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Abstract

Seismic radial anisotropy is a crucial tool to help constrain flow in the Earth’s mantle. However, Earth structure beneath

the oceans imaged by current 3-D radially anisotropic mantle models shows large discrepancies. In this study, we provide

constraints on the radially anisotropic upper mantle structure beneath the Pacific by waveform modelling. Specifically, we

objectively evaluate three 3-D tomography mantle models which exhibit varying distributions of radial anisotropy through

comparisons of independent real datasets with synthetic seismograms computed with the spectral-element method. The data

require an asymmetry at the East Pacific Rise with stronger positive radial anisotropy ξ=V/V=1.13-1.16 at ˜100km depth

to the west of the East Pacific Rise than to the east (ξ=1.09-1.12). This suggests that the anisotropy in this region is due

to the lattice preferred orientation of anisotropic mantle minerals produced by shear-driven asthenospheric flow beneath the

South Pacific Superswell. Radial anisotropy reduces to ξ=1.09-1.12 beneath the central Pacific and to a minimum of ξ<1.05

in the west, beneath the oldest part of the oceanic lithosphere at ˜100km depth. This reduction in the magnitude of radial

anisotropy estimated beneath the west Pacific possibly reflects a deviation from horizontal flow as the mantle is entrained with

subducting slabs, a change in temperature or water content that could alter the anisotropic olivine fabric or the shape-preferred

orientation of melt. In addition to a lateral age-dependence of anisotropy, our results also suggest that a depth-age trend in

radial anisotropy may prevail from the East Pacific Rise to Hawaii (˜90Ma).
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Abstract16

Seismic radial anisotropy is a crucial tool to help constrain flow in the Earth’s mantle. How-17

ever, Earth structure beneath the oceans imaged by current 3-D radially anisotropic mantle18

models shows large discrepancies. In this study, we provide constraints on the radially19

anisotropic upper mantle structure beneath the Pacific by waveform modelling. Specifi-20

cally, we objectively evaluate three 3-D tomography mantle models which exhibit varying21

distributions of radial anisotropy through comparisons of independent real datasets with22

synthetic seismograms computed with the spectral-element method. The data require an23

asymmetry at the East Pacific Rise with stronger positive radial anisotropy ξ=VSH
2

VSV
2 =1.13-24

1.16 at ∼100 km depth to the west of the East Pacific Rise than to the east (ξ=1.09-1.12).25

This suggests that the anisotropy in this region is due to the lattice preferred orientation26

of anisotropic mantle minerals produced by shear-driven asthenospheric flow beneath the27

South Pacific Superswell. Radial anisotropy reduces to ξ=1.09-1.12 beneath the central28

Pacific and to a minimum of ξ <1.05 in the west, beneath the oldest part of the oceanic29

lithosphere at ∼100 km depth. This reduction in the magnitude of radial anisotropy es-30

timated beneath the west Pacific possibly reflects a deviation from horizontal flow as the31

mantle is entrained with subducting slabs, a change in temperature or water content that32

could alter the anisotropic olivine fabric or the shape-preferred orientation of melt. In ad-33

dition to a lateral age-dependence of anisotropy, our results also suggest that a depth-age34

trend in radial anisotropy may prevail from the East Pacific Rise to Hawaii (∼90 Ma).35

Key words: Seismic anisotropy, waveform modelling, mantle flow, Pacific, upper mantle36

1 Introduction37

Earth’s mantle structure has long been investigated through seismic tomography. There38

is currently large-scale agreement among 3-D isotropic mantle models, at least at shallow39

depths, such as low seismic wave velocities associated with oceanic ridges and high veloci-40

ties with cratons (e.g., Chang et al., 2014). Due to the enormous expansion of seismic data41

sets and advances in computing technology we are also now able to image more complex42

and realistic properties than isotropy, such as anisotropy and attenuation. In particular,43

radial anisotropy, the difference between horizontally and vertically polarized shear wave44

speed (ξ = VSH
2

VSV
2 ) is a powerful tool to probe the direction of mantle flow. The alignment of45

mineral grains into a lattice-preferred orientation (LPO) by large-strain deformation such46

as mantle flow is thought to be the main mechanism behind large scale seismic anisotropy47

in the upper mantle (e.g., Nicolas and Christensen, 1987; Zhang and Karato, 1995; Karato,48

