: cross Pacific raypaths83

We limit events to large MW (>5.5), deep earthquakes (> 100 km) occurring84

in Fiji/Tonga/Papua New Guinea between 2006-2020. Waveforms are consid-85

ered at all simultaneously running stations in Alaska, Canada and the US that86

are within 65-87◦ of the event. The majority of the 2172 seismic stations used87

are part of either the western half of the USArray deployment (2009-2012) or the88

Alaskan transportable array (2015-2020), with additional contributing instru-89

ments from many smaller deployments (Figure 1). In total 62 events produce90

clear S and ScS arrivals observable above noise and are selected for further91

analysis. These station–event pairs have ScS CMB bounce-points sensitive to a92

broad region beneath the Hawaiian islands and along the northern edge of the93

Pacific LLVP (Figure 1).94
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Figure 1: Map showing locations of events (yellow stars), stations (purple and red triangles)
and CMB bounce-points of ScS rays (black dots), on top of the tomographic vote map of
Lekic et al. (2012) at the CMB. Pink regions show where > 4 tomographic models agree on
the presence of slow velocity anomalies, and blue regions where > 4 models agree on the
presence of fast velocity anomalies. Inset - Raypaths of S and ScS phases within the distance
range considered in this study.
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2.3. Initial Data Processing and S-source wavelet removal95

During initial data processing horizontal components are rotated from North/East96

to Radial/Transverse, instrument response is removed, traces are cut from 30s97

before to 80 s after the S-wave arrival and data is filtered between 2.5-30 s (0.03-98

0.4Hz) or 5-30 s (0.03-0.2Hz) depending on the analysis method used. These99

bands allow us to capture the range of frequencies present in ScS arrivals which100

show strong frequency content between 2.5-10 s in spectrograms. Data are man-101

ually checked and discarded if clear S and ScS arrivals are not observable above102

noise.103

We deconvolve the S-source waveform from the data, which, due to near104

perfect reflection at the CMB, is predicted to be almost identical in shape to105

ScS waveforms and associated multiples. S-sources are estimated for each event106

by stacking S-waves recorded on stations < 80◦ from the event - where there is107

no S/ScS phase interference. Stacked S-source waveforms are then deconvolved108

from data via iterative time-domain deconvolution (Ligorria and Ammon, 1999).109

This collapses all relevant phase arrivals (both S and ScS) to narrow Gaussian110

peaks of a user defined Gaussian width (G) (Figure 2). G is defined as twice111

the maximum frequency within the filtered range: G=0.8 for 2.5-30 s band112

and G=0.4 for 5-30 s. An example of data before/after source deconvolution113

is shown in Figure 2. Data are manually checked for clear S-wave sources and114

stability of deconvolution results. A total of 8149 waveforms are selected for115

analysis.116

Removing the S-wave source not only extends the use-able distance range of117

observations from ≈80◦ up to approximately ≈87◦, but also allows observation118

of small amplitude, closely spaced pre/post-cursors around the ScS phase. After119

deconvolution, phase arrival picking is simplified to identifying the maxima of120

Gaussian peaks and we are able to directly compare and stack data from different121
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events, since variable source waveforms are reduced to a common shape.122

Figure 2: Top panels – waveforms at a range of epicentral distances centred on the S-wave
arrival filtered 5-30s for synthetic data (pink) generated for a 1D PREM model using AxiSEM
syngine (Nissen-Meyer et al., 2014; IRIS-DMC, 2015) and real data (grey) from an event
occurring on 2018-09-30 near Fiji – recorded at stations in the Alaskan transportable array.
Bottom panels – Waveforms after deconvolution of S-source waveforms (shown at either side).
Red dashed lines show predicted arrival times of ScS phases in a 1D PREM model and blue
dashed lines show delayed ScS arrivals in real data.

3. Methods: Analysis of core-bouncing waves123

We consider two methods to analyse CMB structure using source decon-124

volved ScS arrivals: ScS-S differential time measurements (referred to as (ScS-125

S)diff ) and observations of ScS pre/post-cursors.126

3.1. ScS-S Differential Times127

At the epicentral distance range considered, S and ScS waves sample very128

similar paths within the upper mantle on both source and receiver side (Figure129

1-inset). The only significant divergent of raypaths comes in the lower-mantle,130

thus measurements of ScS-S arrival times are sensitive to lowermost mantle131
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structure between the turning point of the S-wave and the CMB (Figure 3a).132

Observed ScS-S arrival times are compared to ScS-S times predicted from a133

known velocity model, such that we measure the differential time:134

(ScS − S)diff = (ScS–S)obs–(ScS–S)pred (1)

Figure 3: a) Raypaths of direct S waves and core reflected ScS phases interacting with a ULVZ.
b) example of source deconvolved S and ScS arrival differences observed with and without the
presence of an ULVZ. c) Cartoon diagram of the raypaths of pre/post-cursors around the
main ScS phase generated by a sharp-topped ULVZ d) zoom in around ScS arrival showing
pre/post-cursors arrivals. e) Explanation of Flip-Reverse stacking procedure used to enhance
pre/post-cursor arrivals.

