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Abstract12

The core-mantle boundary is a region of significant lateral heterogeneity. Two an-13

tipodal large low-velocity provinces (LLVPs) dominate the lower mantle, while smaller14

but more extreme ultra-low velocity zones (ULVZs) pepper the lowermost mantle in a15

variety of morphologies. These ULVZs have been linked to both the edges of LLVPs and16

to plume-related hotspots, the latter of which may plausibly be fed or anchored by UL-17

VZs.18

In this study, we produce a global map of ULVZs using the phase Sdiff, picking over19

2 million traces and detecting nearly 100,000 postcursors to Sdiff and over 900,000 null20

observations. Nearly all regions of ULVZ presence can be explained by six ‘Sdiff-ULVZs’,21

which are found to preferentially lie both underneath hotspots and near LLVP edges.22

It is possible that there exist multiple types of ULVZs, and those large-scale ULVZs that23

Sdiff are sensitive to appear to be linked to some hotspots and the edges of LLVPs, while24

others may not be. Notably, we find that the large majority of the core-mantle bound-25

ary lacks evidence for the presence of large-scale ULVZs.26

Plain Language Summary27

Seismologists analyse shear waves that travel along the core-mantle boundary, called28

Sdiff, as they are sensitive to structures on the boundary. If the wave interacts with a29

large structure with extremely reduced seismic velocities, such as an ultra-low velocity30

zone (ULVZ), it causes an additional arrival at seismic stations which we call Sdiff+. Sdiff+31

has been detected before in many stations, and seismologists have used it to infer the32

locations of various large-scale ULVZs that lie on the core-mantle boundary. Here, we33

use a global data set of Sdiff to create a map of where ULVZs are present and absent across34

the core-mantle boundary globally, finding that a majority of the core-mantle bound-35

ary lacks large ULVZs. Regions where we detect Sdiff+ can be explained by just six main36

ULVZs, which we find lie at the edges of major mantle features called large low-velocity37

provinces and underneath some major volcanic centres on the Earth’s surface. It is plau-38

sible that ULVZs at the core-mantle boundary may lie at the base of mantle plumes that39

feed surface volcanism and may contribute to anomalous geochemical signatures from40

volcanic rocks found on the surface.41

1 Introduction42

The lowermost mantle is a highly heterogeneous region that is host to many lat-43

erally variable structures that impact mantle dynamics and surface processes. The largest44

of these are the two antipodal Large Low-Velocity Provinces (LLVPs) below the Pacific45

and Africa, which together cover approximately 30% of the surface the Core-Mantle Bound-46

ary (CMB; McNamara, 2019; Cottaar & Lekic, 2016). Present in global tomographic mod-47

els, they are thousands of kilometres across and rise hundreds of kilometres into the lower48

mantle, although their tops are fairly elusive.49

Ultra-Low Velocity Zones (ULVZs) are much smaller structures that lay atop the50

CMB, with extreme reductions of up to 50% (e.g. Rondenay & Fischer, 2003) and 25%51

(e.g. Brown et al., 2015) in shear and compressional wave velocities, respectively. Their52

morphology varies greatly (Yu & Garnero, 2018), with lateral sizes varying between tens53

of kilometres (Rost et al., 2005) to almost 1,000 kilometres across (Cottaar & Romanow-54

icz, 2012; Thorne et al., 2013; Yuan & Romanowicz, 2017). The largest ULVZs — typ-55

ically considered to be 500 km wide or more — are sometimes called ‘mega-ULVZs’ (Thorne56

et al., 2013).57

The constitution of ULVZs is poorly constrained, and many hypotheses have been58

put forward. One possibility is partial melting of ambient mantle (Williams & Garnero,59
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Figure 1. (a) Propagation of S and Sdiff seismic phases from an earthquake (yellow star) to

receivers (red triangles) through a cross-section of the Earth. Sdiff has a diffracting leg along

the CMB (red line), along which it attenuates with distance. (b) Wavefront propagation of Sdiff

from an earthquake (yellow star), calculated using the 2D wavefront tracker (Hauser et al., 2008;

Martin et al., 2023b). The wavefront propagates through time (sequential grey lines), producing

postcursor signals (orange and light orange) as it passes across a ULVZ (red circle). A receiver

(large red triangle) detects the direct arrival (Sdiff, green line) and an additional delayed arrival

due to refraction through the ULVZ (Sdiff+, blue line) at a different angle to the direct backaz-

imuth. Additional stations (small red triangles) create a record section for this geometry. This

geometry relates to the data in Figures 2c and 3a. (c) Variation of Sdiff (grey) and Sdiff+ (or-

ange) delay times relative to the Sdiff arrival time predicted by PREM (Preliminary Reference

Earth Model; Dziewonski & Anderson, 1981) with azimuth relative to the source-ULVZ axis. The

intermediate arrival in light orange has low amplitude in 3D synthetics and is not observed in

data.

1996) or subducted material (Ohtani & Maeda, 2001; J. Liu et al., 2016), although there60

may be issues in how to keep this melt from draining to a global layer on the CMB (Hernlund61

& Tackley, 2007; Dannberg et al., 2021). Alternatively they may be solid, in which case62

heterogeneities would be driven purely by changes in composition. This can be achieved63

in a number of ways such as iron-enrichment of ferropericlase (Muir & Brodholt, 2016;64

Dobrosavljevic et al., 2019), subducted materials (Dobson & Brodholt, 2005), or reac-65

tions with or sedimentation from the outer core (Buffett et al., 2000; J. Liu et al., 2017).66

The variety of observed ULVZ characteristics and morphologies mean that a number of67

possible origin and composition scenarios may plausibly be represented in the lowermost68

mantle.69

ULVZs have been proposed to be geographically correlated with both LLVP edges70

(e.g. Lai et al., 2022; McNamara et al., 2010) and hotspots (e.g. Helmberger et al., 1998;71

Wen, 2000; Cottaar et al., 2022). LLVP edges and hotspots have themselves been linked72

to each other, with LLVP edges suggested to host zones of plume generation that pro-73

duce areas of widespread surface magmatic activity (Large Igneous Provinces or LIPs;74

Torsvik et al., 2006; Cucchiaro et al., 2025). In tomographic models, some but not all75

hotspot plumes are observed to have a continuous conduit of slow velocities down to the76

CMB (Courtillot et al., 2003; Marignier et al., 2020), often with large horizontal devi-77

ations between their surface and CMB positions. Mega-ULVZs have been suggested as78

reservoirs that contribute to anomalous isotopic or other geochemical signatures in Ocean79
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Island Basalts fed by deep-rooted plumes (Mundl et al., 2017; Mundl-Petermeier et al.,80

2020; Cottaar et al., 2022).81

Unlike LLVPs, ULVZs are too small and extreme to be imaged directly in current82

tomographic models, so are only observed in targeted body wave studies. Many seismic83

phases have been used to detect and model ULVZs, including: phases sensitive to a bounce-84

point on the CMB such as ScS (Jenkins et al., 2021), ScP (Brown et al., 2015), or PcP85

(Hutko et al., 2009); core-transiting phases such as SKS and SKKS (Zhang et al., 2009)86

or PKP (Wen & Helmberger, 1998)); or phases that diffract along the CMB such as Sdiff87

(Cottaar & Romanowicz, 2012), SPdiffKS (Thorne et al., 2013), or Pdiff (Jagt et al., 2024).88

Bounce-point phases and core-transiting phases are sensitive to the region around their89