2008). In addition to LPO, another mechanism that can lead to anisotropy is extrinsic49
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anisotropy or shape-preferred orientation (SPO; e.g., Wang et al., 2013) involving the align-50

ment of structural elements, such as, e.g., melt or layers of contrasting elastic properties (e.g.51

Kendall and Silver, 1996; Faccenda et al., 2019). However, recent 3-D radially anisotropic52

mantle models built with different data sets, parametrizations and modelling schemes show53

considerable discrepancies in the geometry and strength of the radial anisotropy (e.g., Chang54

et al., 2015). A critical example is beneath the oceans, one of the simplest tectonic settings55

on Earth. Constraints on radial anisotropy in the oceanic upper mantle allow us to explain56

how deep mantle convection is related to its surface expression. Positive anomalies of ra-57

dial anisotropy (VSH > VSV ) currently observed beneath the Pacific oceanic lithosphere are58

associated to first order with horizontal flow (e.g., Chang et al., 2014). However, the de-59

tailed mantle flow patterns in this region are still unknown. For example, some 3-D radially60

anisotropic mantle models show three distinct linear positive anomalies (VSH > VSV ) be-61

neath the west coast of South America, the East Pacific Rise and around and to the south of62

Hawaii (e.g., S362WMANI [Kustowski et al., 2008] and SGLOBE-rani [Chang et al., 2014];63

Fig. 1a and b). On the other hand, other models show a smoother region of distributed64

positive radial anisotropy across the Pacific (e.g., SAVANI [Auer et al., 2014] and SEMUCB-65

WM1 [French and Romanowicz, 2014]; Fig. 1c and d). This diversity in the strength of66

radial anisotropy across the Pacific is even more apparent in 1-D profiles through these 3-D67

radially anisotropic mantle models (Fig. 1e).68

Advances in computational power and numerical methods (Olsen et al., 1995; Akcelik69

et al., 2003; Olsen et al., 2003; Komatitsch and Tromp, 2002) over the last few decades70

have made large-scale numerical simulations of the seismic wave field in 3-D complex media71

much more feasible than before. This has opened up the possibility of 3-D full waveform72

tomography (e.g., Chen et al., 2007a), providing higher resolution constraints on 3-D Earth73

structure. One of the most widely used and accurate forward modelling approaches, the74

spectral element method (SEM; Komatitsch and Vilotte, 1998) is being used for such pur-75

poses. Fichtner et al. (2009) and Tape et al. (2009) were the first to adopt this approach76

in regional tomography, in the region of Australasia and Southern California, respectively.77

In addition, these methods have been applied to image structure in other regions such as78

the upper mantle beneath the Mid-Atlantic Ridge (Grevemeyer, 2020), beneath East Asia79

(e.g., Chen et al., 2007b and Chen et al., 2015) and even globally (e.g., French et al., 201380

and Bozdag et al., 2016).81

At the global scale, Qin et al. (2008), Qin et al. (2009) and Bozdag and Trampert82

(2010) used variants of the SEM to test the quality of global tomography models. Qin83

et al. (2008) and Qin et al. (2009) included 3-D anisotropy in their modelling and used a84

coupled SEM-normal mode approach (CSEM; Capdeville, 2005) to reduce the computational85
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expense of the calculations. Moreover, Lentas et al. (2013) used the SEM along with global86

tomography models to test the robustness of earthquake source parameters. At the regional87

scale, Ni et al. (1999) compared real waveforms with 2D ray-based synthetics to constrain88

the low-velocity anomaly in the lower mantle beneath Africa. Subsequently, Chu et al.89

(2012) and Chu et al. (2014) used 3-D SEM modelling to place constraints on the geometry90

of the Juan de Fuca slab and on the layering of the lithosphere beneath the North America91

craton, respectively. Furthermore, Thorne et al. (2013) used waveform comparisons to92

evaluate 1-D and 3-D seismic models of the Pacific lower mantle and Parisi et al. (2018)93

used SEM modelling to understand the effects of isotropic versus anisotropic lowermost94

mantle structure on waveforms. However, anisotropic waveform modelling has not been95

used yet to constrain the anisotropic structure of the oceanic upper mantle.96

In this study, we provide constraints on the upper mantle structure of the Pacific by97

waveform modelling of 3-D anisotropy structure. We use the spectral element method98

