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Key Points:5

• We identify and characterize a previously undetected ultra-low velocity zone be-6

neath the central Pacific Ocean.7

• We propose the existence of a thin and broad layer with low seismic velocities in8

our study region, just above the core-mantle boundary.9

• Measurements of potentially co-located seismic anisotropy and ULVZ structure10

allow the inference of plausible dynamics in the deep mantle.11
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Abstract12

Ultra-low velocity zones (ULVZs) and seismic anisotropy are both commonly detected13

in the lowermost mantle at the edges of the two antipodal large low velocity provinces14

(LLVPs). The preferential occurrences of both ULVZs and anisotropy at LLVP edges are15

potentially connected to deep mantle dynamics; however, the two phenomena are typ-16

ically investigated separately. Here we use waveforms from three deep earthquakes to17

jointly investigate ULVZ structure and lowermost mantle anisotropy near an edge of the18

Pacific LLVP to the southeast of Hawaii. We model global wave propagation through19

candidate lowermost mantle structures using AxiSEM3D. Two structures that cause ULVZ-20

characteristic postcursors in our data are identified and are modeled as cylindrical UL-21

VZs with radii of ∼1◦ and ∼3◦ and velocity reductions of ∼36% and ∼20%. One of these22

features has not been detected before. The ULVZs are located to the south of Hawaii23

and are part of the previously detected complex low velocity structure at the base of the24

mantle in our study region. The waveforms also reveal that, to first order, the base of25

the mantle in our study region is a broad and thin region of modestly low velocities. Mea-26

surements of Sdiff shear wave splitting reveal evidence for lowermost mantle anisotropy27

that is approximately co-located with ULVZ material. Our measurements of co-located28

anisotropy and ULVZ material suggest plausible geodynamic scenarios for flow in the deep29

mantle near the Pacific LLVP edge.30

Plain Language Summary31

Earthquakes cause different types of seismic waves that can be used to create an32

image of seismically fast and slow regions within Earth’s interior. Two large-scale fea-33

tures with relatively low seismic velocities have been identified at the base of the man-34

tle, one beneath Africa and one beneath the Pacific Ocean, known as large low veloc-35

ity provinces (LLVPs). Small-scale, thin features with extremely low velocities, known36

as ultra-low velocity zones (ULVZs), have previously been detected just above the core-37

mantle boundary, often located at the edges of the LLVPs. In this study, we investigate38

a region of the deep mantle at the edge of the Pacific LLVP. We use recordings of earth-39

quake waves that have sampled this region to map two distinct ULVZ regions at this bound-40

ary. We also investigate a property known as seismic anisotropy, the directional depen-41

dence of seismic wave speeds, which can be used to infer the direction of mantle flow.42
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We outline several potential mantle flow scenarios that are consistent with our data, help-43

ing to understand flow processes at the edges of LLVP structures in the deep mantle.44

1 Introduction45

The lower boundary layer of Earth’s mantle, also called D′′, has different seismic46

properties than the bulk of the lower mantle (e.g., Wookey et al., 2005b; Lay et al., 2006;47

Panning & Romanowicz, 2006; Kawai & Tsuchiya, 2009; Wenk & Romanowicz, 2017).48

These distinct properties are likely influenced by heat flux across the core-mantle bound-49

ary (CMB; e.g., Hernlund et al., 2005), possible chemical heterogeneity (e.g., Trampert50

et al., 2004), and by the details of lowermost mantle mineralogy (e.g., Murakami et al.,51

2004) and dynamics (e.g., Nowacki & Cottaar, 2021). The most prominent large-scale52

features in the lower mantle are the two antipodal large low velocity provinces (LLVPs)53

which show shear velocity reductions of up to ∼4% compared to the mantle average (e.g.,54

Dziewonski et al., 2010; French & Romanowicz, 2014). While the precise nature of these55

large features is poorly understood (e.g., Davies et al., 2015; Koelemeijer et al., 2017;56

Davaille & Romanowicz, 2020), they are thought to have played a significant role in Earth’s57

evolution (e.g., Burke et al., 2008; Steinberger et al., 2019; Wolf & Evans, 2022). For ex-58

ample, they have been suggested to significantly influence convective processes in the man-59

tle (e.g., McNamara et al., 2010), plumes have been suggested to be preferentially found60

at their edges (e.g., Burke et al., 2008), and they may be important for our understand-61

ing of the supercontinent cycle (e.g., Wolf & Evans, 2022). It has been suggested that62

seismic anisotropy (that is, directionally dependent wave propagation) is particularly likely63

to occur in the lowermost mantle at the edges of LLVPs (e.g., Cottaar & Romanowicz,64

2013; Deng et al., 2017; Reiss et al., 2019). This may reflect strong deformation, perhaps65

due to mantle flow impinging on their sides (e.g., McNamara et al., 2010; Li & Zhong,66

2017), or to due the generation of mantle plumes (e.g., Burke et al., 2008). Addition-67

ally, thin ultra-low velocity zones (ULVZs) just above the CMB have been shown to clus-68

ter within or along the edges of LLVPs, although they are also present elsewhere (e.g.,69

Yu & Garnero, 2018). The presence of both ULVZs and anisotropy at LLVP edges likely70

reveal information about deep mantle dynamics. However, these two phenomena are typ-71

ically investigated separately.72

While there is overwhelming evidence for the presence of ULVZs at the base of the73

mantle, no scientific consensus has been reached about their origin and composition. It74
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has been suggested that iron from Earth’s outer core may be responsible for their pres-75

ence, either driven to the mantle by diffusion (e.g., Lesher et al., 2020) or via morpho-76

logical instabilities (Otsuka & Karato, 2012). Alternatively, enrichment of iron in fer-77

ropericlase could explain the ultra-low velocities (e.g., Finkelstein et al., 2018; Lai et al.,78

2022). The presence of partial melt has also been suggested as an explanation for UL-79

VZs (e.g., Lay et al., 2004; Yuan & Romanowicz, 2017; Ferrick & Korenaga, 2023), al-80

though it is imperfectly understood how melt pockets just above the CMB can stay sta-81

ble over geological time scales (e.g., Hernlund & Jellinek, 2010; Dannberg et al., 2021).82

If ULVZs are made of solid material, they could be remnants of an early molten magma83

ocean (e.g., Labrosse et al., 2008; Pachhai et al., 2022). While it is likely that the present-84

day locations of ultra-low velocity zones are connected to patterns of mantle convection,85

this potential connection is still being actively investigated (e.g., McNamara et al., 2010;86

Li et al., 2017; Hernlund & Bonati, 2019). For example, mantle flow has been suggested87

to converge at LLVP edges (e.g., McNamara et al., 2010). If ULVZs can become entrained88

in mantle flow as suggested by some geodynamical models, they may therefore be driven89

towards the edges of LLVPs (e.g., McNamara et al., 2010; Li et al., 2017).90

The presence of seismic anisotropy is a relatively direct indicator of mantle defor-91

mation (e.g., Long & Silver, 2009; Long & Becker, 2010; Wenk & Romanowicz, 2017).92

Measurements of lowermost mantle anisotropy have been explained by slab-driven flow93

(e.g., Nowacki et al., 2010; Asplet et al., 2020, 2023; Creasy et al., 2021; Wolf & Long,94

2022), or upwelling flow at the bottom of mantle plumes (e.g., Ford et al., 2015; Wolf95

et al., 2019). It has also been demonstrated that lowermost mantle anisotropy can of-96

ten be found close to the edges of the two LLVPs (e.g., Wang & Wen, 2004; Cottaar &97