CMB interaction, and can be used to create high resolution 3D maps of ULVZ morphol-90

ogy (Avants et al., 2006; Jenkins et al., 2021; Thorne et al., 2024), but have limited global91

coverage. In contrast, diffracting phases can achieve global coverage, but have ambigu-92

ities in locating and modelling ULVZs at a high resolution.93

To date there have been two studies aimed at creating a global map of ULVZs. In94

order to test the geospatial links to LLVPs and hotspots, Yu and Garnero (2018) com-95

piled individual ULVZ studies published before 2018 into a global map of ULVZ detec-96

tions, both positive and negative, with combined total CMB coverage of 17.1%. The stud-97

ies they compiled used a variety of seismic phases which have different sensitivities to98

each other and may not necessarily be sensitive to the same sorts of structures. Thorne99

et al. (2021) created a global map of ULVZs using SPdiffKS, achieving widespread cov-100

erage totalling 56.9% of the CMB. SPdiffKS has inherent ambiguity in locating whether101

any heterogeneity is located on the source- or receiver-side of the CMB. They conducted102

an inversion to find the most parsimonious ULVZ distribution, and found that up to 19.7%103

of the CMB may contain ULVZ-like heterogeneities. However, they only aimed to match104

anomalous waveforms and disregarded null observations, meaning that the distribution105

of their raypath coverage has a significant impact on the likelihood of ULVZ presence106

in any given area.107

We present a global map of the presence and absence of ULVZs visible with Sdiff,108

hereafter called Sdiff-ULVZs, using a dataset of 2 million handpicked traces. We locate109

six Sdiff-ULVZs which can explain 99% of the regions of Sdiff-ULVZ presence using a location-110

finding algorithm, the positions of which are consistent with previously-observed Sdiff-111

ULVZs. We also find evidence for unreported areas of Sdiff-ULVZ presence. After per-112

forming statistical analyses to test potential geographical correlations between Sdiff-ULVZs113

with both LLVP edges and hotspots, we find that they are correlated with both.114

2 Methods115

2.1 Sdiff+116

Sdiff has the potential for complete CMB coverage due to its long diffracting leg,117

and has been used in many studies before to image ULVZs (e.g. Cottaar & Romanow-118

icz, 2012; Kim et al., 2020; Wolf & Long, 2023). ULVZs are observed in Sdiff studies in119

the form of postcursors, hereafter Sdiff+; out-of-plane energy is refracted through the ULVZ120

and the resulting additional arrival is Sdiff+ (Figure 1b). When traces are arranged by121

azimuth, this additional arrival has an approximately hyperbolic moveout relative to the122

arrival time of Sdiff (Figure 1c). The minimum arrival time of this hyperbola is found123

at the azimuth along which the ULVZ lies relative to the source. Sdiff+ is sensitive to124

overall ULVZ volume and velocity reduction, and — to a lesser extent — height via us-125

ing different frequency bands (e.g. Martin et al., 2024). The long diffracted portion and126

relatively long period character (typically 10–20 s) of Sdiff mean that small-scale features127

— including small or ridge-like ULVZs — may be impossible to resolve. Our map will128

–4–



manuscript submitted to JGR: Solid Earth

not show all ULVZs globally, but will show where ULVZs visible with Sdiff are or are not129

present globally.130

2.2 Data131

We searched for all events between 1995 and 2024 with magnitudes 5.7 or above132

at all depths to maximise our potential coverage. From these roughly 7,700 events, we133

downloaded data from every station between 90° and 135° epicentral distance. Data from134

stations at distances closer than the ray-theoretical Sdiff cut-off (∼100°) were included135

as very deep-diving S and ScS waves have direct sensitive to the CMB due to their wide136

Fresnel zone and can produce postcursors similar in character to Sdiff+. The combina-137

tion of long-distance S/ScS and Sdiff waveforms is sometimes referred to as S* (Wolf &138

Long, 2023).139

We remove the instrument response, resample to 10 Hz, and detrend using TauP140

(Crotwell et al., 1999; Beyreuther et al., 2010). We then rotate the horizontal compo-141

nents to retrieve the transverse component, which we use for all analysis. We filtered the142

data using a Butterworth bandpass between 10–20 s of order 4. Traces were then kept143

on a per-station basis if the signal-to-noise ratio of the Sdiff arrival was > 2.5, which we144

found to be a good compromise between removing the lowest quality traces and retain-145

ing the maximum possible information.146

2.2.1 Dense Portions147

It is impossible to conclusively observe the hyperbolic moveout typically associated148

with a ULVZ without a wide-angle receiver array (> 5° aperture) spanning at least tens149

of stations. For this reason, within each event a search was undertaken for azimuthal seg-150

ments of that event that would have a large enough number of stations within an azimuth151

range to identify Sdiff postcursors. These ‘dense portions’ require at least 20 traces over152

a 20° azimuth window to begin, then the minimum and maximum azimuths adaptively153

grow and shrink to include all traces within a continuous azimuth range, where the edges154

of dense portions have a gap in azimuthal trace density to either side.155

This process was applied to all events, totalling 17,470 dense portions. These were156

subsequently ordered by a combination of average signal-to-noise ratio and, to a lesser157

extent, total trace number. This ordering meant the information contained in each dense158

portion decreased as more dense portions were picked.159

2.2.2 Picking Sdiff+160

During picking, each dense portion was displayed in the form of a record section161

where traces were binned by azimuth and aligned along the Sdiff arrival time predicted162

by PREM, as is often presented in Sdiff studies (e.g. Ni et al., 2005; Cottaar & Romanow-163

icz, 2012). Traces were trimmed to between 20 s before and 100 s after the Sdiff arrival164

time predicted by PREM. Earthquake information and absolute azimuths were obscured165

in order to anonymise events and eliminate a source of bias to geometries picked in pre-166

vious studies.167

Higher frequency bands (7–12 s, 5–8 s) were also used to allow for more accurate168

traveltime picks or for better positive and null detections in certain cases where possi-169

ble. However, a majority of picks are based solely on data filtered between 10–20 s as170

data at higher frequencies tends to be noisier (Peterson, 1993). In some cases, Sdiff+ was171

found more clearly or solely in higher frequency bands (as in Martin et al., 2024).172

Each azimuth was labelled with one of: positive postcursor detection (with an as-173

sociated traveltime pick); negative postcursor detection (i.e. a definitive lack of postcur-174

sors); or uncertain (representing low quality data or high quality but ambiguous data).175
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Within positive and negative picks, a confidence was assigned (4 levels for positive, 2 lev-176

els for negative). A representative example of each of these levels is shown in Figure 2.177

The lowest confidence level of positive picks are deemed to be too uncertain, and are not178

used in the final output map or in subsequent analyses.179

Figure 2. Examples of record sections showing negative (purple) and positive (green) Sdiff+

detections at each of the 2 negative and 4 positive confidence levels. (a) and (b) show confident

and uncertain null picks, respectively, while (c)–(f) show positive picks in decreasing order of

confidence. (c), (d), and (f) also show regions of uncertain null picks. Azimuths highlighted in

grey were deemed too low quality to pick.