Where there is no anomalous lower-mantle structure differential times should135

be near zero. In the presence of an ULVZ positive differential times of several136

seconds are expected, due to the delay of the ScSobs (Figure 3b).137

We measure ScS and S arrival times in S-source deconvolved data within138

the 5-30 s frequency band. Phases are automatically picked at the maximum139

amplitude in a time window around the predicted arrival times estimated from140

the Preliminary Earth Reference Model (PREM) (Dziewonski and Anderson,141

1981). Automatic picks are manually checked and adjusted for mis-picking142

comparing raw and deconvolved data.143

ScS-S times are predominantly sensitive to structure between the S-wave144
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turning point, this is generally the bottom few 100s of km, but can be up145

to ≈1000km at the lower end of the epicentral distance range. Accordingly146

differential times represent an integrated time difference caused by all mantle147

material within this depth range. Since we are interested in extreme structures148

on the CMB, we correct differential times for predictions of broad-scale 3D149

mantle structure based on tomographic models. (ScS-S)pred times are computed150

in 1D reference model PREM and 3D corrections are calculated for a range of151

recent global shear-wave tomographic models:152

1. SEMUCB-WM1 (French and Romanowicz, 2014)153

2. GyPSuM (Simmons et al., 2010)154

3. HMSL-S06 (Houser et al., 2008)155

4. SPani vs (Tesoniero et al., 2015)156

5. TX2011 (Grand, 2002)157

Velocity structure within each model is extracted along S and ScS raypaths158

traced through PREM using ray-tracing software TauP (Crotwell et al., 1999).159

Extracted velocity anomalies along the raypaths give corrections to the (ScS-160

S)pred times for each model which are compared to (ScS-S)obs times.161

3.2. ScS pre/post-cursors162

In the presence of a sharp topped ULVZ, a negative polarity reflected phase163

off the ULVZ top precedes the ScS phase, while positive polarity post-cursors164

decreasing in amplitude follow the ScS phase from energy bouncing internally165

within the ULVZ (Figure 3c,d). The relative arrival time between pre/post-166

cursors and the main ScS arrival can be used to estimate ULVZ height and167

velocity reduction. However there is a direct trade-off between these parameters:168

a thick ULVZ with a weak velocity reduction produces the same arrival times169

of pre/post-cursors as a thin ULVZ with a strong velocity reduction.170
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Raypaths of pre/post-cursors and the ScS phase are highly similar through-171

out the entirety of their length except around the ULVZ itself. Thus unlike172

(ScS-S)diff times, arrival times of pre/post-cursors (relative to the main ScS173

phase) depend only on velocities within the ULVZ.174

3.2.1. Flip-Reverse Stacking175

Pre/post-cursors are very small amplitude and are rarely observable above176

noise in a single waveform, thus stacking is required to enhance coherent signals177

and cancel out incoherent noise. Since we deconvolve the S-source waveform,178

we are able to stack data from many different sources.179

Pre and post-cursors are predicted to arrive symmetrically in time but mir-180

rored in polarity around the ScS phase (Figure 3d) and show negligible move-out181

with epicentral distance for a simple ULVZ layer. We enhance these small am-182

plitude signals using the Flip-Reverse (FR) stacking technique developed by183

Zhao et al. (2017). This involves folding the seismic trace around the central184

ScS arrival, reversing the preceding section in time and polarity and stacking it185

with the subsequent section (Figure 3e). At high epicentral distances, where S186

and ScS arrivals are closely spaced in time, we mute traces around the main S187

arrival so it doesn’t contaminate FR stacks. FR stacking not only emphasises188

small amplitude pre/post-cursory arrivals, it also cancels out the central ScS189

peak, reducing interference when these phases are closely spaced. FR stacking190

is applied to source deconvolved data in the 2.5-30s frequency band. The in-191

clusion of higher frequencies produces noisier waveforms, but also allows us to192

observe closely spaced arrivals, increasing the vertical resolution of image-able193

structure. Vertical resolution depends on the velocity of the imaged ULVZ, but194

for a realistic range of velocities (-5 to -50% Vs), it varies between 10-2.5 km195

for the 2.5-30s band.196

To combat high noise levels we only stack waveforms which meet the the197

11



following quality criteria:198

• ScS amplitude is the largest peak in the trace199

• ScS amplitude is > twice the average amplitude of the rest of the trace.200

3.2.2. Geographic mapping of data: Common bounce-point stacks201

We image the lateral variability of ULVZ structure by producing a weighted202

stack based on the bounce-points of ScS phases across our area of data coverage203