Romanowicz, 2013; Lynner & Long, 2014; Deng et al., 2017; Reiss et al., 2019), indicat-98

ing a likely change in mantle flow direction and/or a concentration of deformation, po-99

tentially connected to a rheological contrast. Because observations of both lowermost100

mantle anisotropy and ULVZs have been made at LLVP edges, their potential co-occurence101

may shed light on dynamic processes operating at the edges of LLVP structures.102

A possible approach towards studying spatially coincident ULVZs and deep man-103

tle seismic anisotropy is the analysis of S waves that are diffracted along the CMB (Sdiff104

waves; Figure 1a). Sdiff waves are often used for the detection and characterization of105

ULVZs (e.g., Cottaar & Romanowicz, 2012; Yuan & Romanowicz, 2017; Kim et al., 2020;106

Li et al., 2022) as well as seismic anisotropy (e.g., Cottaar & Romanowicz, 2013; Wolf107
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& Long, 2022; Wolf et al., 2023). For both approaches, the use of data from densely spaced108

seismic arrays has been proven to be advantageous (e.g., Li et al., 2022; Wolf et al., 2023).109

Array stacks can make visible signals that are arriving after the main Sdiff phase, known110

as postcursors. The moveout of such postcursors as a function of azimuth can reveal the111

location and the properties of ULVZs (e.g., Cottaar & Romanowicz, 2012; Cottaar et al.,112

2022; Li et al., 2022). Additionally, the use of array data has been shown to be helpful113

when accounting for effects of upper mantle anisotropy (e.g., Wolf et al., 2023; Wolf et114

al., 2023). In addition to Sdiff data, the use of S/ScS waves at long distances, shortly be-115

fore they start to turn into Sdiff (Figure 1a), has proven to be useful for analyzing UL-116

VZs (e.g., Lai et al., 2022). In this study, we analyze such S/ScS waves together with117

Sdiff for epicentral distances > 95◦, and refer to the composite phase as S∗ (following118

Lai et al. (2022)).119

Here we investigate potentially co-located ULVZ structure and lowermost mantle120

anisotropy beneath the central Pacific Ocean, to the southeast of Hawaii, using S∗ phases.121

We target a region at the eastern edge of the Pacific LLVP that has previously been sug-122

gested to host ULVZ material. Based on the analysis and modeling of S∗ phases, we sug-123

gest the presence of a widespread, thin low-velocity layer just above the CMB in our study124

region, possibly associated with the base of the Pacific LLVP itself. We also find evidence125

for two distinct ULVZs, one of which has not been detected previously. We identify ev-126

idence for lowermost mantle anisotropy for a portion of the Sdiff raypaths that sample127

across the LLVP edge; this anisotropy is spatially approximately co-incident with ULVZ128

structure. Measurements of splitting parameters due to lowermost mantle anisotropy al-129

low us to analyze the plausibility of different mantle flow scenarios close to ULVZs and130

the LLVP edge.131

2 Study region132

Our study region is to the southeast of Hawaii, at the edge of the Pacific LLVP.133

Figure 1c shows the raypath coverage and the locations of previously detected ULVZ struc-134

ture in this region (Yu & Garnero, 2018; Sun et al., 2019; Lai et al., 2022), in addition135

to the low velocity features mapped by Jenkins et al. (2021). Early studies using core-136

reflected P waves suggested a ∼10 km thick basal layer with velocity reductions of ap-137

proximately 10% in our study region (e.g., Mori & Helmberger, 1995; Revenaugh & Meyer,138

1997). Later studies used ScS waves to map more detailed structure (e.g., Avants et al.,139
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2006; Lay et al., 2006; Hutko et al., 2009), arguing for more dramatic S- than P-wave140

velocity reductions. Recently, Jenkins et al. (2021) provided a more comprehensive pic-141

ture of ULVZ structure throughout the region, suggesting either decreasing seismic ve-142

locities and/or an increasing ULVZ thickness moving towards the LLVP edge from its143

center. Other recent studies identifying individual ULVZs in our study region are from144

Sun et al. (2019) and Lai et al. (2022). Lai et al. (2022) used data from event 1 (Fig-145

ure 1c) that we also analyze in our study, although they focused on longer periods (5−146

80 s).147

The presence of lowermost mantle anisotropy in our study region has been previ-148

ously suggested by some early studies that investigated differential SHdiff -SVdiff travel149

times (e.g., Vinnik et al., 1995, 1998; Ritsema et al., 1998). Another study used S and150

ScS waves to map radial anisotropy in our study region, finding VSV > VSH 200-400 km151

above the CMB (Kawai & Geller, 2010). However, no previous study has directly mea-152

sured fast polarization directions of deep mantle anisotropy in our region of interest. Here153

we take advantage of newly developed strategies for measuring the splitting parameters154

of Sdiff phases (Wolf et al., 2023) to place tighter constraints on the geometry of deep155

mantle anisotropy in the region.156

3 Data and Methods157

3.1 Event selection158

In this study, we analyze recordings of deep and intermediate events that occurred159

in (or close to) the Tonga subduction zone, which are in the right distance range for the160

study of our target region using the dense USArray (IRIS Transportable Array, 2003)161

as well as other nearby stations. USArray consisted of hundreds of broadband seismome-162

ters that were moved from west to east across the contiguous United States between 2007163

and 2013. First, we create a list of 27 candidate events (Supplementary Table S1) that164

have a high likelihood of providing high-quality data, based on moment magnitude (prefer-165

ably around ∼6.5) and depth (> 100 km). We prefer deep events because they are un-166

likely to be strongly influenced by source-side anisotropy; furthermore, postcursors for167

our ULVZ analysis are most likely to be visible for large events with simple source-time168

functions, as is often the case with deep events. After an initial visual quality control169

step, we display data for each event as a function of distance and/or azimuth, stacked170
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in 0.5◦ to 1.5◦ azimuth or distance bins (dependent on number of data), similar to Fig-171

ures 2 and 3. While the number of traces contributing to each bin varies, the average172

number of traces is always larger than 25. For our ULVZ analysis, we look for generally173

high-quality transverse component (SH) data that show typical S∗ postcursors as a func-174

tion of azimuth on the transverse components, indicating the presence of ULVZs (e.g.,175

Cottaar & Romanowicz, 2012). The data from event 1 (Figure 1c) show an outstand-176

ingly clear main S∗ signal with signal-to-noise ratios (SNRs) that are > 10 across most177

stations compared to pre-event noise, and unambiguous postcursors (Figure 2a). While178

for many events the data are too noisy to reliably characterize S∗ postcursors, we do iden-179

tify several additional events with clear S∗ signals that show similar postcursors, but less180

clearly (Supplementary Figures S1, S2 and S3). Because of its exceptional signal qual-181

ity, we focus on data from event 1 for our ULVZ analysis.182

For the analysis of deep mantle seismic anisotropy, we follow the proposed Sdiff split-183

ting strategy from Wolf et al. (2023), which relies on the comparison of splitting from184

SKS and Sdiff phases (Figure 1a) to identify deep mantle anisotropy. The Sdiff splitting185

strategy includes two steps to ensure that the measured Sdiff splitting can in fact be at-186

tributed to seismic anisotropy in the lowermost mantle or on the receiver side. The first187

step is to show that the Sdiff waves under study do not sample strong upper mantle an-188

isotropy on the source side, leading to splitting intensities (Equation (4), discussed in189

detail below) larger than 1. To ensure this, we search for events with focal depths > 300 km.190

While Sdiff from such events may realistically sample some source-side anisotropy, the191

contribution is unlikely to be strong (e.g., Foley & Long, 2011; Lynner & Long, 2015).192