The first 3,000 ordered dense portions were picked in their entirety. After this, we180

focused on two subsets of filtered data for the next 6,300 dense portions:181

1. To increase unique geometries we look at earthquakes with fewer than 40 others182

in the dataset within 5°183

2. To further increase coverage in the southern hemisphere, we look at earthquakes184

with fewer than 100 others in the dataset within 5° if the source is south of -15°185

latitude.186

This led to a further 1,240 dense portions, bringing the total to 4,240 dense portions. At187

this point very little information was being added per dense portion (Figure S1), so pick-188

ing was stopped.189

Since only a minority of the total dense portions were picked (4,240 total, or 24%),190

there is significant scope for a machine learning model to be trained on the picked dataset191

and used to automatically generate picks for the remaining lower quality dense portions.192

Even though only 24% of the dense portions were picked, almost half of the total traces193

in the dataset were picked due to the ordering of the dense portions (2.04 million total,194

detailed in Table S1).195

2.3 Collating Results196

2.3.1 Accounting for Off-path Effects197

Sdiff+ caused by ULVZs does not necessarily represent structure along the great-198

circle path between the source and receiver, and in many cases backazimuths between199

Sdiff and Sdiff+ can vary by well beyond 10° (Cottaar & Romanowicz, 2012; Cottaar et200

al., 2022). A positive or negative pick can represent structures or a lack of structures mul-201

tiple degrees to either side of the great circle path and must be accounted for.202
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For positive postcursor picks, traveltime picks that are close in azimuth and time203

to each other within a dense portion are grouped together and fitted with a hyperbola.204

Assuming a cylindrical ULVZ, the ULVZ will lie along the azimuth at the minimum of205

this hyperbola (Figure 1b). If the minimum of the hyperbola is well within the azimuth206

range of picks (> 1° from either edge), then all the positive picks are condensed into a207

single line along the minimum of the hyperbola (Figure 3a). If the minimum is outside208

the azimuth range of picks, the positive picks are smeared over 10° to the side of the az-209

imuth range closer to the minimum. If the minimum is within < 1° from either edge,210

this smearing is reduced to 5°.211

Negative picks are smeared over a range 10° to either side, as they imply both no212

ULVZ along the great circle and no ULVZ to some distance on either side (Figure 3b).213

The distances of both positive and negative smearing are based on previous Sdiff stud-214

ies, for which data and synthetics show Sdiff+ can be seen to 15–20° effective azimuth215

on either side of the ULVZ (Cottaar & Romanowicz, 2012; Z. Li et al., 2024), with 10°216

being a more conservative figure that is used in this study. The effect of the different smear-217

ing of positive and negative picks is that in the global map, positive regions are often218

tightly constrained and appear as thin lines, while negative regions appear much more219

diffuse.220

(a)

(c)

(b)

(d)

Figure 3. (a) Positive traveltime picks (green dots and highlight) are fit with a hyperbola

(orange), and the weighting is condensed into a single line along the azimuth at the minimum.

(b) A negative pick (purple highlight) for a single azimuth (in black) are smeared 10° to either

side. Schematic versions of both cases are shown in (c) and (d), respectively.

2.3.2 Summing Picks into a Global Map221

Lines are weighted by the number of stations that contributed to them divided by222

the azimuthal range over which have they been smeared, with positive detections being223

given positive weightings and negative detections being given negative weightings. For224

example, if 200 stations across 20° azimuth were picked as positive detections to form225

a hyperbola, the line along the minimum of that hyperbola would have a weighting of226
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+200. If an azimuth bin containing 63 stations was picked as a negative detection it would227

be split into 21 lines (10° to either side and the central line), each with a weighting of228

−3.229

Lines are taken to be the portion of the infinite-frequency ray within 100 km of the230

CMB for each azimuth bin. These lines are then raytraced through an approximately231

equal-area grid of cells roughly 1° by 1° that cover the globe (following Bailey, 1956), Fig-232

ure S2). Weightings of any positive or negative picks are summed to create a differen-233

tial map of positive and negative detections. While the cells are not exactly the same234

area, median misfit from the target area is only 0.1%. These minor differences in cell sizes235

are ignored during statistical analyses.236

2.3.3 Extracting ULVZ Locations237

In the resulting map, positive detections create large areas of along-path smear-238

ing due to the long ray-path of Sdiff for a single dense pick being unable to discriminate239

between ULVZ locations along that path. Previous ULVZs modelled with Sdiff have most240

commonly been modelled as cylinders of varying radius (∼1°–9°), which is likely a much241

closer representation of their true morphology than what is expressed in our map. In cases242

of crossing data, we can locate the ULVZ with some confidence. For this reason, we per-243

formed an algorithm on our differential map to infer likely Sdiff-ULVZ locations.244

From our map, we take only the cells with a positive differential cell count and at-245

tempt to explain them with a set of individual Sdiff-ULVZ locations. Our algorithm is246

as follows:247

1. We place a ULVZ at the point on the map that has the highest weighted positive248

detection count summed over a region with radius of 5°.249

2. We identify all Sdiff+ detections that go through this ULVZ (defined as crossing250

the area within a radius of 7.5 degrees from its centre) and create a new map, ex-251

cluding the entire ray paths of these explained Sdiff+ detections.252

3. We repeat this process until 99% of the original total positive cell count is matched.253

For each ULVZ location placed, we find all nearby cells that contain at least 90%254

of the maximum central value, and take this to be our uncertainty in ULVZ centre lo-255

cation.256

2.4 Statistical Analyses257

We use the database of 44 hotspot locations collated by Steinberger (2000), based258

solely off surface features, to test the hypothesis that Sdiff-ULVZs may be geographically259

linked to surface hotspots.260

For each cell on our differential map, we calculate the distance from the centre of261

that cell to the closest hotspot (Figure 4a), then compare the distributions of distances262

to cells containing either positive or negative differentials. This lies in contrast to Yu and263

Garnero (2018), who calculate their distances in reverse: from each hotspot to the clos-264

est identified ULVZ. We chose to go from ULVZ to hotspot compared to going from each265

hotspot to the closest ULVZ as tomographic models do not suggest every hotspot be-266

ing linked to a ULVZ, or being underlain by a mantle plume that is sourced from the lower267

mantle (Courtillot et al., 2003; French & Romanowicz, 2015; Marignier et al., 2020). There-268

fore we consider whether Sdiff-ULVZs could be linked to hotspots, and not if all hotspots269

could be linked to Sdiff-ULVZs.270

In order to test the significance of our results we randomly rotate the hotspots 10,000271

times and create distance distributions as we do with the map based on the observed data.272
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We follow the process of Schouten et al. (2024) and Domeier et al. (2016), based on work273

by Brannon (2002), to create random rotation matrices. These rotations are uniformly274

distributed, i.e. any point on our initial grid will cover the Earth uniformly after hav-275

ing been randomly rotated 10,000 times.276

In order to account for our non-uniform global coverage, we divide the positive and277

negative distance distributions with the distance distribution of our coverage bin-by-bin.278

This creates a ratio that indicates whether positive or negative detections are under- or279

over-represented at each distance. We call this the ‘representation ratio’. If positive or280

negative detections are placed uniformly within our coverage, we would expect the rep-281

resentation ratio to be 1 for all distance bins.282

We also conduct tests based on the placement of the Sdiff-ULVZs found from our283

location-finding algorithm to ascertain their significance. We place the same number of284

non-overlapping circular Sdiff-ULVZs randomly around the globe. For each set of randomly-285

placed Sdiff-ULVZs, we calculate the average distance from the centre to the nearest sur-286

face hotspot and compare this to the mean of the located Sdiff-ULVZs. We conduct equiv-287

alent tests using the hotspot database of Morgan and Morgan (2007) and the deep-rooted288

plume database of French and Romanowicz (2015).289

We also test the hypotheses that Sdiff-ULVZs correlate with the edges of LLVPs,290

or if they are over-represented inside or outside LLVPs. We define LLVPs as regions with291

more than 3/5 votes of slow velocity, from the clustering analysis of Cottaar and Lekic292

(2016) which uses five global S-wave tomographic models (Figure 4b). Distances to LLVP293

edges are taken to be positive if outside an LLVP, and negative if inside. We also con-294

duct equivalent tests where LLVP edges are defined directly from velocity reduction con-295

tours in the individual tomographic models GLAD-M35 (Cui et al., 2024) and REVEAL296

(Thrastarson et al., 2024).297

Figure 4. (a) Distance to the closest hotspot. Hotspots are shown as blue dots (Steinberger,

2000). (b) The equivalent for LLVP edges, where negative distances are inside LLVPs and pos-

itive distances are outside. LLVP edges (shown in blue) are based on the clustering analyses of

tomographic models from Cottaar and Lekic (2016).