- a common bounce-point (CBP) stack. We create three CBP stacks using: 1)204

time-flipped pre-ScS traces, 2) post-ScS traces and 3) FR stacked-traces. A205

gridded stack region is defined covering the Hawaiian region from 150◦ to 230◦206

longitude and -5◦ to 40◦ latitude sampled every degree. Each trace is added207

to every grid-point in the CBP stack which lies within the first Fresnel zone208

of a 2.5 s period ScS phase at its CMB bounce-point, with data weighted as a209

function of distance from the Fresnel zone centre (see Supplementary Material210

S2 and Figure S3 for details).211

We automatically pick peaks considering observations across all three CBP212

stacks, if they: 1) are above two standard error of the mean in the FR CBP stack213

and 2) show consistent negative and positive amplitudes in pre-ScS and post-214

ScS CBP stacks respectively. With the assumption that a ULVZ will sit directly215

atop the CMB, cross-sections through the final stack are used to identify the first216

peaks in stacks above zero time that represent continuous features observable217

across large areas. Peaks defining such features are manually selected from218

auto-picks.219

3.2.3. Height-Velocity HV stacking220

We model potential ULVZ structure causing pre/post-cursor arrivals with221

a stacking technique we call Height-Velocity (HV) stacking. This is adapted222

from the commonly applied HK stacking method that models crustal thickness223
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(H) and Vp/Vs ratios (K) using Ps converted phases in crustal receiver func-224

tion (RF) data (Zhu and Kanamori, 2000). To determine the more likely HV225

properties of the ULVZ, we take the following steps, as depicted in Figure 4:226

1. For a grid of potential heights (H) and velocities (V), we sample the am-227

plitudes at predicted arrival times within individual FR-stacked traces.228

Predicted times comes from lookup-tables based on synthetic data (Sup-229

plementary Material S1). Each grid illustrates the trade-off between H230

and V given by a single FR-stack.231

2. (ScS-S)diff measurements (averaged relative to 5 tomographic models)232

are used to generate a data mask for each trace, where H/V parame-233

ter combinations that produce larger (ScS-S)diff times than observed are234

down-weighted.235

3. Individual HV stacks and (ScS-S)diff masks are averaged across all data.236

4. A model trade-off curve is identified in the average HV stack. Bootstrap-237

ping is used to assess the data based error of curves, by calculating 200238

iterations of the averaged HV stack including a randomly selected 70% of239

data.240

5. The average HV stack is multiplied by the average (ScS-S)diff mask to241

generate a final weighted HV stack, which can be used to identify likely242

models.243

Unlike the Ps phases analyzed in crustal RFs, the two pre/post-cursors244

phases around ScS arrivals do not have unique model parameter trade-offs. Thus245

non-masked HV stacks cannot identify a single best-fit model, but define a range246

of possible parameters within a trade-off curve (Figure 4d). Including additional247

constraints contained in the (ScS-S)diff mask, acts to remove multiple arrivals248

that could be misinterpreted as thicker structure (e.g. Figure 4d-f). In perfect249

synthetic data the (ScS-S)diff mask excludes ULVZs with strong velocity re-250
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ductions, allowing identification of the input model at the maximum amplitude251

in the stack (Figure 4f). However in real data, where (ScS-S)diff measurements252

likely contain some remaining influence of additional mantle structure, we find253

that masks only act to reduce the likelihood of models containing very strong254

velocity reductions, leaving a range of potential models (Figure 7).255

HV-stack trade-off curves constrain minimum and maximum bounds on256

ULVZ height for a range of realistic ULVZ velocity contrasts. Ideally, am-257

plitudes of the pre/post-cursors could be used as independent constraints on258

the impedance contrast at the ULVZ top, but there are too many uncertain-259

ties related to amplitude observations for this to be implemented on real data,260

as discussed in section 5.4. If any additional independent data is available to261

constrain one parameter or the other a best-fit model can be defined, e.g. a262

prediction of velocity contrast based on a mineral physics interpretation, or an263

independent seismic constraint, such as the frequency dependence of Sdiff data264

(Li et al., 2019).265

4. Results266

4.1. (ScS-S)diff measurements267

We present 8149 point estimates of (ScS-S)diff times sensitive to lower-268

mantle velocity structure (Figure 5a). To reduce data scatter, points are aver-269

aged in overlapping 50km radius geographical bins spaced every 25km containing270

at least 6 observations (Figure 5b).271

Measurements are corrected for 3D velocity variation, using 5 tomographic272

models. While each individual correcting model leads to slight differences in the273

travel-time maps (see Supplementary section S3), certain areas are consistently274

observed to have large positive (ScS-S)diff delays independent of correcting275

model. These are highlighted in a vote map (Figure 5c), which shows regions276
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Figure 4: HV stacking methodology applied to synthetic seismic data generated for a ULVZ of
height 30km with VS reduction of -15%. a) FR stack waveforms, are sampled at the predicted
times for a set of ULVZ models of varying height-H and velocity contrast-V to create b) HV
stacks for each trace. Each piece of data also has c) a mask based on (ScS-S)diff time
generated which is used to down weight models inconsistent with this 2nd measurement. d)
Individual HV stacks are summed and averaged to define the model trade-off curve. e) ScS-S
masks are also averaged, and multiplied by the average HV stack to produce: f) the final
weighted HV stack, showing a best-fitting model which identifies the input parameters.
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Figure 5: a) Bounce-points of 8149 ScS arrivals coloured as a function of (ScS-S)diff time
relative to 1D model PREM. b) Data averaged in geographical binning of 50km radius spaced
every 25 km). c) Vote map showing number of models that agree on (ScS-S)diff times >3.5 s
after 3D corrections are applied (reds), and number of models agreeing on measurements <0
s (blues). d) (ScS-S)diff 3D corrected times averaged over corrections based on 5 different
tomographic models, geographically binned as in b.
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where n models agree that (ScS-S)diff times are >3.5 s in red. Application277