Second, it must be guaranteed that Sdiff for the event would be almost perfectly SH-polarized193

in absence of seismic anisotropy because otherwise differential SHdiff-SVdiff travel times194

may be accumulated in isotropic structure, potentially resembling splitting (Komatitsch195

et al., 2010; Borgeaud et al., 2016; Parisi et al., 2018). Upon diffraction, when S and ScS196

combine to a single phase, their radial amplitudes are approximately opposite, which is197

why usually SVdiff energy is lost in the process (Wolf et al., 2023). Therefore, it is likely198

that Sdiff is substantially SH-polarized. However, how much SVdiff energy survives does199

not only depend on the focal mechanism but also on the lowermost mantle velocity struc-200

ture, which is why it is necessary to test this via global wavefield simulations (Wolf et201

al., 2023) using the best moment tensor estimate (Ekström et al., 2012). For the Sdiff202

splitting analysis, the main factor why events are discarded is not the SNR (as for the203
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ULVZ analysis) but the requirement for Sdiff to be almost perfectly SH-polarized in the204

absence of seismic anisotropy along the raypath.205

The only event that fulfills these criteria and exhibits high-quality Sdiff signals with206

SNRs> 3 across most seismograms is event 2 (Figure 1d, Figure 3). However, due to207

its strong SH initial source polarization, SKS phases for this event are noisy in the az-208

imuth range of interest; therefore, we also analyze SKS for a third event (event 3), which209

exhbits SNRs > 4 for most SKS waves, to better resolve receiver-side upper mantle an-210

isotropy. Event 3 is chosen because it occurred at a similar location and with similar tim-211

ing (less than a month later) as event 2. Therefore, events 2 and 3 have been recorded212

at a very similar selection of Transportable Array stations. The similar timing of events213

2 and 3 allows us to account for the potential effects of upper mantle anisotropy, discussed214

further in Section 5.3. We use all available stations (mostly from USArray) located at215

an appropriate epicentral distance and azimuth that were installed at the time that events216

2 and 3 occurred and only discard obviously corrupted data.217

3.2 Global wavefield simulations218

For the analysis of ULVZ postcursors of S∗ phases from event 1, we conduct 3D wave-219

form modeling with AxiSEM3D (Leng et al., 2016, 2019), computing simulations down220

to periods of ∼4 s. Our general approach to model setup and parameterization is sim-221

ilar to our approach in previous work for simulations that include lowermost mantle an-222

isotropy and ULVZ structure (e.g., Wolf et al., 2022a; Wolf et al., 2023). As in this pre-223

vious work, our background model is always isotropic PREM (Dziewonski & Anderson,224

1981), and for certain simulations we replace the PREM mantle with the 3D tomographic225

model GyPSuM (Simmons et al., 2010). For all our simulations we include Earth’s el-226

lipticity and (PREM) attenuation. We use focal mechanisms as reported by the Global227

CMT Catalog (Ekström et al., 2012). However, in this work we need to be particularly228

aware of computational efficiency; AxiSEM3D expands the wavefield along the azimuthal229

direction using a Fourier basis, giving the user the option to choose the maximum Fourier230

expansion order Nu (Leng et al., 2016). For models that include complex, small-scale231

structures, a high Fourier expansion order is required to adequately represent the wave-232

field. In our simulations, we first select lower Nu values (< 300) to make an educated233

guess about likely ULVZ positions and properties. Then, we perform more expensive sim-234

ulations for higher Nu (up to 1000), while making full use of the incorporated wavefield235
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learning tool in AxiSEM3D (Leng et al., 2019) for similar simulations. We always en-236

sure that the selected Nu values are large enough by checking that all Nu in the wave-237

field output are lower than the maximum constant Nu used in the learning simulation,238

or by benchmarking each type of simulations against higher Nu values. We also ensure239

that the mesh is able to accurately capture the structures we incorporate. Using our max-240

imum available allocation on the Grace cluster at Yale University (1000 CPUs in par-241

allel; more only in rare exceptions), we are able to reliably perform fully 3D global wave-242

field simulations down to periods 5 s to investigate the S∗ postcursors for event 1 (Fig-243

ure 2a). To investigate the distance-dependent behavior of S and Sdiff waves (Figure 2d),244

which can be observed in a period band between 4 s and 10 s, we have to rely on (mostly)245

axisymmetric input models (using PREM with a global low velocity layer; see Section 5.1).246

These axisymmetric simulations are > 100 times faster to run than simulations with 3D247

ULVZs. Only for a small subset of simulations can we compute synthetic waveforms down248

to 4 s incorporating 3D velocity structure.249

3.3 Shear-wave splitting measurements250

The analysis of shear-wave splitting is largely independent of our analysis of pos-251

sible ULVZ structure. For the measurement of deep mantle anisotropy we analyze shear252

wave splitting of events 2 and 3, while event 1 is used to infer ULVZ structure. A shear253

wave that travels through an anisotropic medium splits into two quasi shear waves, one254

slow and one fast. If the incoming harmonic wave is SV-polarized (e.g., SKS), ω is the255

angular frequency and t is time, assuming that ωt << 1, the radial component R(t)256

can be written257

R(t) ≃ cosωt (1)

(Vinnik et al., 1989; Silver & Chan, 1991). When the wave has traveled through an an-258

isotropic medium, the transverse component can then be expressed as259

T (t) ≃ −0.5ωδt sin 2(α− ϕ) sinωt = 0.5ωδt sin 2(α− ϕ)R′(t) , (2)

where R′(t) is the radial component time derivative, δt is the time lag between the fast260

and slow traveling quasi S-wave, ϕ is the polarization direction of the fast traveling wave,261

and α the initial polarization direction of the incoming wave (equivalent to the backaz-262

imuthal direction). The fast polarization direction ϕ is measured clockwise from the north,263

while ϕ′ denotes the same quantity measured clockwise from the backazimuthal direc-264
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tion (Nowacki et al., 2010). The schematic illustration of ϕ′ in Figure 1b shows that ϕ′ ≈265

0◦ corresponds to vertical and ϕ′ ≈ 90◦ to horizontal fast polarization directions of low-266

ermost mantle anisotropy. A related quantity, called splitting intensity (Chevrot, 2000),267

related to the splitting delay time and thus the strength of splitting, is defined as268

SISV = −2
T (t)R′(t)

|R′(t)|2
≈ δt sin(2(α− ϕ)) (3)

for SKS. For Sdiff waves that can be assumed to be initially SH-polarized (as we use in269

our study), we calculate the splitting intensity following Wolf et al. (2023), using the for-270

mula271

SISH = −2
R(t)T ′(t)

|T ′(t)|2
, (4)

where T ′(t) is the transverse component time derivative.272

To estimate the splitting parameters (ϕ, δt; SI) we use SplitRacer (Reiss & Rümp-273

ker, 2017), a graphical user interface implemented into MATLAB. SplitRacer calculates274

splitting parameters for multiple time windows (we always choose 50) using the trans-275

verse component minimization technique (Silver & Chan, 1991). The corresponding 95%276

confidence intervals are estimated using the corrected algorithm of Walsh et al. (2013).277

We use a modified version of SplitRacer that calculates ϕ′ instead of ϕ and measures Sd-278

iff splitting according to Equation (4). We also switch the radial and transverse com-279

ponent to measure Sdiff splitting. We call the fast polarization direction obtained this280

way ϕ′′, which equals 90◦ − ϕ′ (Wolf et al., 2023).281

4 Results: Waveform characteristics282

The data from events 1 and 2, which we use to constrain ULVZ structure and an-283

isotropy, respectively, are shown in Figures 2 and 3. The data from event 1 exhibit sev-284

eral features that are not reproduced in synthetics for simple models, either for PREM285

(Dziewonski & Anderson, 1981, Figure 2g-i) nor for the 3D tomographic model GyPSuM286

(Simmons et al., 2010, Figure 2d-f). These data characteristics are as follows (Figure 2):287