3 Results298

3.1 Global ULVZ Presence and Absence299

The differential map of global positive and negative ULVZ detections is shown in300

Figure 5. We achieve 99.8% coverage of the CMB, although if we require a minimum value301

of cell count for confident interpretation this coverage reduces (82.8% at 10; 63.7% at302

50; 54.9% at 100; 30.3% at 500). Highs in coverage largely lie in regions surrounding North303
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Figure 5. Global map of summed weighted cell count, where weightings from null detections

are taken to have negative values and weightings from positive detections are taken to have posi-

tive values. Colours range from purple (null detection) through white (no coverage or ambiguous

detection) to green (positive detection).

America and Europe, with the Northern Hemisphere having more coverage in general304

than the Southern Hemisphere. Differences in coverage are largely due to where large305

aperture broadband arrays required for Sdiff+ detection are present, with the locations306

of high magnitude earthquakes playing a secondary role.307

Positive detections cover 6.2% of the CMB. However, significant along-path smear-308

ing of positive detections is seen, notably along the two major directions near Hawaii:309

from New Zealand to Alaska; and from New Guinea to the mainland United States. Some310

regions of the map have narrow bands of continuous positive detections (e.g. near Hawaii311

or St. Helena), while others have more scattered detection paths (e.g. near Iceland, Galápagos312

or Pitcairn) potentially indicating some imprecision in the minimum azimuth of the Sdiff+313

traveltime hyperbola or in the assumption of a simple cylindrical ULVZ shape.314

Aiming to match 99% of the positive cell count on the final map, six ULVZs loca-315

tions are determined with the algorithm described in Section 2.3.3 (locations are given316

in Table S2). As shown in Figure 6 they lie near, in order that their locations were de-317

termined: Hawaii; St. Helena; Iceland; Galápagos; Vanuatu; and Pitcairn. ULVZ region318

names are derived from those used in the literature (Cottaar & Romanowicz, 2012; Davi-319

son et al., 2024; Yuan & Romanowicz, 2017; Cottaar et al., 2022; Z. Li et al., 2024, Mar-320

tin et al., in review) . These six ULVZs cover approximately 1% of the CMB, which is321

far smaller than the positive coverage of 6.2% from the differential map. This is due to322

the smearing present in the main map, and the estimate of CMB coverage of the Sdiff-323

ULVZs from the location-finding algorithm is more realistic.324

3.2 Statistical Results325

The representation ratio of observed positive and negative cells with respect to their326

closest hotspot, created using the method described in Section 3.2, is shown in Figure327

7. Positive detections are only found within ∼25° of hotspots, and are overrepresented328
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Figure 6. Locations of the six ULVZs found by the location-finding algorithm, shown as red

circles. The background shows the weighted cell count from Figure 5. Grey areas are regions of

positive detections explained by the six ULVZs. Blue shaded areas are regions of uncertainty on

the location of the centre of each ULVZ.

within ∼20°. The representation ratio peaks close to the 95% confidence interval at ∼4°329

distance, meaning that approximately 2.5% of the random rotations give a more extreme330

peak. Negative detections show an opposite trend: they are underrepresented within ∼20°,331

and overrepresented beyond ∼25°. Most of the distribution is within the 95% confidence332

interval, with small peaks below and above at ∼10° and ∼30°, respectively.333

The representation ratio of observed positive and negative cells with respect to LLVP334

edges is shown in Figure 8. Positive detections are only found within ∼20° of LLVP edges335

with a peak of the representation ratio centred on LLVP edges, raising slightly above the336

99% confidence interval at 1° outside LLVPs, meaning that the observed distribution has337

a more extreme peak here than 99.5% of the randomly rotated versions. Positive detec-338

tions are also overrepresented slightly within LLVPs. The opposite is found again for null339

picks: they are overrepresented far from LLVP edges and underrepresented close to LLVP340

edges.341

We find that our set of algorithmically-located Sdiff-ULVZs are closer on average342

to the nearest hotspot than 97.97% of the 10,000 randomly placed sets and closer on av-343

erage to the nearest LLVP edge than 99.96% of the 10,000 randomly placed sets (Fig-344

ure S4). Our set of algorithmically-determined Sdiff-ULVZ locations therefore significantly345

correlate with surface hotspots and LLVP edges.346

The results when using alternative hotspot databases (Figures S5-8) and alterna-347

tive measures of LLVP edges derived directly from individual tomographic models (Fig-348

ures S9-12) were similar.349
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Figure 7. Representation ratio with distance to the nearest hotspot for the positive (a) and

negative (b) portions of the differential map.

Figure 8. Equivalent of Figure 7 but for distances to LLVP edges. Positive distances are

outside LLVPs and negative distances are within LLVPs. Hatched areas correspond to distances

larger than the maximum possible for LLVP edges defined by Cottaar and Lekic (2016).

4 Discussion350

4.1 Global ULVZ Distribution351

The six algorithmically-located Sdiff-ULVZs from our map have all been imaged in352

previous studies (Figure 9): e.g. Hawaii (J. Li et al., 2022; Z. Li et al., 2022; Cottaar &353

Romanowicz, 2012; Kim et al., 2020; Martin et al., 2023a); Iceland (Yuan & Romanow-354

icz, 2017); Galápagos (Cottaar et al., 2022); St. Helena (Davison et al., 2024); Pitcairn355

(Z. Li et al., 2024); and Vanuatu (Martin et al., in review). Although exact locations are356

fairly unconstrained, our algorithmically-determined ULVZ locations match up well with357

previous Sdiff-ULVZ studies. For example, the ULVZ under Hawaii is offset to the south-358

west like in previous studies (J. Li et al., 2022; Z. Li et al., 2022; Martin et al., 2023a;359

Jagt et al., 2024) and the ULVZ under Galápagos is offset to the west like in Cottaar et360

al. (2022).361

However, there are some ULVZs previously mapped with Sdiff missing from our global362

map. The ULVZ seen beneath the Himalayas (Wolf et al., 2024) is covered by one of the363

strongest negative regions on the map, though it is noted that there are some positive364

picks underneath the more prevalent negative picks (Figure 9). This ULVZ is reported365

to be far smaller than other ULVZs observed with Sdiff (∼90 km in radius compared to366