of 3D velocity model corrections reduce (ScS-S)diff measurements compared278

to a 1D velocity model by 1-2.8 s on average (Figure S4), leaving significant279

delays of up to 7.5s which represent currently unaccounted for slow-velocity280

lower-mantle structure. Figure 5d shows (ScS-S)diff corrected times averaged281

over all 5 models.282

(ScS-S)diff observations reveal large areas of the study area contain slow283

velocities in the lowermost mantle. Strongest delay times are observed west of284

the Hawaiian islands centred at approximately 15N, 170W (Figure 5). This re-285

gion consistently shows the greatest delays across all correcting velocity models.286

Other areas of strong delays are observed surrounding the Hawaiian island chain287

and towards the southeastern limits of our data coverage.288

At the NW and southern limits of data coverage we see slightly negative289

(ScS-S)diff observations, indicating the presence of fast material in the lower-290

most mantle. However, these observations are more variable with choice of291

correcting tomographic model, thus we consider them less robust.292

4.2. Common bounce-point stacks of ScS pre/post-cursors293

Figure 6 shows cross-sections through the common bounce-point (CBP)294

stack of FR waveforms. The lateral extent, arrival times and amplitudes of295

picked continuous features are shown in Figures 6a and b. Picks represent first296

arrivals which are above two standard error in the FR CBP stack and show297

opposite polarities in pre-cursor and post-cursor CBP stacks. That is not to298

say regions outside of these picked features showed no potential structure. The299

cross-sections in Figure 6 show there is complexity in the stacks throughout,300

however we concentrate on identifying and mapping regions with the most ro-301

bust pre/post-cursor arrivals that are likely to represent the top of a basal ULVZ302

layer directly above the CMB.303
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Figure 6: Maps of picked pre/post-cursor arrivals in CBP stacks of FR waveforms defining
continuous basal layer coloured as a function of a) arrival time and b) arrival amplitude.
Grey regions show where there is data coverage but there is no clear positive amplitude first
arrival that meets these criteria. Orientations of the numbered cross sections are shown as
black lines. 1-4) Cross-sections through the stack show continuous positive (red) and negative
(blue) arrivals and extracted waveforms plotted every 250 km in black, with regions above
2 SE error coloured red for positive polarities and and blue for negative polarities. Green
solid lines show picked arrivals above error and with correct polarities with are mapped out
in a) and b). Dotted green lines show interpreted continuation of features where arrivals are
present but not above error.
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The broadest continuous feature, approximately 2000km by 1000km in size,304

is seen to the west of Hawaii, highlighted in Figure 6 section-1. Though we305

note that exact size of mapped features is influenced by our choice a 2.5s period306

to defines the Fresnel zone weighting function as explored in the supplementary307

text S4 and Figure S6. This feature shows the strongest arrival amplitudes of up308

to 30% of the main ScS wave, Figure 6b. From the southeast edge to the centre309

of the feature there is a gradual increase in arrival times (Figure 6 section-3).310

The northwestern edge is not easily defined due to highly complex waveforms311

(Figure 6 section-4), likely due to the reduced amount of contributing data in312

this area (Figure S2c). There are weak smaller delay time arrivals which are not313

above error in this region (Figure S5), suggesting the feature does not extend at314

the same level significantly further to the NW. A lack of data coverage further315

north and south means that this feature could potentially be more elongate316

towards the NE and SW.317

The second clear region of continuous arrivals is located east of the Hawaiian318

islands (highlighted in Figure 6-sections 2 and 3), with the greatest delay times319

observed just adjacent to the island chain, Figure 6a. The amplitude of arrivals320

here (up to 10% of ScS) is significantly less than in the region west of Hawaii321

(Figure 6b). Across much of the region (particularly to the east of Hawaii) small322

delay time and amplitude arrivals are observable around ≈1.5 s which increase323

into the clear features already described, (dotted green lines in Figure 6 section-324

2 at 1000-2000km and section-4 between 3000-5000km). These observations325

suggest the presence of a distributed but thin/weak low velocity layer over much326

of the region, suggesting the Hawaiian ULVZ is a single large-scale but variable327

feature. Due to their small amplitude these arrivals are not always above error,328

and their small delay-times mean they often interfere with the main ScS arrival329

making it difficult to identify opposite polarities in pre and post-cursor CBP330
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stacks. Thus we consider these observations less robust than those previously331

discussed and they are not represented in the map in Figure 6ab, but their full332

extent is mapped out in Supplementary Figure S5.333

We note an area southeast of the Hawaiian islands showing complex wave-334

forms in stacked data (Figure 6 sections 2 and 4). Here multiple strong ampli-335

tude positive and negative polarity arrivals potentially indicate the presence of336