1. A prominent S∗ postcursor, visible directly after the S∗ phase and modeled as be-288

ing due to an ULVZ by Lai et al. (2022), is (marked with a pink box in Figure 2a).289

–10–



manuscript submitted to Geochemistry, Geophysics, Geosystems

As this waveform feature has been modeled and explained before, we do not fo-290

cus on it in our analysis. To model this postcursor, we would have to add one ad-291

ditional ULVZ to our simulations; this would have little to no influence of the other292

modeled postcursors and would be unlikely to add more insights beyond the re-293

sults of Lai et al. (2022).294

2. Two postcursors with hyperbolic moveout are marked in blue and green in Fig-295

ure 2a. Because these postcursors may indicate previously undetected ULVZ struc-296

tures, we focus our modeling on these features. The ULVZ will be located approx-297

imately at the azimuth at which the postcursor arrives closest in time after the298

main Sdiff arrival. This azimuth differs greatly for both hyperbolic postcursors,299

such that they cannot be explained by a single ultra-low velocity structure. In-300

stead, multiple ULVZ regions are needed to produce both features.301

3. When filtering the data with a center frequency of 7 s, the real data (Figure 2c)302

look very different from the PREM/GyPSuM synthetic data as a function of dis-303

tance (Figure 2f,i), especially for an epicentral distance > 95◦, shortly before S304

starts to turn into Sdiff. The most prominent feature of the waveforms is that for305

S∗ the second downswing (orange shading in Figure 2c) is the larger than the first,306

opposite to what is predicted from the synthetics (Figure 2f,g).307

4. The radial component of the main Sdiff arrival becomes larger with more northerly308

(that is, smaller) azimuths (blue shading in Figure 2b). While some of this energy309

can likely be explained as being due to the initial source polarization (Figure 2e,h),310

we speculate that it could also partially be due to deep mantle anisotropy (and311

will test this possibility in detail using data from event 2).312

For the analysis of seismic anisotropy we focus on longer periods (8-25 s) than for313

our ULVZ investigation. At these periods, the transverse components for event 2 (Fig-314

ure 3a) do not show postcursors, although faint postcursors can be detected for this event315

when the data are bandpass-filtered retaining periods between 6 and 20 s (Supplemen-316

tary Figure S1). Event 2 was chosen because Sdiff waves for this event can be expected317

to be almost perfectly SH-polarized, especially at more northerly azimuths (Figure 3c,d).318

However, radial components from event 2 show clear Sdiff arrivals for azimuths between319

45◦ to 52◦, indicating splitting along the raypath, possibly due to the presence of low-320

ermost mantle anisotropy.321
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5 Results: Forward modeling322

5.1 Thin, broad low velocity layer323

The distance-dependent behavior of the S and Sdiff data from event 1 is presented324

in Figure 2c and Figure 4a. We focus on the main features, which we retrieve by stack-325

ing the data in 1.5◦ wide distance bins (Figure 4a). The data characteristics that we strive326

to explain are: 1) the absence of substantial energy after the main S arrival for distances327

between ∼87◦−95◦, and 2) the presence of a large second downswing of S∗ for distances328

> 95◦, potentially indicating the arrival of postcursor energy that is interfering with the329

main S∗ arrival. Neither of these features is predicted by the simple synthetics, either330

for isotropic PREM or for the GyPSuM mantle model (Figure 4).331

As previous observations suggest (Section 2), there may be lower than average seis-332

mic velocities just above the CMB in our study region. We therefore generate synthet-333

ics for a geographically widespread layer (modeled for simplicity as a global layer, which334

allows us to carry out axisymmetric simulations) with lower than average seismic veloc-335

ities. We simulate wave propagation for layer thicknesses between 5 km and 50 km, and336

for velocity reductions between 2% and 60%. While only velocity reductions in a rel-337

atively tight interval can explain the observations for a given thickness, there is a clear338

tradeoff between layer thickness and velocity reduction that makes it difficult to precisely339

constrain thickness and velocity reduction together (as we will discuss further in Section 6.1).340

In order to tightly constrain the best-fitting parameters, we adaptively sample our pa-341

rameter space and run simulations in 5 km thickness increments and at most 5 km ve-342

locity reduction increments for a narrow parameter interval. Our preferred model to ex-343

plain these data features is a widespread layer with a thickness of 5 km and a shear-wave344

velocity reduction of 14% compared to PREM. The corresponding PREM and PREM+GyPSuM345

synthetics are shown in Figure 4d and e. It is visually apparent that this low velocity346

layer is able to explain the aforementioned main data features. To more objectively as-347

sess the similarity of real and synthetic data, we cross-correlate the real and synthetic348

seismograms, for 55 s long time window around the predicted arrival time, all bandpass-349

filtered retaining periods between 4 and 10 s. The average cross-correlation coefficients350

increase from 0.84 to 0.90 for PREM and from 0.83 to 0.87 for GyPSuM when incorpo-351

rating this widespread low velocity feature.352
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5.2 Two regions causing S∗ postcursors353

The postcursors that can be observed as a function of azimuth in the S∗ data from354

event 1 (Figure 2a) can be explained by the presence of two ULVZs, one of which located355

in the north and the other located in the south of our study region. The northern ULVZ356

identified by our modeling is co-located with previously observed ULVZ structure, while357

the southern ULVZ has not been mapped before (discussed further in Section 5.4). It358

is likely that these two ULVZ regions do not represent distinct features; rather, they are359

likely connected to the highly variable, low-velocity structure that has been identified360

previously throughout our study region (e.g., Avants et al., 2006; Jenkins et al., 2021).361

For our modeling we assume cylindrical ULVZ regions with a thickness of 10 km, which362

is within the range that has been previously suggested for our study region (e.g., Avants363

et al., 2006; Jenkins et al., 2021). We simulate velocity reductions from 10% to 60% and364

base area radii between 1◦ and 7◦. The best fitting combination of size, velocity reduc-365

tion and location for the two ULVZs are as follows:366

• Northern ULVZ: Shear-wave velocity reduction 20%; radius 3◦; centered at (150◦W,367

8◦N).368

• Southern ULVZ: Shear-wave velocity reduction 36%; radius 1◦; centered at (139◦W,369

0.5◦N).370

The real data and the synthetic data, modeled for the aforementioned dimensions371

and velocity reduction of the ULVZs, are shown in Figure 5. Our model successfully cap-372

tures the general features of both postcursors. However, the PREM synthetics (Figure 5b)373

match the real data (Figure 5a) better than the PREM+GyPSuM synthetics (Figure 5c)374

for the postcursor from the northern ULVZ. The reason for this is that the ‘shoulder’375

of the S∗ pulse is longer in time for the PREM synthetics, which approximates the real376

data more accurately. Changing the structure for the northern ULVZ would not change377

this fact, and would therefore not improve the fit for the PREM+GyPSuM background378

model. While our modeling has identified best-fitting ULVZ parameters for each region,379

there are of course tradeoffs between the ULVZ dimensions and the velocity reductions;380

In lieu of providing quantitative confidence intervals, which would be too computation-381

ally expensive to obtain using our forward modeling approach, we provide a detailed dis-382

cussion of tradeoffs between model parameters in Section 6.1.383
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5.3 Lowermost mantle anisotropy384

As demonstrated in Figure 3, Sdiff waves from event 2 show evidence for shear wave385

splitting, and thus the presence of seismic anisotropy, along their raypaths. In order to386

determine the location of the anisotropic structure along the raypath, and in particu-387

lar to distinguish between anisotropy in the upper vs. lowermost mantle, we stack SKS388

waves from event 2 as a function of azimuth in 1◦ azimuth bins (Figure 6a,b). SKS split-389

ting is generally thought to mainly reflect upper mantle anisotropy because upper man-390

tle splitting delay times are generally larger than delay times in the lower mantle (e.g.,391