300–500 km), possibly limiting its detectability. Additionally, various ULVZ models have367

been proposed in the Central Pacific (Kim et al., 2020; Wolf & Long, 2023; Martin et368
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al., 2024), and while there are very strong positive picks in the region (Figure 9), it re-369

mains overwhelmed by nearby negative picks. A possible explanation for this could be370

that the ULVZ in this region is more easily observed in higher frequencies such as 7–12 s,371

as reported by Martin et al. (2024), or 5–20 s, as reported by Wolf and Long (2023). This372

would mean it may only be seen intermittently in the 10–20 s filter band depending on373

signal-to-noise ratios and source properties, and so could be overwhelmed by nearby neg-374

ative picks that have been horizontally smeared. The study of Kim et al. (2020) on the375

other hand observes Sdiff+ at longer periods of 15–100 s, relating to a ULVZ which they376

suggest lies further South than the other studies.377

Figure 9. Equivalent of Figure 5 but only showing positive picks. Sdiff-ULVZs mapped in

previous studies are shown for comparison, with colours corresponding to different regions of

detection: Central Pacific (Blue; Kim et al., 2020; Wolf & Long, 2023; Martin et al., 2024);

Galápagos (Cyan; Cottaar et al., 2022); Hawaii (Red; J. Li et al., 2022; Z. Li et al., 2024; Cottaar

& Romanowicz, 2012; Kim et al., 2020; Martin et al., 2023a); Himalayas (Purple; Wolf et al.,

2024); Iceland (Magenta; Yuan & Romanowicz, 2017); Pitcairn (Orange; Z. Li et al., 2024); St.

Helena (Grey; Davison et al., 2024); Vanuatu (Brown; Martin et al., in review).

Direct comparisons between our map and the global map of ULVZs using SPdiffKS378

by Thorne et al. (2021) are difficult for two reasons. Firstly, our coverage is largely com-379

plementary to theirs — they have coverage highs underneath the continental US, South380

America, and the Western Pacific, which are all regions of relatively low coverage in our381

map. Of the regions that are shared, such as underneath East Asia, we do not find ev-382

idence of the heterogeneities observed in their map. Secondly, significant differences in383

the sensitivities of Sdiff and SPdiffKS mean that ULVZs observed by the two phases may384

be hard to detect or even invisible to one another. The Samoa mega-ULVZ (Thorne et385

al., 2013; Krier et al., 2021) exemplifies these difficulties — it is the region with the high-386

est likelihood of ULVZ presence in the map of Thorne et al. (2021), but is missing from387

our map. The surrounding region has less than 100 weighted cell count and so lies in an388

area of low coverage in our map. There are only two major geometries than would sam-389

ple this area: New Zealand to Alaska, along which the Hawaiian ULVZ may obscure any390

other signals; and the East Pacific Rise to East Asia, along which the Vanuatu ULVZ391

lies. The latter geometry was explored by Martin et al. (in review), who found that Sdiff+392

expected by the Samoa mega-ULVZ were not found in record sections. This may be ex-393

–13–



manuscript submitted to JGR: Solid Earth

plained by the differing sensitivities of the two phases, or potentially the elongate mor-394

phology of the Samoa mega-ULVZ which may make detection with Sdiff more difficult.395

Réunion, Papua, and the Southern Indian Ocean all show evidence for Sdiff+ pres-396

ence, albeit with much more limited observations than other Sdiff-ULVZs. All three re-397

gions also lie along the edges of LLVPs. The Southern Indian Ocean has been targeted398

with Sdiff studies previously to argue for sharp LLVP edges (Ni et al., 2002; To et al.,399

2005), which can produce similar postcursors to those associated with ULVZs (Wolf et400

al., 2025). In our map, we assume that all postcursors are formed by ULVZs as opposed401

to sharp LLVP edges, but the extent to which these two features can be distinguished402

by Sdiff is uncertain, and requires further modelling.403

Null detections cover 93.7% of the core-mantle boundary, often as strong in cell count404

as the strongest positive detection regions. A large majority of the CMB is devoid of Sdiff-405

ULVZs, although smaller ULVZs not visible to Sdiff may still be present in these null re-406

gions. Strong negative regions lie along LLVP edges (Central Pacific, Central Atlantic),407

inside LLVPs (Central Africa), and outside LLVPs (Northern Pacific, Asia), suggesting408

that Sdiff-ULVZs do not line LLVP edges, but occur at isolated regions along them. Sim-409

ilarly, most hotspots globally are not underlain by an Sdiff-ULVZ. For example, the Afar410

and Cape Verde hotspots notably have high buoyancy fluxes (Sleep, 1990; Hoggard et411

al., 2020) and are imaged to have deep plume roots (Courtillot et al., 2003; French & Ro-412

manowicz, 2015), but are present in regions of null detections in our map. However, we413

note that if the lowest quality positive detections are added, Sdiff+ are seen under Cape414

Verde and Eastern Africa, as well as Nova Scotia (Figures S13 and S14f).415

The largest drawback of our methodology is the human element and inherent ir-416

reproducibility of the picking itself. Although steps were taken to remove bias during417

picking, such as obscuring event and receiver locations, there still remains significant sub-418

jectivity in picking. Hand-picking of seismic data remains prevalent, not just in the case419

of detecting ULVZs with Sdiff, but it would be interesting to compare this map to an-420

other created by automated methods also using Sdiff (e.g. Wolf et al., 2025).421

4.2 Relationships with Hotspots and LLVP Edges422

Positive detections are found significantly closer than null detections to both hotspots423

and LLVP edges in our map.424

In all our tests, we find a clearer correlation between Sdiff-ULVZs and LLVP edges425

compared to that between ULVZs and surface hotspots. A weaker correlation with hotspots426

may be expected if mantle plumes are not purely vertical but are inclined or have lat-427

eral deviations part of the way up their ascent, as is seen in recent tomographic mod-428

els (e.g. Koppers et al., 2021; French & Romanowicz, 2015; Cui et al., 2024). This would429

give a lateral offset between surface and CMB locations even if there is a continuous plume430

between the two.431

The debate is open as to whether ULVZs can be linked to isotopic signatures mea-432

sured at ocean island basalts (e.g. Cottaar et al., 2022; Herret et al., 2023). Anomalies433

in helium (e.g. Stuart et al., 2003; Class & Goldstein, 2005; Jackson et al., 2017) and434

tungsten (e.g. Rizo et al., 2019; Mundl-Petermeier et al., 2020; Ferrick & Korenaga, 2023;435

Horton et al., 2023) have been proposed as evidence of primordial material or a signa-436

ture from the core. Recently anomalies in ruthenium have been observed that point fur-437

ther toward a potential core signature (Messling et al., 2025). However, variations in iso-438

tope systematics suggest that different primordial domains must be sampled over time439

(Mundl-Petermeier et al., 2019; Peters et al., 2025). The ULVZs are one potential do-440

main that could store a primordial or core signature.441

–14–



manuscript submitted to JGR: Solid Earth

Of the six mapped ULVZs in this study, Hawaii, Iceland, and and Galápagos have442

mantle plumes amongst the highest buoyancy fluxes (Hoggard et al., 2020) and show ex-443

treme OIB isotopes in both helium (Jackson et al., 2017) and tungsten (Mundl-Petermeier444

et al., 2020). The Pitcairn ULVZ lies near the Pitcairn, Macdonald, and Easter hotspots,445

all three of which show evidence of anomalous helium signatures and some tungsten sig-446

natures. The St. Helena ULVZ lies near the St. Helena and Ascension hotspots, for which447

the helium signal might be masked by recycled crust and the tungsten signature has not448

been tested (Davison et al., 2024). The Vanuatu ULVZ is further from surface hotspots,449

although may potentially feed into the Samoa hotspot, which has anomalous OIB iso-450

topes and a high buoyancy flux. However, a large ULVZ has been observed closer to Samoa451

using SPdiffKS (Thorne et al., 2013).452

We observe a strong relationship between our mapped ULVZs and LLVP edges, which453

is also supported by geodynamic modelling of dense and compositionally-distinct ma-454

terial that potentially makes up the ULVZs. In models, dense material is swept towards455