layered slow and fast material.337

4.3. HV stacks338

We assess the potential height and velocity reduction of the Hawaiian ULVZ339

using HV stacks across five regions (Figure 7); component parts of weighted HV340

stacks are shown in Figure S7.341

Regions B, C and D sample areas of strongly positive (ScS-S)diff delay342

times, and lie within imaged structure in the CBP stacks. HV stacks for these343

areas show data can be modelled by an ULVZ layer with a height of 7-33 km344

(Figure 7bcd). Maximum amplitudes within the trade-off curve for stacks B and345

C are found at lower velocity reductions <20%, suggesting structure is within346

the upper height limits of the identified range ≈15-30km (Figure 7a - yellow347

bars). Assuming material within a ULVZ layer shows similar velocity across the348

region, and limiting the velocity reduction to 10-30% (as suggested by previous349

seismic studies of the area (Cottaar and Romanowicz, 2012; Zhao et al., 2017;350

Sun et al., 2019)), gives ULVZ thickness estimates of 11-23km (Figure 7a - red351

bars).352

Stacks E and F sample regions of weaker, less robust arrivals in CBP stacks353

suggestive of a thinner/weaker continuous layer observed across much of the354

eastern part of the study region (Figure 7h). Region E shows positive (ScS-355

S)diff measurements, while region F shows negative values (Figure 7g). Both356

areas have weak pre/post-cursor arrivals with small delay times in addition to357
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later arrivals indicative of overlying structure. The earliest arrivals relating to358

a basal layer are just above the resolution limit for ULVZ structure (greyed359

out regions in Figure 7e-f). HV stacks indicate that these observations can360

be modeled with a thinner ULVZ layer (3-15 km), than observed in stacks361

B,C and D. Error estimates based on boot strap resampling of these data are362

higher, and amplitudes do not vary along the trade-off curve to help limit the363

possible velocity range. Limiting the possible range of velocity reductions based364

on previous predictions results in smaller estimated layer heights of 5-11km365

(Figure 7a-red bars).366

We note that the amplitudes of pre/post-cursor arrivals are significantly367

smaller than those predicted for models that fall within the trade-off curves368

identified by arrival times in HV stacks (Figure S7) and discuss possible reasons369

for this in section 5.4.370

5. Discussion371

We find the strongest evidence for a broad ULVZ located west of the Hawai-372

ian islands. This area shows the greatest (ScS-S)diff delay times, and the373

strongest amplitude and most delayed pre/post-cursor arrivals. We refer to this374

as the western mega-ULVZ since it is coincident with the previously identified375

feature of Cottaar and Romanowicz (2012). The lateral extent of the mega-376

ULVZ is on the order of 2000km by 1000km, based on our limited data coverage377

but could be larger along the NE-SW long axis. HV stack trade-offs indicate378

structure is likely to be ≈20 km tall and is unlikely to be taller than 30 km for379

a realistic range of ULVZ velocity reductions.380

East of the Hawaiian islands we find evidence of a ULVZ layer, of large381

lateral extent and variable height/velocity. Its highest point (≈20km) is located382

just east of the Hawaiian islands, and is surrounded by a potentially continuous383
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Figure 7: a) Predicted ULVZ layer height ranges for 5 stack areas. Green bars - full height
range for velocity reductions between -5 to -50%, red bars - heights when velocity reductions
are restricted to -30 to -10% based on estimates from previous seismic studies, yellow bars -
height suggested by regions of strongest amplitude from (ScS-S)diff weighting where present.
Grey bar shows heights that fall within the trade-off curves of all five stack areas. B-F) show
HV stacks used to define height and velocity contrast trade-off curves, with red colours showing
strongest stacked amplitudes for given model parameters. Green lines show identified trade-off
curves, green bars show 2 SD errors based on 200 boot-straps including a random 70% data,
greyed out regions show models that are below the resolution limits of 2.5s period data. g)
Locations of stacks are shown compared to averaged 3D corrected (ScS-S)diff observations
h) mapped structures in CBP stacks.
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thinner 5-10km thick layer. We refer to this region as the Eastern ULVZ pile.384

In the southeast of our study area we observe complex waveforms indicating385

layered fast and slow material with the suggestion of a thin/weak ULVZ layer386

at the base.387

5.1. Comparison to previous observations388

Many previous studies have investigated the structure of the Hawaiian ULVZ389

using different seismic methods with different lateral sensitivities and trade-offs.390

These can broadly be split into three groups: those sampling the western mega-391

ULVZ, those sampling the complex southeastern region and those that cover a392

broader area east of the island chain. Studies explicitly discussed are plotted in393

Figure 9a, and all previous studies are summarised in Table S1.394

5.1.1. Western mega-ULVZ395

Studies that sample structure west of Hawaii have predominantly used S396

diffracted (Sdiff ) waves to identify a large region of extreme slow-velocities that397

sets up Sdiff post-cursors (To et al., 2011; Cottaar and Romanowicz, 2012; Kim398

et al., 2020), and has been referred to as a mega-ULVZ. Since Sdiff waves graze399

large areas of the CMB the precise location and shape of this structure is difficult400

to pinpoint. Cottaar and Romanowicz (2012) use beamforming techniques to401

better locate the ULVZs location, and waveform modeling to infer a simplified402

cylindrical shaped model ≈1000km in diameter. Their preferred location is403

within the structure we map out using pre/post-cursors and coincident with404

our observations of maximum (ScS-S)diff times. Their preferred ULVZ model405

parameters (20km high, velocity reductions of 15-25%) are also consistent with406

our observed trade-off limits which suggest a 20km high structure requires a407

15% velocity reduction.408

Most other studies that sample this region (Luo et al., 2001; To et al., 2011;409