Panning & Romanowicz, 2006). In contrast to SKS, Sdiff has a long horizontal raypath392

through the deep mantle along which it can accumulate splitting, which is why Sdiff is393

sometimes strongly influenced by lowermost mantle anisotropy. If splitting of Sdiff oc-394

curs in the upper mantle beneath the seismic stations, SKS will be split too; therefore,395

differences in the splitting behavior of Sdiff vs. SKS would indicate a contribution to Sdiff396

splitting from the lowermost mantle (Wolf et al., 2023). While there is no evidence for397

coherent energy split to the SKS transverse component, it is not entirely clear whether398

the apparent absence of splitting is robust considering the noise level (Figure 6b). It has399

been shown that a lack of visible splitting, even in the presence of anisotropy, can be caused400

by high noise levels (e.g., Wolf et al., 2023). In order to further test this possibility, we401

additionally analyze the SKS signals from event 3 (Figure 6b). Event 3 is chosen because402

it occurred at a similar location and with similar timing (less than a month later) as event403

2 and was therefore recorded at almost the same set of Transportable Array stations. We404

stack the data in the same way as for event 2, only using stations that were also used405

for event 2. The stacks for event 3 show a very low level of noise and only negligible co-406

herent transverse component energy. This means that upper mantle anisotropy is likely407

laterally heterogeneous in all azimuth bins, averaging to ∼null splitting in the correspond-408

ing stack (Wolf et al., 2023). Because upper mantle anisotropy has only slight effects on409

the SKS stacks (Figure 6), the anisotropic signal for Sdiff (Figure 3) can be largely at-410

tributed to the presence of lowermost mantle anisotropy, and potentially unreliable ex-411

plicit upper mantle anisotropy corrections (Wolf et al., 2022b) can be avoided.412

Next, we measure the splitting intensity for each azimuth bin for Sdiff from event413

2, as well as for SKS from events 2 and 3 (Figure 7a). As expected from the waveform414

plots, SKS splitting measurements for events 2 and 3 are very similar and almost null415

for the whole azimuth range. In contrast, Sdiff is clearly split for the azimuths between416
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45◦ and 49◦. We suspect that the apparent splitting measured from the SKS stacks of417

event 2 in the azimuth range 49◦ to 54◦ is mainly due to noise, since the visible trans-418

verse energy in this azimuth range is not higher than the noise level (Figure 6a). We as-419

sume that the higher SNR data from event 3 produces more reliable SKS splitting mea-420

surements in this region; again, these show null results, and thus when compared to Sdiff421

splitting for event 2 argue for the presence of splitting due to lowermost mantle seismic422

anisotropy in this azimuth range too. While we view this possiblity as likely, we cannot423

make a definitive judgment about the presence of lowermost mantle anisotropy for az-424

imuths between 49◦ and 54◦ because of the potential SKS splitting seen for event 2. For425

azimuths > 54◦, we do not find evidence for the presence of lowermost mantle aniso-426

tropy. This implies that lowermost mantle anisotropy is likely absent; however, it pos-427

sible that seismic anisotropy is sampled by Sdiff from a null direction, and cannot there-428

fore be detected using data from a single azimuth.429

In order to constrain the geometry of anisotropy in the lowermost mantle, we fur-430

ther analyze the Sdiff data over the azimuth range for which we have demonstrated the431

presence of lowermost mantle anisotropy (45◦ to 49◦; Figure 7a). The radial components432

show a coherent signal in this azimuth range (Figure 3). Therefore, we decide to stack433

the data for the whole azimuth range to minimize noise (Figure 7b) and then measure434

the corresponding (laterally averaged) splitting parameters (Figure 7c). The correspond-435

ing splitting parameters are robust with δt ≈ 0.7 s and ϕ′ ≈ 20◦, implying anisotropy436

in VSV > VSH geometry (Figure 7c).437

5.4 Synopsis: ULVZs and seismic anisotropy at the LLVP edge438

We display the overall results from our ULVZ and anisotropy analysis in Figure 8.439

Several aspects of the inferred geometry are notable. The northern ULVZ is located close440

to the region where Jenkins et al. (2021) also reported a patch of particularly low seis-441

mic velocities, although there is an uncertainty associated with the location of our iden-442

tified ULVZ (see dashed lines in Figure 8; this uncertainty is discussed further in Sec-443

tion 6.1). Therefore, it is likely that we are mapping the same feature as Jenkins et al.444

(2021) with similar dimensions but using a different seismic phase (Sdiff, as opposed to445

ScS). The southern ULVZ, which to our knowledge has not been detected before, is likely446

located either just at the edge of the Pacific LLVP or just inside of it. ULVZ structure447

is most easily visible in Sdiff data if characteristic postcursors can be observed, and pre-448
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viously detected ULVZ structure has mostly been mapped using different seismic phases449

with different sensitivity to lowermost mantle structure. Therefore, we do not consider450

the fact that we do not resolve all the structure mapped by Jenkins et al. (2021) as a451

contradiction to this previous work. However, we do not show all the features that Jenkins452

et al. (2021) show, probably due to the different sensitivities with our method.453

Our findings that a 5 km thin, continuous layer of low velocities can explain some454

patterns visible in our data and that other patterns indicate ∼10 km thick ultra-low ve-455

locity features at the base of the mantle, do not contradict each other. For each of the456

analyses, we analyze different frequency ranges, bandpass-filtering our data between 4−457

10 s and 5−20 s respectively. While the hyperbolic postcursors indicating two distinct458

ULVZs are also visible in the frequency range between 4−10 s, they are visible less clearly.459

Similarly, the data features that we model to suggest a continuous layer of low veloci-460

ties at the base of the mantle are also visible between 5− 20 s, but are much less pro-461

nounced. A likely explanation for our findings is that there is a relatively continuous layer462

of low velocities just above the CMB in our study region, whose thickness and velocity463

reduction varies somewhat laterally. The two regions in which the thickness of this layer464

is the largest, or the velocity is the lowest, cause the two postcursors that we model in465

our data as two ULVZs. Therefore, distinguishing them as separate structures from the466

widespread low velocity layer is somewhat arbitrary, but agrees with the way that the467

term ULVZ has previously been used in the literature.468

The two ULVZs found in this study are most likely not sampled by data from event469

2 that we used to detect deep mantle anisotropy, although the northern ULVZ might be470

just at the edge of the anisotropic structure (Figure 8). However, the lowermost man-471

tle anisotropy is strong for data that sample ULVZ structure mapped by Jenkins et al.472

(2021) and compiled by Yu and Garnero (2018) along much of their raypath (Figure 8).473

For raypaths in our study that do not sample any previously detected ULVZ structure,474

there is no evidence for lowermost mantle anisotropy.475

6 Discussion476

6.1 Tradeoffs among model parameters477

Our data suggest the presence of a broad and thin low velocity layer (velocities of478

−14%) at the base of the mantle in our study region, but there are likely tradeoffs be-479
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tween the inferred thickness and velocity reduction. We have shown that the distance-480

dependent S∗ behavior, indicative of such a layer, cannot be explained by a 3D tomo-481

graphic model (Figure 2c), which includes modest velocity reductions (of a few percent)482

in LLVP regions. In order to understand the tradeoffs between model parameters, we483

investigated a series of models and found that models with a 10km or 20 km thick layer484

and velocity reductions of 7.5% and 4% gives similar results to our preferred 5km thick485