LLVP edges, where it accumulates to form ULVZs (McNamara et al., 2010; M. Li et al.,456

2017; X. Liu et al., 2024), aligning well with the Sdiff-ULVZ locations shown in this study.457

Other types of seismic phases find ULVZ heterogeneity in a variety of morphologies out-458

side LLVPs (e.g. Hansen et al., 2020; Thorne et al., 2021; Su et al., 2024). It is possi-459

ble that the large-scale Sdiff-ULVZs represent older ULVZs which have had more time460

to both accumulate material and relocate towards LLVP edges, while smaller ULVZs seen461

with other phases may be younger and in the process of moving towards LLVP edges.462

5 Conclusions463

We have created a map of the presence and absence of Sdiff-ULVZs on the CMB464

by handpicking over 2 million waveforms for postcursors to the phase Sdiff, achieving near-465

global coverage. The presence and locations of six previously-identified Sdiff-ULVZs are466

reconfirmed, with some evidence for newly-discovered regions of Sdiff-ULVZ presence. A467

large majority of the CMB is found to be absent of Sdiff-ULVZs, especially that which468

is furthest from LLVPs. Sdiff-ULVZs lie along the edges of LLVPs and appear to be cor-469

related with the locations of surface hotspots via plume conduits, possibly with mid-mantle470

deflections. However, with far fewer Sdiff-ULVZs than hotspots, it does not appear that471

every deep-rooted plume necessarily has an Sdiff-ULVZ at its root.472
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Text S1 — Information about Additional Methodological Figures and Tables

Figure S1 shows the number of traces picked per dense portion during the picking

process. The numbers decrease as more dense portions were picked due to the ordering

described in Section 2.2, which placed dense portions with large numbers of high quality

traces first. Due to this decrease, we change strategy after 3,000 dense portions, after

which we only pick dense portions with uncommon geometries, sampling more generously

in the southern Hemisphere. This leads to a steeper decrease in picked numbers, but
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provides increased global coverage. Table S1 gives the total number of picks for each level

of confidence for positive and null observations (which are negative observations on our

maps).

An equal-area grid is critical for our statistical analyses. A map showing the construc-

tion of the approximately equal grid is shown in Figure S2. All cells, even those at high

latitudes, have very similar shapes and areas.

Text S2 — Information about Additional Results Figures and Tables

The locations of the six algorithmically-determined Sdiff-ULVZs and their approximate

regions are shown in Table S2.

The distribution of the distances for positive and negative summed grid points relative

to hotspots and the edges of LLVPs is shown in Figure S3. In this case, the distributions

are not divided by the distance distribution of all grid points (like is done for Figures 7

and 8). In the case of hotspots, positive detections lie on average 11.2° from the closest

hotspot, while negative detections lie on average 25.7° away. In the case of LLVP edges,

positive detections lie on average 0.4° within LLVP edges, while negative detections lie

on average 14.5° outside. In both cases, the standard deviation of the negative detection

distribution is large and overlaps with the standard deviation of the positive detections.

Both still agree with the findings that Sdiff-ULVZs are found near both hotspots and LLVP

edges.

Comparisons between the average distance to the nearest hotspot and LLVP for the

six algorithmically-derived Sdiff-ULVZs locations and 10,000 randomly placed sets of six

ULVZs are shown in Figure S4. The six Sdiff-ULVZs are seen to significantly correlate
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with both hotspots and LLVP edges, with more anomalous average distances compared

to 97.97% and 99.96% of randomly placed sets of ULVZs, respectively.

In addition to the hotspot database compiled in Steinberger (2000), equivalent analyses

were conducted for the databases of Morgan and Morgan (2007) and S. W. French and

Romanowicz (2015) (Figure S5). The database of Morgan and Morgan (2007) is based on

surface hotspot tracks, while S. W. French and Romanowicz (2015) visually inspect the

tomographic model SEMUCB-WM1 (S. French & Romanowicz, 2014) for plumes which

are vertically continuous to the CMB. Despite the variety of methods of collation, the

trend observed is similar in all.

In the analyses of the distribution of positive and negative picks (Figures S6 and S7),

both databases give slightly more significant peaks close to hotspots than Steinberger

(2000), but all show similar trends with distance.

An equivalent of the analysis of the locations of the six ULVZs found with the location-

determining algorithm is shown in Figure S8. The database from Morgan and Morgan

(2007) produces a less significant result than Steinberger (2000) as 13% of randomly placed

ULVZ sets have a smaller mean distance. However, the database of S. W. French and

Romanowicz (2015) produces a much more significant result than Steinberger (2000) as

only 0.5% of randomly placed ULVZ sets have a smaller mean distance. In both cases,

the mean distance of the observed ULVZs is similar, but because of the larger number of

widely spread hotspots in the database of Morgan and Morgan (2007), the distribution

skews towards a lower average distance. In contrast, the limited number of deep-rooted

plumes in the dataset of S. W. French and Romanowicz (2015) produce a wider spread of

average distances. This reinforces the findings that not all hotspots appear to lie above
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ULVZs, and those that do show evidence of being deep-rooted in seismic tomographic

models.

Primary analyses on relations to LLVP edges were conducted on the clustering vote map

of Cottaar and Lekic (2016), but we also conducted equivalent tests using LLVP edges

derived directly from recent global tomographic models based on full-waveform inversion:

REVEAL (Thrastarson et al., 2024) and GLAD-M35 (Cui et al., 2024). In both cases,

we define LLVP edges as the 1% horizontal shear velocity reduction contour at 2800 km

depth (Figure S9).

In the analysis of the distribution of positive and negative picks (Figures S10 and S11),

both tomographic models argue for Sdiff-ULVZs being overrepresented a few degrees within

LLVP edges as opposed to directly along LLVP edges. Where exactly the peak lies depends

on the shear velocity reduction contour chosen to represent the LLVP edge. If a more

extreme velocity reduction was chosen, LLVP edges would move towards their centres and

Sdiff-ULVZs would move outwards relatively. Nevertheless, there is still a significant peak

close to LLVP edges, as seen in the case of LLVP edges being defined by the clustering

analysis of Cottaar and Lekic (2016).

An equivalent of the analysis of the locations of the ULVZs found with the location-

determining algorithm is shown in Figure S12. Both cases produce similar results as with

edges defined by the vote cluster map of Cottaar and Lekic (2016). Only 0.03% and 0.12%

of randomly placed sets are closer to LLVP edges defined by GLAD-M35 and REVEAL

on average than the set of six algorithmically-located Sdiff-ULVZs.

The maps shown in Figures 5, 6, and 9 exclude postcursors picked and labelled with

the lowest confidence level as these were deemed too low quality to include. When in-
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cluded (Figure S13), additional regions of positive detections are observed beneath Nova

Scotia, East Africa, the Mediterranean, and the Central Indian Ocean. Sporadic positive

detections are seen more widely when looking at only the lowest-confidence positive picks

(Figure S14f).