Kim et al., 2020), suggest a taller structure with height estimates ranging from410
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50 to 100km, but still suggesting strong velocity reductions of between 10-25%.411

HV trade-off curves (Figure 7) indicate these tall but strong models are not412

compatible with our observations. It should be noted that we interpret only413

the basal layer in our CBP stacks, and the longer period Sdiff waves used in414

previous studies could be influenced by reduced velocities above this basal layer.415

5.1.2. Complex southeastern region416

Many studies investigate the southeastern area of complex waveforms with417

a potential thin/weak ULVZ layer (Figure 6-sections 2 and 4) using reflected418

phases (PcP,ScS). This is due to the source-station paths from events in Fiji-419

Tonga recorded in the western US, which has been well instrumented for many420

years.421

Early studies using PcP reflections suggested the presence of a 10-15km thick422

layer with Vp velocity reductions of -10% in this area (Mori and Helmberger,423

1995; Kohler et al., 1997; Revenaugh and Meyer, 1997). Later studies moved424

towards using double-array stacking techniques to identify a variety of layered425

structures in the region (Avants et al., 2006; Lay et al., 2006; Hutko et al., 2009).426

All agree on the presence of a basal low-velocity layer which thickens towards the427

northeast, away from the LLVP centre. This is consistent with our observation428

in CBP stacks of a thinner 5-10km layer (Figure 7F) that gradually thickens to429

10-20km (Figure 7D), as observed in Figure 6 section-2. Previous studies also430

suggested that velocity reduction in this layer may vary from SW to NE, though431

by how much and in which direction is unclear. Avants et al. (2006) suggest a432

decrease from -3 to -6.5% moving northeastwards while Lay et al. (2006) instead433

suggest an increase in velocity from -4 to -0.6% in this direction. It should be434

noted that the reflected phases used in these studies, as we show here, have435

strong trade-offs between layer height and velocity variation, thus attempts to436

uniquely constrain height and velocity variation should be taken with caution.437
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This area has also been shown to contain additional structure above the basal438

ULVZ which has been interpreted as representing a fast lens of post-perovskite439

material within a slow velocity LLVP (Avants et al., 2006). This would explain440

the complex waveforms of alternating polarity indicative of fast and slow layers441

we observe in this region (Figure 6d and e).442

5.1.3. Broader eastern region443

Two studies consider broader-scale structure to the east of the Hawaiian444

islands, making use of the western section of the USArray as we do in this445

study. Sun et al. (2019) use (ScS-S)diff arrival times and waveforms to model446

an 80km high, -15% velocity feature with a ramped triangular shape. This447

model is geographically consistent with the feature we observe in CBP stacked448

data just east of the Hawaiian islands (Figure 9a b). However trade-off curves449

indicate that a velocity reduction of 15% leads to a structure only 20 km high450

in this region (Figure 7d).451

Zhao et al. (2017) develop and apply the ScS flip-reverse stacking method452

used here and model waveforms to map out structure in the eastern region of453

our study area. They find best-fitting structure of variable height (10-20km)454

with strong velocity reductions of 30%. While modeling of such structure is455

non-unique they do suggest that in some cases a gradational top to the ULVZ456

layer may be required, and in others a fast-velocity layer above the basal ULVZ457

is suggested. A gradational top would be consistent with our observations of458

small amplitude pre/post-cursors compared to those predicted for a 1D sharp-459

topped model, while the presence of an overlying fast velocity may explain the460

negative arrivals seen directly on top of mapped features in CBP stacks (Figure461

6).462
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5.2. Height/Velocity trade-offs: Topography or variable velocity?463

We have emphasised the trade-offs in our data when interpreting ULVZ464

parameters: the timings of the pre/post-cursors across the CBP stacks could be465

due to variable height, variable velocity contrast or a combination of the two.466

If we assume that all ULVZ material has a constant velocity contrast of -20%467

Vs (within the range of previous estimates and the more likely models identified468

in HV stacks, Figure 7a), we can explain observations with variable topography469

ranging from 5 - 20 km in height (Figure 8a). While heights vary with assumed470

velocity reduction, within a realistic range of values heights are unlikely to be471

taller than ≈30 km, unless the ULVZ shows weak velocity reductions of less472

than 5% (which are unlikely to produce the pre/post-cursors observed here).473

Alternatively, if we assume imaged structure is of constant height, we could474

explain variation of arrival times by variation in velocity contrasts within the475

ULVZ material. HV stacks show there is only a very limited range of heights476

which could explain all areas analysed based on identified trade-off curves (≈8-477

12km, Figure 7a - grey bar). Constraining the ULVZ layer to a constant height of478

10 km, would require the material to be strongly heterogeneous with variations479

in velocity contrast from -5 to -48.5% (Figure 8b).480

Figure 8: a) Predicted ULVZ heights based on pre/post-cursor arrivals imaged in CBP stacks
assuming a layer of constant velocity contrast of -20%. b) Predicted ULVZ velocity contrasts
assuming a layer of constant height of 10km.