ULVZ layer. However, for these alternative models, the moveout of the S∗ phase as a func-486

tion of distance looks dissimilar to the real data (Supplementary Figure S4), leading to487

an average cross-correlation coefficient that is minimally lower (0.01-0.02). Additionally,488

a characteristic ‘double pulse’ that can be observed in the real data can be explained only489

by the presence of a thin and broad low-velocity layer (Supplementary Figure S5). How-490

ever, the layer could possibly be thinner than 5 km with a more drastic velocity reduc-491

tion and still explain all the aforementioned features. A thinner layer would, however,492

be hard to resolve, given the sensitivity of Sdiff waves to structure just above the CMB493

at the analyzed frequencies (Li et al., 2022). The suggestion that such a low velocity layer494

might exist globally just above the CMB, but that it is often invisible to seismic data,495

has been made before, most recently by Russell et al. (2022). In our case, event 1 pro-496

vides exceptionally clear signals, allowing such a very thin low-velocity layer to be re-497

solved. The quality of the other events analyzed for this study would not have been suf-498

ficient to find such a feature. As the general data characteristics that indicate the pres-499

ence of this layer are present for the whole azimuth range (Supplementary Figure S5),500

the data do not constrain its lateral boundaries. Because the location where S turns into501

Sdiff is well within the LLVP boundaries, we cannot resolve with certainty whether this502

thin low-velocity layer extends beyond the LLVP border.503

Our ULVZ modelling in this work has relied on the assumption that the ULVZ is504

cylindrical with a thickness of 10 km. As is typical in ULVZ detection studies, neither505

the detailed shape nor the exact thickness of the ULVZ can be fully resolved with our506

data: ULVZ shape is unclear because we do not sample the ULVZs from multiple azimuths,507

while the ULVZ thickness will trade off completely with the velocity reduction needed508

to explain the postcursors. The free parameters that we are changing in our modelling509

are radius, velocity reduction and location of the ULVZ; however, the effects of all three510

parameters on the postcursors are not completely independent. We can resolve within511

one or two degrees the location of the ULVZ center in the direction perpendicular to the512
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raypath, as this corresponds to the azimuths at which the precursors arrive with the small-513

est delay time behind the main Sdiff arrival. The location of the ULVZ in the direction514

along the S∗ raypaths is somewhat more difficult to resolve (as indicated by red dashed515

lines in Figure 8). We infer that the ULVZs are likely located where S turns into Sdiff516

or only shortly behind it, just inside the Pacific LLVP (Figure 8). This is because S phases517

for distances > 95◦, in addition to Sdiff phases, show the characteristic postcursors in-518

dicating the presence of ULVZ material.519

As discussed in Section 5.4, for raypaths that sample the eastern portion of our study520

region, we do not find evidence for the presence of lowermost mantle anisotropy (Fig-521

ure 7a). The inferred deep mantle anisotropy is spatially coincident with previously mapped522

ULVZ structure (Figure 8). Moreover, while our stacking approach is excellent to sup-523

press noise in order to retrieve well-constrained spatially integrated time delay and fast524

polarization direction measurements (for azimuths 45◦ to 49◦), our use of stacking means525

that we are unable to resolve smaller scale changes of these splitting parameters.526

6.2 Geodynamic implications527

As mentioned above, our data do not allow us to precisely constrain where along528

the raypath through the lowermost mantle Sdiff waves sample lowermost mantle aniso-529

tropy. Seismic anisotropy could be located within the ULVZ structure (Figure 9a) or ei-530

ther inside (b) or outside (c) the edge of the ULVZ (or any combination of these). These531

three possibilities are not distinguishable with our data. Despite these limitations of our532

data, we can use these inferences to distinguish between geodynamic scenarios that are533

incompatible with our observations and those that are plausible.534

Several different scenarios have been suggested to explain the presence of seismic535

anisotropy in D′′, including the lattice-preferred orientation (LPO) of lowermost man-536

tle minerals such as post-perovskite, bridgmanite, and/or ferropericlase (e.g., Wookey537

et al., 2005b; Nowacki et al., 2011; Creasy et al., 2020) or the shape-preferred orienta-538

tion (SPO) of materials with contrasting elastic properties (e.g., Kendall & Silver, 1998).539

Furthermore, several possible explanations for the presence of ULVZ material, includ-540

ing a liquid iron infiltrating the mantle from the core (Otsuka & Karato, 2012) and the541

presence of iron-rich ferropericlase (Finkelstein et al., 2018; Lai et al., 2022), have im-542

plications for anisotropic structure. If seismic anisotropy is caused by liquid iron that543
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moved upwards from the outer core (e.g., Otsuka & Karato, 2012; Lesher et al., 2020),544

forming ULVZs and creating shape-preferred orientation (SPO), the material would likely545

be in a horizontally layered configuration parallel to the CMB. In this case VSH > VSV546

would be expected, which is the opposite of what we observe. In fact, we observe VSV >547

VSH , which is incompatible with such a horizontal layering. Our measurements of VSV >548

VSH agree with the anisotropy mapped by Kawai and Geller (2010) 200 to 400 km above549

the CMB in our study region.550

A plausible scenario is that the inferred lowermost mantle anisotropy can be ex-551

plained by lattice-preferred orientation (LPO) in the lowermost mantle within or out-552

side the LLVP (Figure 9a). In theory, measurements of deep mantle anisotropy splitting553

parameters can be used to constrain plausible flow scenarios if the anisotropy is due to554

LPO (e.g., Ford et al., 2015; Creasy et al., 2021; Wolf & Long, 2022; Pisconti et al., 2023).555

For such an exercise, however, it would be necessary to measure splitting parameters for556

multiple backazimuths and/or multiple phases (Creasy et al., 2019). Unfortunately, for557

our study region, we cannot identify high-quality Sdiff phases sampling the lowermost558

mantle from different backazimuths. Neither is our study region suitable to infer deep559

mantle anisotropy using other commonly used phases like SK(K)S or ScS, due to the dis-560

tribution of sources and receivers around the Pacific. Therefore, while our measurements561

are generally compatible with seismic anisotropy due to LPO, we do not have enough562

information to constrain plausible directions of deformation and flow in this case.563

If lowermost mantle anisotropy is caused by SPO of partial melt or solid material564

with very low seismic velocities, located outside of ULVZ structure, our observations are565

compatible with the entrainment of this material by upwelling flow (leading to VSV >566

VSH), perhaps at the edge of the LLVP. Such a material could, for example, originate567

from ULVZs and would have to be stretched in the vertical direction. This scenario would568

be compatible with the observation that mantle plumes are preferentially located at the569

edges of the two LLVPs (e.g., Torsvik et al., 2014). In fact, the lowermost mantle an-570

isotropy is located approximately where Hassan et al. (2016) suggest the root of the plume571

giving rise to the Hawaiian-Emperor seamount chain is present. However, the findings572

from Hassan et al. (2016) are not obviously consistent with global tomography models573

(e.g., Ritsema et al., 2011; French & Romanowicz, 2014; Hosseini et al., 2019), which rather574

suggest a vertically extending plume structure directly beneath or to the west of the Hawai-575

ian hotspot, with its root potentially spatially coincident with the Hawaiian mega-ULVZ576
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(Cottaar & Romanowicz, 2012). In addition, geodynamic modeling has suggested that577

upwelling flow at the edge and above LLVPs can explain plate motions over time and578

could be stable for hundreds of millions of years (Conrad et al., 2013). If ULVZ mate-579

rial is transported up all the way to the surface, it could then be the cause of anoma-580

lous isotopic signatures within the erupted magma, as suggested by for hotspots above581

mega-ULVZs based on geochemical evidence (e.g., Allegre et al., 1983; Mundl-Petermeier582

et al., 2020; Cottaar et al., 2022).583

7 Summary584

Detailed examination of exceptionally high-quality waveforms from an earthquake585

beneath the western Pacific Ocean, measured at stations of the USArray in North Amer-586

ica, has revealed evidence for low velocity structures and seismic anisotropy at the base587

of the mantle near the eastern edge of the Pacific LLVP. We have suggested the pres-588

ence of a thin layer at the base of the mantle beneath the central Pacific Ocean with a589

broad lateral extent showing reduced seismic velocities by ∼14%. This provides addi-590

tional support to the idea that such a layer could exist elsewhere in Earth, and may per-591

haps be ubiquitous, but it is not typically visible except in the case of extraordinarily592

high-quality and dense seismic data. Moreover, we have found evidence for two ULVZs593

at the edge of the Pacific LLVP, one of which has not been detected before and is located594

to the south of previously identified ULVZ structure. We have estimated the dimensions595

and velocity reductions of these ULVZs, which are likely connected to the complex low596

velocity structure at the base of the mantle in our study region, and may indicate vari-597

ations in thickness and velocity of the broad and thin low velocity layer. Close to these598