Text S3 — Networks used in this study

The waveform data used in this study are from the following networks: 1A (https://

doi.org/10.7914/SN/1A 2019, https://doi.org/10.7914/SN/1A 2007, https://doi

.org/10.15778/RESIF.1A2009), 1B, 1C (https://doi.org/10.7914/SN/1C 2011), 1D

(https://doi.org/10.7914/SN/1D 2010, https://doi.org/10.7914/SN/1D 2016), 1E

(https://doi.org/10.15778/RESIF.1E2008), 1F (https://doi.org/10.7914/SN/1F

2015), 1G (https://doi.org/10.7914/SN/1G 2010), 1J, 1M, 1N (https://doi.org/

10.15778/RESIF.1N2015), 1P (https://doi.org/10.7914/SN/1P 2018), 1Q (https://

doi.org/10.7914/SN/1Q 2019), 1T (https://doi.org/10.7914/SN/1T 2015), 1U

(https://doi.org/10.7914/SN/1U 2013), 1V, 1Y, 2A (https://doi.org/10.7914/

SN/2A 2017, https://doi.org/10.12686/sed/networks/2a), 2B (https://doi.org/

10.7914/SN/2B 2019, https://doi.org/10.7914/SN/2B 2016), 2C (https://doi

.org/10.7914/SN/2C 2010, https://doi.org/10.12686/sed/networks/2c), 2D, 2E,

2F (https://doi.org/10.7914/SN/2F 2017, https://doi.org/10.7914/SN/2F 2009),

2G (https://doi.org/10.7914/SN/2G 2010), 2H (https://doi.org/10.7914/SN/

2H 2009, https://doi.org/10.7914/SN/2H 2016), 2J, 2K (https://doi.org/10

.7914/SN/2K 2014), 2L (https://doi.org/10.7914/SN/2L 2020), 2M (https://

doi.org/10.7914/SN/2M 2015), 2O (https://doi.org/10.7914/SN/2O 2019), 2P

(https://doi.org/10.7914/SN/2P 2017), 2S, 2T (https://doi.org/10.7914/SN/2T
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2018), 3A (https://doi.org/10.15778/RESIF.3A2008, https://doi.org/10.7914/

SN/3A 2021), 3B (https://doi.org/10.7914/SN/3B 2021), 3C (https://doi.org/10

.7914/SN/3C 2022, https://doi.org/10.15778/RESIF.3C2019, https://doi.org/10

.7914/SN/3C 2017, https://doi.org/10.7914/SN/3C 2014), 3D (https://doi.org/

10.7914/SN/3D 2010), 3E (https://doi.org/10.7914/SN/3E 2010), 3H, 3J (https://

doi.org/10.7914/SN/3J 2016), 3K (https://doi.org/10.7914/SN/3K 2016), 3L

(https://doi.org/10.7914/SN/3L 2010), 3S, 4A (https://doi.org/10.7914/SN/

4A 2022, https://doi.org/10.7914/SN/4A 2010, https://doi.org/10.7914/SN/4A

2016), 4B, 4C, 4E (https://doi.org/10.7914/SN/4E 2010), 4F (https://doi

.org/10.7914/SN/4F 2007), 4G (https://doi.org/10.15778/RESIF.4G2007), 4H

(https://doi.org/10.7914/SN/4H 2011), 4K, 4N, 4O, 4P (https://doi.org/10.7914/

SN/4P 2020), 4Q, 4S (https://doi.org/10.7914/SN/4S 2018), 4T (https://doi

.org/10.7914/SN/4T 2018), 5A (https://doi.org/10.7914/SN/5A 2005, https://

doi.org/10.7914/SN/5A 2010, https://doi.org/10.7914/SN/5A 2014), 5C (https://

doi.org/10.7914/SN/5C 2009), 5E, 5F (https://doi.org/10.7914/SN/5F 2015),

5G (https://doi.org/10.7914/SN/5G 2004), 5H (https://doi.org/10.7914/SN/

5H 2017, https://doi.org/10.7914/SN/5H 2011, https://doi.org/10.7914/SN/5H

2013), 5J (https://doi.org/10.7914/SN/5J 2014), 5K, 5L, 5M, 5P (https://

doi.org/10.7914/SN/5P 2013), 5T, 6A (https://doi.org/10.7914/SN/6A 2017),

6C (https://doi.org/10.7914/SN/6C 2011), 6D (https://doi.org/10.7914/SN/6D

2009), 6E (https://doi.org/10.7914/SN/6E 2013), 6F (https://doi.org/10.7914/

SN/6F 2012), 6G (https://doi.org/10.7914/SN/6G 2013), 6H (https://doi.org/10

.7914/SN/6H 2022, https://doi.org/10.7914/SN/6H 2011), 6J (https://doi.org/
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10.7914/SN/6J 2021), 6K (https://doi.org/10.7914/SN/6K 2014), 6O (https://

doi.org/10.7914/SN/6O 2016), 7A (https://doi.org/10.7914/SN/7A 2013), 7B

(https://doi.org/10.7914/SN/7B 1993), 7C (https://doi.org/10.15778/RESIF.7C2009,

https://doi.org/10.7914/SN/7C 2015), 7D (https://doi.org/10.7914/SN/7D 2011,

https://doi.org/10.7914/SN/7D 2009, https://doi.org/10.7914/SN/7D 2022, https://

doi.org/10.7914/SN/7D 1997, https://doi.org/10.7914/SN/7D 2018), 7E (https://

doi.org/10.7914/SN/7E 1998), 7F, 7G (https://doi.org/10.7914/SN/7G 2014, https://

doi.org/10.7914/SN/7G 2021), 7J (https://doi.org/10.7914/SN/7J 2013, https://

doi.org/10.7914/SN/7J 2011), 7L, 7M, 7O (https://doi.org/10.7914/SN/7O 2018),

7S, 8A (https://doi.org/10.7914/SN/8A 2015, https://doi.org/10.7914/SN/8A

2008), 8B (https://doi.org/10.7914/SN/8B 2008), 8C (https://doi.org/10.15778/

RESIF.8C2019), 8D (https://doi.org/10.12686/sed/networks/8d), 8E (https://doi

.org/10.7914/SN/8E 2021), 8F, 8G (https://doi.org/10.7914/SN/8G 2016, https://

doi.org/10.7914/SN/8G 2018, https://doi.org/10.7914/SN/8G 2013), 8H, 8P, 8U,

8X (https://doi.org/10.12686/alparray/8x 2016), 9A, 9C (https://doi.org/

10.7914/SN/9C 2014), 9D (https://doi.org/10.7914/SN/9D 2010), 9E (https://

doi.org/10.12686/sed/networks/9e), 9F (https://doi.org/10.7914/SN/9F 2008),

9G (https://doi.org/10.7914/SN/9G 2016), 9H, 9J, 9K, 9M (https://doi.org/

10.7914/SN/9M 2019), 9N, 9P, 9S, A2 (https://doi.org/10.7914/SN/A2), A7, AB,

AC (https://doi.org/10.7914/SN/AC), AE (https://doi.org/10.7914/SN/AE), AF

(https://doi.org/10.7914/SN/AF), AG, AI (https://doi.org/10.7914/SN/AI), AK

(https://doi.org/10.7914/SN/AK), AO, AR, AT (https://doi.org/10.7914/SN/

AT), AU, AV (https://doi.org/10.7914/SN/AV), AW, AY, AZ (https://doi.org/
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10.7914/SN/AZ), BA, BC (https://doi.org/10.7914/SN/BC), BE (https://doi