Given the large range of velocity reductions required to explain the timing481
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of arrivals we feel it is unlikely that observations reflect changes in velocity482

contrast alone. Geodynamic modeling of ULVZs, both as partial melt or as a483

chemically distinct dense material, predict variable topography of ULVZ thick-484

ness (Hernlund and Jellinek, 2010; Li et al., 2017), particularly in regions of485

strong regional convection such as plume upwellings like Hawaii. Additionally,486

any variations in ULVZ velocity would likely be linked to variation in ULVZ den-487

sity, and therefore result in topographic changes. Given this, it is reasonable488

to interpret varying ULVZ layer thickness to be the main contributing factor489

to pre/post-cursors time variations observed across our study region, though in490

reality there is likely some combination of varying height and topography that491

fully explains observations.492

5.3. A regional ULVZ layer of variable Topography: Geodynamic implications493

ULVZ topography is likely to be controlled by a combination of factors:494

characteristics of ULVZ material (state, density and viscosity), wider mantle495

structure and flow (LLVPs, impinging slabs and upwelling plumes) and poten-496

tially CMB topography.497

End member hypotheses assume that ULVZs represent either chemically dis-498

tinct material or areas of partial melt. If ULVZs are due to partial melt, they499

would be predicted to form in the areas of highest CMB temperature within500

LLVP piles, and show relatively symmetric profiles in cross-section (Li et al.,501

2017). In contrast ULVZs of denser material, distinct from that of LLVPs, are502

predicted to accumulate at LLVP margins (e.g. McNamara et al., 2010) in dis-503

continuous patches of variable shape and size (Li et al., 2017). The location of504

the Hawaiian ULVZ at the edge of the Pacific LLVP and the highly variable and505

non-symmetric shape we image is more in line with a distinct dense material506

rather than the presence of partial melt. ULVZ asymmetry is particularly clear507

in the reduction in height of the eastern ULVZ pile towards the LLVP interior508
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(Figure 6 section-2). A similar structure is predicted by 3D spherical models509

containing a distinct dense ULVZ material, and is explained by different mag-510

nitudes of viscous coupling between the hotter LLVP and cooler mantle side of511

the pile (Li et al., 2017).512

Geodynamic modelling has shown increasing the density of ULVZ material513

leads to piles with greater lateral extent and smaller height (McNamara et al.,514

2010; Bower et al., 2011), while increasing the viscosity of material leads to taller515

piles in a convecting mantle (Hier-Majumder and Revenaugh, 2010). Thus the516

great lateral extent (1000s km) and small heights (10-20km) we observe in the517

western mega-ULVZ indicates a dense but not highly viscous ULVZ material.518

Mega-ULVZs have been hypothesised to be the origin for high 3He/4He and519

low 182W/184W ratios observed in several hotspot locations including Hawaii520

(Mundl et al., 2017). Entrainment of material from the ULVZ might also explain521

variation of Pb isotope ratios observed in Hawaiian basalts (Harrison et al.,522

2017). However it is unclear if entrainment would occur if the ULVZ material523

is significantly dense (Bower et al., 2011). Jones et al. (2019) suggest that the524

presence of ultra-dense material could lead to the formation of larger plumes525

with increased thermal buoyancy, allowing the entrainment of small amounts of526

dense ULVZ material by viscous coupling with the hot upwelling mantle rather527

than via thermal buoyancy.528

Surrounding mantle structure is likely to significantly affect ULVZ morphol-529

ogy. Geodynamic models have shown that compositionally distinct ULVZ ma-530

terial is likely to be thickest in piles formed beneath upwelling plumes rising531

from the edges of LLVPs (e.g. McNamara et al., 2010; Li et al., 2017). Based on532

our observations this suggests the plume conduit is off-set to the west of Hawaii,533

coincident with the thick western mega-ULVZ. This conclusion is supported by534

the recent global P-wave tomographic model of Hosseini et al. (2020) which has535
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a high degree of sensitivity to CMB structure due to inclusion of core grazing536