ULVZs, potentially co-located with previously detected ULVZ structure, we infer the pres-599

ence of lowermost mantle anisotropy, in a geometry that suggests VSV > VSH , from the600

splitting of Sdiff waveforms of a particularly high-quality event. A geodynamic scenario601

compatible with our observation of VSV > VSH is lattice-preferred orientation of an-602

isotropic minerals, either located inside our outside the LLVP edge. Furthermore, shape-603

preferred orientation potentially caused by ULVZ material becoming entrained in up-604

welling mantle flow at the edge of the Pacific LLVP can explain our observations.605
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Figure 1. Source-receiver configuration used in this study. Sources are shown as colored stars

and receivers as black circles. (a) Schematic cross-section showing the S (red line) and ScS (or-

ange line) raypaths for an epicentral distance of 95◦ as well as the Sdiff (violet line) and SKS

(pink line) raypaths for a distance of 110◦. (b) Explanation of the fast polarization direction ϕ′

(similar to Nowacki et al. (2010)), projected to the lowermost mantle (purple angle). The quasi

S wave, aligned with the fast polarization direction, is shown in blue color. Vertical fast polariza-

tion directions are indicated by ϕ ≈ 0◦ and horizontal fast polarization directions by ϕ ≈ 90◦. (c)

Source-receiver setup for ULVZ detection. Raypaths for event 1 (yellow star) are shown as gray

lines (dark gray where Sdiff travels along the CMB, and light gray otherwise). Blue dashed lines

indicate azimuths in 5◦ steps, starting from 45◦ for the northernmost line. The Pacific LLVP in

2700 km depth (as agreed by 3 out of 5 models in a cluster analysis by Cottaar and Lekic (2016))

is shown in pink. Red dots show locations and extent of previously suggested ULVZs in or close

to our study region, compiled by Yu and Garnero (2018). We also added the ULVZs from Lai et

al. (2022) and Sun et al. (2019) to this selection. Turquoise color shows those regions for which

Jenkins et al. (2021) inferred shear velocity reductions > 5% assuming an ULVZ thickness of

10 km. (d) Same plotting conventions as in panel (a) for event 2 (orange), which is used for the

detection of lowermost mantle anisotropy. The location of event 3 is indicated by a red star.
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Figure 2. Real (a-c) and synthetic (d-i) velocity seismograms for event 1, stacked as a func-

tion of azimuth (a,b,d,e,g,h) and distance (c,f,g), after alignment to the minimum transverse

amplitudes. Individual waveforms are shown as gray lines and stacks as black lines. Approxi-

mate S∗ arrivals are shown by vertical red lines. (a) Transverse component seismograms with

three different postcursors (see legend), bandpass-filtered between 5 and 20 s. One postcursor was

modelled as ULVZ structure by Lai et al. (2022), while postcursors 1 and 2 indicate potentially

unknown ULVZ structure. (b) Radial components, processed like the transverse components

in (a). Radial component amplitudes (blue shading) increase for more northerly azimuths (c)

Transverse component seismograms displayed as a function of distance after bandpass-filtering

retaining periods between 4 and 10 s. The large second downswing is marked by orange shading.

(d-f) Same as (a-c) for GyPSuM (Simmons et al., 2010) synthetics with a PREM background

model. (g-i) Same as (a-c) for PREM background model. Postcursors are not reproduced in the

synthetic seismograms (a,d,g); neither is the distance dependent behavior of the real data (c,f,i).

For event 1, an average of 36 traces contributes to each azimuth bin and an average of 52 traces

to each distance bin.
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Figure 3. Real (a: transverse; b: radial) and synthetic (c: transverse; d: radial) velocity seis-

mograms for event 2. Plotting conventions are similar to Figure 2. Red solid lines indicate the

approximate Sdiff arrival times. Synthetics were computed for GyPSuM synthetics with a PREM

background model. Clearly discernible radial energy arrives on the radial components of the real

data seismograms (b) while radial energy is almost absent between azimuths 45◦ and 53◦ (pink

shading) for the synthetic seismograms (d). For event 2, an average of 28 traces contribute to

each azimuth bin.
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Figure 4. Real (a) and synthetic (b-e) transverse component velocity seismograms for event

1, displayed as function of distance. Plotting conventions for each panel are the same as in

Figure 2c, except that single station seismograms are not shown. Synthetic data are shown

for PREM (b,d) and GyPSuM input models (c,e) without (b,c) and with (d,e) the inclusion

of a 5 km thick layer with velocity reductions of 14% compared to PREM (see insets). Cross-

correlation coefficients (CCC) are noted in the upper right corner.
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Figure 5. Real (a) and synthetic (b,c) transverse velocity seismograms for event 1, including

both ULVZs (see inset). Plotting conventions for each subfigure are the same as in Figure 2a.

Postcursors are only marked by dashed lines in panel a. (b) Synthetic seismograms for isotropic

PREM as background model. (c) Same as (b) for PREM+GyPSuM. Inset: Geographical loca-

tions of modeled ULVZs (red circles). Pink colors mark the extent of the Pacific LLVP.
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Figure 6. Radial (a,c) and transverse (b,d) SKS velocity seismograms as a function of az-

imuth for events 2 (a,b) and 3 (c,d). Plotting conventions for each panel are similar to Figure 2a.

Red solid lines indicate the approximate SKS arrival times, and blue shading marks arriving SKS

transverse component energy. For events 2 and 3, an average of 28 traces contribute to each az-

imuth bin.
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Figure 7. Splitting results for the investigations of lowermost mantle anisotropy. (a) Splitting

intensities as a function of azimuth for 1◦ azimuth stacks. Values for Sdiff are shown in black and

for SKS in blue (event 2) and red (event 3). The gray shaded area indicates splitting intensities

with lower absolute values than 0.3, which is practically indistinguishable from null splitting.

Error bars indicate 95% confidence intervals. SKS and Sdiff are split differentially in the azimuth

range 45◦ to 49◦ (indicating deep mantle anisotropy), potentially differentially split between 49◦

to 54◦ azimuth (potentially indicating deep mantle anisotropy) and only weakly split elsewhere

(no evidence for deep mantle anisotropy). (b) Stacked velocity waveforms for azimuths 45◦ to

49◦. The approximate Sdiff arrival is indicated by a solid red line. The start and end of 50 ran-

domly selected time windows used for the splitting analysis are indicated by black lines. (c) Left:

The best fitting splitting parameters are shown in the ϕ′′ − δt-plane, with black color indicating

the 95% confidence region, and the red cross indicating the best-fitting combination of values.