.org/10.7914/SN/BE), BK, BL, BN, BQ (https://doi.org/10.7914/SN/BQ), BR,

BS (https://doi.org/10.7914/SN/BS), BW (https://doi.org/10.7914/SN/BW), BX

(https://doi.org/10.7914/SN/BX), C, C0 (https://doi.org/10.7914/SN/C0), C1

(https://doi.org/10.7914/SN/C1), C4 (https://doi.org/10.12686/sed/networks/

c4), C8, CA (https://doi.org/10.7914/SN/CA), CB (https://doi.org/10.7914/SN/

CB), CC (https://doi.org/10.7914/SN/CC), CD (https://doi.org/10.7914/SN/CD),

CH (https://doi.org/10.12686/sed/networks/ch), CI (https://doi.org/10.7914/

SN/CI), CK, CL (https://doi.org/10.15778/RESIF.CL), CM (https://doi.org/

10.7914/SN/CM), CN (https://doi.org/10.7914/SN/CN), CO (https://doi.org/10

.7914/SN/CO), CP, CQ (https://doi.org/10.7914/SN/CQ), CR (https://doi.org/

10.7914/SN/CR), CT, CU (https://doi.org/10.7914/SN/CU), CW (https://doi.org/

10.7914/SN/CW), CX, CY, CZ (https://doi.org/10.7914/SN/CZ), DE, DK, DR

(https://doi.org/10.7914/SN/DR), DU (https://doi.org/10.7914/SN/DU), DZ, EB

(https://doi.org/10.7914/SN/EB), EC, EE, EI (https://doi.org/10.7914/SN/EI),

EO (https://doi.org/10.7914/SN/EO), EP, ER, ES (https://doi.org/10.7914/SN/

ES), ET, FN, FO, FR (https://doi.org/10.15778/RESIF.FR), G, G2 (https://

doi.org/10.12686/SED/NETWORKS/G2), GB, GE, GG (https://doi.org/10.7914/

SN/GG), GH (https://doi.org/10.7914/SN/GH), GI (https://doi.org/10.7914/SN/

GI), GL, GM (https://doi.org/10.7914/SN/GM), GO, GQ, GR, GS (https://

doi.org/10.7914/SN/GS), GT (https://doi.org/10.7914/SN/GT), GU (https://

doi.org/10.7914/SN/GU), GX, H2, HA (https://doi.org/10.7914/SN/HA), HC

(https://doi.org/10.7914/SN/HC), HE, HF, HK, HL (https://doi.org/10.7914/
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SN/HL), HP (https://doi.org/10.7914/SN/HP), HS (https://doi.org/10.7914/SN/

HS), HT (https://doi.org/10.7914/SN/HT), HU, HV (https://doi.org/10.7914/SN/

HV), HW, IB (https://doi.org/10.7914/SN/IB), IC (https://doi.org/10.7914/SN/

IC), IE (https://doi.org/10.7914/SN/IE), II (https://doi.org/10.7914/SN/II), IJ

(https://doi.org/10.7914/SN/IJ), IM, IN, IO (https://doi.org/10.7914/SN/IO),

IP, IQ, IS, IU (https://doi.org/10.7914/SN/IU), IV, IW (https://doi.org/10.7914/

SN/IW), IX, IY (https://doi.org/10.7914/SN/IY), JM, JP, JS, K5 (https://doi.org/

10.7914/SN/K5), KC (https://doi.org/10.7914/SN/KC), KG, KN (https://doi.org/

10.7914/SN/KN), KO (https://doi.org/10.7914/SN/KO), KP (https://doi.org/
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Figure S1. Running average over 100 dense portions of the number of traces picked

at each confidence level per dense portion for positive (a) and negative (b) picks. Orange

shaded regions show the portion of picking where only uncommon geometries were picked.
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Confidence Number of Azimuth Bins Number of Traces

Null Confidence 1 5,508 84,542

Null Confidence 2 41,552 836,941

Positive Confidence 1 663 16,392

Positive Confidence 2 1,720 38,588

Positive Confidence 3 2,475 44,491

Positive Confidence 4 3,338 55,341

Low quality 137,150 963,119

Table S1. Total numbers of azimuth bins and traces picked at each null and positive

confidence level, as well as azimuth bins picked as too low-quality to use.
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Figure S2. Cells that form the approximately equal-area grid, coloured randomly.

Constructed following Bailey (1956).
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Order Latitude Longitude Approximate Region

1 18.5 -167.33 Hawaii

2 -10.5 -15.76 St. Helena

3 66.5 -21.25 Iceland

4 9.5 -106.99 Galápagos

5 -29.5 178.85 Vanuatu

6 -33.5 -131.40 Pitcairn

Table S2. Algorithmically-determined locations of the six Sdiff-ULVZs that explain

99% of positive regions on the differential global map.

Figure S3. Distance distribution of positive (green) and negative (purple) detections

relative to the closest hotspot (a) or LLVP edge (b). The distance distributions are the

summed cell counts of the positive and negative portions of the differential map.
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Figure S4. (a) Mean distance between the centre of each ULVZ and the closest hotspot

for 10,000 randomly placed sets of ULVZs, binned and shown in grey. The mean distance

of the six ULVZs from the location-finding algorithm is shown as a blue line, and values

smaller than 95% and 99% of the 10,000 sets are highlighted in lighter and darker shades

of yellow respectively. (b) Equivalent plot for LLVP edges.

Figure S5. Equivalent of Figure 4a, but using the hotspot databases of Morgan

and Morgan (2007) and S. W. French and Romanowicz (2015), shown in (a) and (b)

respectively.
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Figure S6. Equivalent of Figure 7, but for the hotspot database of Morgan and Morgan

(2007).

Figure S7. Equivalent of Figure 7, but for the plume database of S. W. French and

Romanowicz (2015).
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Figure S8. Equivalent of Figure S4a, but using the hotspot databases of Morgan

and Morgan (2007) and S. W. French and Romanowicz (2015), shown in (a) and (b)

respectively.

Figure S9. Equivalent of Figure 4b, but with LLVP edges defined by the 1% horizontal

shear velocity reduction contour at 2800 km depth in the tomographic models (a) GLAD-

M35 (Cui et al., 2024) and (b) REVEAL (Thrastarson et al., 2024).
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Figure S10. Equivalent of Figure 8, but with LLVP edges defined by the 1% horizontal

shear velocity reduction contour at 2800 km depth in the tomographic model GLAD-M35.

Figure S11. Equivalent of Figure 8 but with LLVP edges defined by the 1% horizontal

shear velocity reduction contour at 2800 km depth in the tomographic model REVEAL.
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Figure S12. Equivalent of Figure S4b, but using but using LLVP edges defined by

the 1% horizontal shear velocity reduction contour at 2800km depth in the tomographic

models (a) GLAD-M35 (Cui et al., 2024) and (b) REVEAL (Thrastarson et al., 2024).

Figure S13. Same as Figure 5 but including the lowest confidence positive picks.
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Figure S14. Components of the differential map (Figure S13), split by confidence levels.

(a) and (b) show confident and uncertain null detections, while (c)–(f) show positive

detections in decreasing order of confidence. Negative detections are given a negative

weighting, and positive detections are given a positive weighting.
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