Pdiff phases. They observe a near-vertical plume centred slightly southwest537

of the surface hotspot, rising from a strong slow-velocity region on the CMB538

coincident with our imaged western mega-ULVZ.539

Subducted material is also likely to play a significant role in ULVZ morphol-540

ogy. Where negatively buoyant subducted material interacts with LLVPs (and541

presumable also associated ULVZ structures at their margins), it is predicted to542

push material up into higher, steeper sided piles and potentially aid in plume543

generation (e.g. Heyn et al., 2020). We note that the highest parts of the re-544

gional Hawaiian ULVZ structure imaged here are bounded by the Pacific LLVP545

to the south and by small fast regions imaged in tomographic models to the546

north (Figure 9b). The study of Sun et al. (2019), modeled the high Eastern547

pile of ULVZ material as a ramped shape, and suggested slab debris is impinging548

and thickening ULVZ material here. Our observations suggest this may also be549

occurring at the NW edge of the mega-ULVZ.550

Finally the height of a ULVZ layer is measured relative to the CMB, which551

may itself show significant topography. The recent study of Heyn et al. (2020)552

find that short wavelength topography is predicted at the edge of dense LLVP553

piles, caused by an interaction of the LLVP, plume upwellings and impinging554

slabs. How ULVZ material would interact with the LLVP along-margin depres-555

sion they predict is currently unclear, but we might expect ULVZ material to556

pond within and potentially enhance existing depressions if it were significantly557

dense.558

5.4. Small Amplitude pre/post-cursor arrivals559

We observe several regions of clear ScS pre/post-cursors which all show ar-560

rival amplitudes significantly smaller than those predicted for the range of mod-561

els within the trade-off curves defined by arrival times (Figure S7). Pre/post-562
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cursor amplitudes are strongly affected by layer height, velocity contrast and563

event-station separation (see SM Section 1) which are accounted for in our syn-564

thetic models. However there are a range of additional factors which affect565

arrival amplitude and may contribute to the small amplitudes observed, includ-566

ing:567

• CMB topographic depressions - causing enhanced ScS amplitudes (and568

thus smaller pre/post-cursor relative amplitudes) due to focusing effects569

(Wu et al., 2014)570

• A diffuse ULVZ upper boundary - reducing pre/post-cursor boundary re-571

flectively572

• Variable internal ULVZ velocity structure - a weaker velocity contrast573

across the upper boundary affecting amplitudes while a stronger basal574

velocity reduction increases the delay time across the entire layer575

• 3D ULVZ topography - leading to reduced coherency of pre/post-cursors576

in stacks577

• Unknown ULVZ density - weak density contrasts reduce the impedance578

contrast and therefore reflection coefficient at the ULVZ boundary579

These possibilities are explored in more detail in supplementary section S6.580

We find that reducing ULVZ density (from the +10% anomaly assumed in our581

synthetics), cannot explain the small amplitudes observed. A strongly diffuse582

upper ULVZ boundary (thickness 20-25km) could explain the amplitudes ob-583

served in the mega-ULVZ (stacks B and C Figure 8), but cannot reproduce584

weaker amplitudes observed to the east (stacks D,E and F). Recent work us-585

ing high frequency Sdiff observations has found evidence of increasing velocity586

reduction with depth within the Hawaiian ULVZ (Li et al., 2019), consistent587
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with the diffuse boundary and variable internal structure options considered.588

Our observations indicate variable ULVZ topography, which likely contributes589

to observed amplitude reductions, especially since the Fresnel zones at data590

bounce-points (Figure S2) is broader than observed topography. We also find591

that ScS amplitudes are generally larger than predicted (Figure S8), which could592

indicate focusing due to CMB topography, likely contributing to small pre/post-593

cursor relative measurements.594

Pulling apart the multiple factors that affect arrival amplitude is difficult,595

and it’s likely that a number of the explanations posited contribute to the small596

pre/post-cursors observed.597

6. Conclusion598

Multiple previous studies have reported observations of ‘the Hawaiian ULVZ’.599

Here we use broad-scale regional observations of ScS reflected waves and associ-600

ated pre/post-cursors sensitive a wide area of the CMB near Hawaii to demon-601

strate the ULVZ is not a single distinct feature, but a regional-scale structure602

of varying topography. The large variation in previous ULVZ models may par-603

tially be explained by different studies imaging different parts of this variable604

large-scale feature.605

We observe several distinct regions, Figure 9c:606

• Western mega-ULVZ – roughly 2000 by 1000 km in size, likely 10-20km607

thick (but no taller than 30km).608

• Eastern pile – an asymmetric pile of material 10-20km thick, increasing in609

thickness towards the NE away from the Pacific LLVP610

• Complex southeastern region - containing a thin 5-10 km basal ULVZ611

layer, with complex waveforms indicative of alternating fast/slow layers,612
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consistent with previous suggestions of an overlying post-perovskite lens613

in this area (Avants et al., 2006).614

Based on predictions from geodynamic modelling, the location of the ULVZ615

at the edge of the Pacific LLVP and its asymmetric shape are more indicative of a616

ULVZ comprised of compositionally distinct dense material, rather than partial617

melt. The highly variable topography observed seems to reflect an interplay618

between the Hawaiian plume upwelling, the Pacific LLVP and impinging slab619

material. The thick pile of the western mega-ULVZ likely represents the base of620

the Hawaiian plume stem, which is offset to the southwest of the surface hotspot621

expression. Both this area and the thick Eastern pile are sandwiched between622

the edge of the pacific LLVP and fast wavespeed anomalies, that we interpret623

as representing slab fragments. This suggests that slabs can act to push ULVZ624

material into taller piles against the edge of the LLVPs, as previously suggested625

by Sun et al. (2019).626
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