Right: The upper diagram shows the particle motion for the stack, the lower diagrams for the

waveforms that were corrected for splitting. The red lines in the diagrams indicate the backaz-

imuthal direction.
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Figure 8. Summary map of ULVZ and anisotropy findings with similar plotting conventions

as in Figure 1. (a) Events used in this study are shown as colored stars and stations as black

circles. The Pacific LLVP is shown in pink, dark blue dots indicate the extent of previously sug-

gested ULVZ structure (Yu & Garnero, 2018; Sun et al., 2019; Lai et al., 2022) and turquoise

color shows those regions for which Jenkins et al. (2021) inferred shear velocity reductions > 5%

assuming a ULVZ thickness of 10 km (see legend). The ULVZs found in this study are plotted as

solid light red circles, with their location uncertainty indicated by dashed lines (as discussed in

Section 6.1). Raypath lengths of Sdiff along the CMB are shown in different colors, depending on

whether shear-wave splitting due to deep mantle anisotropy has been detected (see legend). (b)

Zoom-in to the study region using the same plotting conventions as in (a).
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Figure 9. Possible locations of deep mantle anisotropy (a-c) and geodynamic scenarios consis-

tent with deep mantle anisotropy observations (d-e). LLVP structure is schematically visualized

by red color, structure outside the LLVP by blue color and ULVZs by dark red color. The Sdiff

raypath through the lowermost mantle is displayed as a light blue line, and seismic anisotropy is

indicated by pink color. Sdiff samples deep mantle anisotropy either (a) within the ULVZ struc-

ture, (b) within the LLVP and/or (c) outside of it. The measured splitting parameters (ϕ, δt) are

consistent with (d) LPO at any of these three locations and (e) with upwelling flow at the LLVP

edge, entrapping partial melt.

–31–



manuscript submitted to Geochemistry, Geophysics, Geosystems

References635

Albuquerque Seismological Laboratory (ASL)/USGS. (1980). Us geological survey636

networks. International Federation of Digital Seismograph Networks. Retrieved637

from https://doi.org/10.7914/SN/GS638

Albuquerque Seismological Laboratory (ASL)/USGS. (1990). United states na-639

tional seismic network. International Federation of Digital Seismograph Net-640

works. Retrieved from https://doi.org/10.7914/SN/US641

Albuquerque Seismological Laboratory (ASL)/USGS. (1994). New england seismic642

network. International Federation of Digital Seismograph Networks. Retrieved643

from https://doi.org/10.7914/SN/NE644

Albuquerque Seismological Laboratory (ASL)/USGS. (2003). Intermountain west645

seismic network. International Federation of Digital Seismograph Networks.646

Retrieved from https://doi.org/10.7914/SN/IW647

Albuquerque Seismological Laboratory/USGS. (2014). Global seismograph network648

(gsn - iris/usgs). International Federation of Digital Seismograph Networks.649

Retrieved from https://doi.org/10.7914/SN/IU650

Allegre, C. J., Staudacher, T., Sarda, P., & Kurz, M. (1983). Constraints on evolu-651

tion of Earth’s mantle from rare gas systematics. Nature, 303 , 762–766. Re-652

trieved from https://doi.org/10.1038/303762a0653

Arizona Geological Survey. (2007). Arizona broadband seismic network. Interna-654

tional Federation of Digital Seismograph Networks. Retrieved from https://655

doi.org/10.7914/SN/AE656

Asplet, J., Wookey, J., & Kendall, M. (2020). A potential post-perovskite province657

in D′′ beneath the Eastern Pacific: evidence from new analysis of discrepant658

SKS–SKKS shear-wave splitting. Geophysical Journal International , 221 ,659

2075–2090. Retrieved from https://doi.org/10.1093/gji/ggaa114660

Asplet, J., Wookey, J., & Kendall, M. (2023). Inversion of shear wave waveforms re-661

veal deformation in the lowermost mantle. Geophysical Journal International ,662

232 , 97–114. Retrieved from https://doi.org/10.1093/gji/ggac328663

Avants, M., Lay, T., & Garnero, E. J. (2006). A new probe of ULVZ S-wave veloc-664

ity structure: Array stacking of ScS waveforms. Geophysical Research Letters,665

33 (7). Retrieved from https://doi.org/10.1029/2005GL024989666

Beyreuther, M., Barsch, R., Krischer, L., Megies, T., Behr, Y., & Wassermann, J.667

–32–



manuscript submitted to Geochemistry, Geophysics, Geosystems

(2010, 06). Obspy: A python toolbox for seismology. Seismological Research668

Letters, 81 , 530–533. Retrieved from https://doi.org/10.1111/10.1785/669

gssrl.81.3.530670

Borgeaud, A. F., Konishi, K., Kawai, K., & Geller, R. J. (2016). Finite frequency671

effects on apparent S-wave splitting in the D′′ layer: comparison between ray672

theory and full-wave synthetics. Geophysical Journal International , 207 ,673

12–28. Retrieved from https://doi.org/10.1093/gji/ggw254674

Burke, K., Steinberger, B., Torsvik, T. H., & Smethurst, M. A. (2008). Plume675

Generation Zones at the margins of Large Low Shear Velocity Provinces on676

the core–mantle boundary. Earth and Planetary Science Letters, 265 , 49–60.677

Retrieved from https://doi.org/10.1016/j.epsl.2007.09.042678

California Institute of Technology and United States Geological Survey Pasadena.679

(1926). Southern california seismic network. International Federation of Digi-680

tal Seismograph Networks. Retrieved from https://doi.org/10.7914/SN/CI681

Chevrot, S. (2000). Multichannel analysis of shear wave splitting. Journal of Geo-682

physical Research: Solid Earth, 105 , 21579–21590. Retrieved from https://683

doi.org/10.1029/2000JB900199684

Conrad, C., Steinberger, B., & Torsvik, T. (2013). Stability of active mantle up-685

welling revealed by net characteristics of plate tectonics. Nature, 498 , 479–482.686

Retrieved from https://doi.org/10.1038/nature12203687

Cottaar, S., & Lekic, V. (2016). Morphology of seismically slow lower-mantle struc-688

tures. Geophysical Journal International , 207 , 1122–1136. Retrieved from689

https://doi.org/10.1093/gji/ggw324690

Cottaar, S., Martin, C., Li, Z., & Parai, R. (2022). The root to the Galápagos691
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ture of ultralow-velocity zones consistent with origin from a basal magma901

ocean. Nature Geoscience, 15 . Retrieved from https://doi.org/0.1038/902

s41561-021-00871-5903

Panning, M., & Romanowicz, B. (2006). A three-dimensional radially aniso-904

tropic model of shear velocity in the whole mantle. Geophysical Journal905

International , 167 , 361–379. Retrieved from https://doi.org/10.1111/906

j.1365-246X.2006.03100.x907

Parisi, L., Ferreira, A. M. G., & Ritsema, J. (2018). Apparent Splitting of S Waves908

Propagating Through an Isotropic Lowermost Mantle. Journal of Geophysical909

Research: Solid Earth, 123 , 3909–3922. Retrieved from https://doi.org/10910

.1002/2017JB014394911

Penn State University. (2004). Pennsylvania state seismic network. Interna-912

tional Federation of Digital Seismograph Networks. Retrieved from https://913

doi.org/10.7914/SN/PE914

Pisconti, A., Creasy, N., Wookey, J., Long, M. D., & Thomas, C. (2023). Miner-915

alogy, fabric and deformation domains in D′′ across the southwestern border916

of the African LLSVP. Geophysical Journal International , 232 (1), 705-724.917

Retrieved from https://doi.org/10.1093/gji/ggac359918

Reiss, M., Long, M. D., & Creasy, N. (2019). Lowermost Mantle Anisotropy Beneath919

Africa From Differential SKS-SKKS Shear-Wave Splitting. Journal of Geophys-920

ical Research: Solid Earth, 124 (8), 8540–8564. Retrieved from https://doi921

.org/10.1029/2018JB017160922
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