(Komatitsch and Tromp, 2002) to simulate seismic wave propagation for three different 3-D99

radial anisotropy mantle models that exhibit varying upper mantle distributions of radial100

anisotropy beneath the Pacific. The synthetic waveforms are compared with independent101

observed surface waveforms, with the aim of refining the tomographic models. Therefore we102

pose the questions: How well do current 3-D anisotropic models fit seismic waveform data103

not used in their construction beneath the Pacific? What adjustments in radial anisotropy104

are needed for each model to improve the data fit? Is there an age- or depth-dependence to105

the required radial anisotropy beneath the Pacific?106

In the following section we briefly explain the key features and implementation of the107

Earth models used in this study. The independent data set used and waveform comparison108

criteria are explained in section 3 and 4, respectively. Our results are outlined and discussed109

in section 5 and 6, followed by conclusions.110

2 Earth models used111

As explained in the previous section, some current 3-D tomography models show linear fea-112

tures in radial anisotropy in the Pacific (e.g., S362WMANI and SGLOBE-rani) while others113

exhibit a smoother, more distributed signature of positive anisotropy. While S36WMANI is114

already implemented in the SPECFEM3D GLOBE package (Komatitsch and Tromp, 2002)115

used in this study and has been extensively tested by the code’s developers and users, we add116

subroutines to the package to implement the mantle structure of SGLOBE-rani. Due to the117

challenges in matching model parametrization and the spectral element meshing we prefer118

not to implement models that we did not construct since not knowing the full details of the119

models’ construction, notably how the crust is treated (e.g., Ferreira et al., 2010), may bias120
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their implementation in the SPECFEM3D GLOBE package. Thus, in order to simulate a121

smoother anisotropic model we built a new model, SGLOBE-smooth. This model was built122

using the exact same dataset and modelling scheme as SGLOBE-rani (Chang et al., 2015),123

but using a regularisation scheme that included both norm damping (as used in the con-124

struction of SGLOBE-rani) and horizontal smoothing (i.e., minimising the first derivative125

of the velocity perturbations). S36WMANI, SGLOBE-rani and SGLOBE-smooth therefore126

reflect the various possible features of radial anisotropy previously reported in the literature127

for the region (Fig.1 and Fig. S1 in the supplementary materials). Therefore, we use the128

following global 3-D mantle models in the seismic waveform simulations: (i) S362WMANI129

(Kustowski et al., 2008); (ii) SGLOBE-rani (Chang et al., 2015) and (iii) SGLOBE-smooth.130

All tomographic mantle models use crustal corrections based on CRUST2.0 (Bassin131

et al., 2000). Moreover, when building SGLOBE-rani, Chang et al. (2015) also inverted132

for crustal thickness variations with respect to CRUST2.0 by including short-period group-133

velocity dispersion measurements from Ritzwoller and Levshin (1998). Therefore, for the134

SGLOBE-rani and SGLOBE-smooth models we include the crustal thickness variations with135

respect to CRUST2.0 in the SPECFEM3D GLO-BE package.136

In our waveform modelling we use the same P-wave speed and density models that137

were employed in the construction of the tomography models used in this study. Hence,138

S362WMANI is implemented using the following scaling relations for VP : δVPV

VPV
= 0.55 δVSV

VSV
,139

δVPH

VPH
= 0.55 δVSH

VSH
and using the density profile defined by STW105 (Kustowski et al.,140

2008). On the other hand, SGLOBE-rani and SGLOBE-smooth are implemented using the141

following scaling relations: δVP

VP
= 0.5 δVS

VS
and δρ

ρ = 0.4 δVS

VS
.142

3 Data143

We consider 36 earthquakes to study the Pacific that occurred from 2005-2018 recorded at144

over 1,125 different stations from 92 networks (Table 1). The vast majority of the events145

(31 out of 36) are chosen after 2009 so that they are independent, i.e., they were not used146

in the construction of the tomographic models assessed in this study.147

Moreover, events are selected with Mw>5 to ensure a good signal to noise ratio but148

below Mw 7 to prevent substantial finite-source effects. Shallow earthquakes with a hypocen-149

tral depth <50 km are chosen to reduce the excitation of surface wave overtones. For150

each event, we download 90 minute-long three-component broadband waveforms from IRIS151

(https://www.iris.edu/hq/) recorded within an epicentral distance of 10-120◦ to avoid152

near-source effects, caustics and multiple orbit overlapping phases.153
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We deconvolve the instrument’s response, rotate the horizontal components into radial154

and transverse components, resample the data to 1 s, remove the median and trend and apply155

a Butterworth-bandpass filter of order 4 with the dominant wave periods of T∼40, 60 and156

100 s (corner frequencies: 0.021-0.031 Hz, 0.014-0.021 Hz and 0.013-0.008 Hz, respectively)157

to isolate Rayleigh and Love waves with these dominant periods. The surface wave sen-158

sitivity kernels (supplementary materials, Fig. S2) show that fundamental mode Rayleigh159

waves with dominant wave periods of 40, 60 and 100 s have peak sensitivity to radially160

anisotropic mantle structure at depths around 40-100, 60-120 and 80-200 km, respectively161

(supplementary materials, Fig. S2a). On the other hand, fundamental mode Love waves162

have broader and shallower sensitivity in the mantle than Rayleigh waves, such that when163

filtered with dominant wave periods of 40, 60 and 100 s, Love waves have good sensitivity164

to around 30-70, 40-110 and 50-150 km depths, respectively (supplementary materials, Fig.165

S2b).166

4 Waveform comparisons and model adjustments167

We use the SPECFEM3D GLOBE package (Komatitsch and Tromp, 2002) to simulate the168

global seismic wavefield for the various tomographic models discussed above. We use 256169

spectral elements along each side of a chunk in the cubed sphere of the mesh such that170

synthetic seismograms are accurate down to T∼17 s. A point source model is used with171

source parameters from the GCMT catalogue (https://www.globalcmt.org/CMTsearch.172

html).173

We process the data and corresponding synthetic seismograms in exactly the same way

(see previous section). We then isolate the fundamental mode surface waves by windowing

the waveforms around the maximum amplitude of the data (with a width of 2.5 times the

dominant wave period to encapsulate the phase and avoid the interference of surface wave

overtones). We then calculate phase misfits, ∆φ for both Rayleigh and Love waves and

for each dominant wave period by cross-correlation between the real and synthetic wave-

forms whereby positive/negative phase misfits correspond to the synthetic waveforms being

faster/slower than the observed waveforms. In addition, amplitude misfits are calculated

using the following equation,

∆A = ln

√√√√ ∑
iA

i
real

2∑
iA

i
synthetic

2 , (1)

which shows the logarithmic ratio between the summed real, Areal and synthetic, Asynthetic174

amplitudes for each data window.175

In order to exclude obvious outliers from the analysis, waveforms are accepted if the176

cross-correlation value between the data and synthetics exceeds 0.7, the absolute phase177
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misfit is smaller than 40 s and if the amplitude misfit is between -3 and 3. This leads to a178

total of 2,307 waveform comparisons. The corresponding source-receiver distributions and179

great-circle paths are shown in Fig. 2.180

After quantifying the misfits between the data and synthetics, we estimate the first-

order adjustments in radial anisotropy in the 3-D models that are required to improve the

data fit for each path. Most of the current whole-mantle models (e.g., Ritsema et al., 2011;

Auer et al., 2014; Moulik and Ekström, 2014; Chang et al., 2015) use the so-called great-

circle approximation (GCA), an infinite frequency ray theory approach that only takes first-

order path effects into account (Woodhouse and Dziewonski, 1984) to calculate body-wave

traveltimes and surface wave phases. Low computational costs associated with this method

along with the use of massive datasets may partly compensate the theory’s limitations.

Moreover, Parisi and Ferreira (2016) reported that the GCA accurately predicts surface

wave phase for T∼45-150 s for current global tomography models. According to the GCA,

the phase misfit between real and theoretical seismograms for a fundamental mode Rayleigh

or Love wave for a given path can be written as:

∆φ(ω) =

∫ (
1

Creal(ω)
− 1

Csynthetic(ω)

)
dl

=

(
1

Creal(ω)
− 1

Csynthetic(ω)

)
× ∆

(2)

where the integral is computed along the source-receiver great-circle path, l, ∆ is the source-

receiver epicentral distance and Creal(ω) and Csynthetic(ω) are the average along-path phase

velocities of the real and synthetic waveforms, respectively, which depend on the angular

frequency, ω. Csynthetic(ω) can be computed using a normal mode formalism (Gilbert,

1971). We compute normal mode eigenfrequency catalogues with the mineos package https:

//geodynamics.org/cig/software/mineos/ for the 1-D source-receiver average structure

calculated from the 3-D Earth model considered. Hence, using Csynthetic(ω), the measured

phase misfit ∆φ(ω) and the epicentral distance ∆, the real average phase velocity of each

fundamental mode surface wave can then be estimated as,

Creal(ω) =
1

∆φ(ω)
∆ + 1

Csynthetic(ω)

. (3)

Once Creal(ω) is computed with Eq. 3, we can then systematically vary VSH and VSV and181

compute the theoretical phase velocities of Rayleigh and Love waves until a good agreement182

with the actual real phase velocity Creal(ω) is achieved. For Love waves with a dominant183

wave period of T∼40 s, 60 s and 100 s we uniformly modify the corresponding VSH profiles184

in the average model every 10 km between 30-70, 40-110, 50-150 km depth, respectively.185

For Rayleigh waves, we uniformly modify the corresponding VSV profiles in the average186

model every 10 km between 40-100, 60-120 and 80-200 km depth, respectively. By uniformly187
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changing the shear velocity structure in these depth ranges we obtain a first order estimate of188

the adjustments in radial anisotropy needed. Previous studies have shown that fundamental189

mode Rayleigh and Love waves are primarily sensitive to VSV and VSH , respectively, and190

that it is appropriate to constrain VSV and VSH separately when using fundamental mode191

data (e.g., Ekström and Dziewoński, 1998; Visser et al., 2008), which justifies our approach.192

5 Results193

5.1 Illustrative waveform examples194

Figure 3 shows an illustrative example of surface waveforms for a path from south Kermadec195

to north America. For this specific path, positive Rayleigh wave phase misfits of more than196

5 s (Fig. 3 Z comp., T∼60 s) indicate that all 3-D global anisotropic models lead to faster197

Rayleigh waves than the data and that adjustments in radial anisotropy are required to198

improve the data fit. Moreover, negative Love wave phase misfits around 10 s (Fig. 3 T199

comp., T∼60 s) show that S362WMANI leads to slower Love waves than the data for this200

path.201

5.2 Surface wave phase misfits202

Fig. 4 shows the distributions of phase misfits for all the paths shown in Fig. 2 for each of the203

3-D global anisotropic models used in this study. As seen in the illustrative example above,204

as period increases the phase misfit distributions get narrower and with lower medians, with205

the lowest misfits occurring for T∼100 s waves, which have maximum sensitivity around206

∼150 km depth (Fig. 4, bottom). On the other hand, the largest misfits occur for T∼40 s,207

which have greater sensitivity to shallower depths and to the crust (Fig. 4, top). SGLOBE-208

smooth leads to the poorest Love wave phase misfits, whereby synthetic Love waves are on209

average 3-4 s faster than the data (Fig. 4; T comp., T∼40 s, 60 s; red). On the other hand,210

S362WMANI (Fig. 4; T comp., T∼40 s, blue) and SGLOBE-rani (Fig. 4; T comp., T∼40 s,211

green) lead to Love waves that fit the data well, with a median phase misfit of <2.5 s.212

Regarding Rayleigh waves, S362WMANI fits the data slightly better than SGLOBE-rani213

and SGLOBE-smooth, with the two latter models showing median misfits of ∼3.5-4 s for214

T∼40 s and T∼60 s, respectively (Fig. 4; Z comp).215

Fig. 5 shows the geographical distribution of the phase misfits obtained for Love (middle216

row) and Rayleigh (bottom row) waves at T∼60 s, which are mostly sensitive to ∼100 km.217

S362WMANI fits Love wave data well within 10 s except for paths from Tonga-Kermadec to218

North America. When considering the model SGLOBE-rani, which shows stronger, positive219

radially anisotropic anomalies along and around this path than S362WMANI, synthetic220
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Love waves fit the data within 10 s (Fig. 5b, middle). Finally, the model with strong and221

smooth radial anisotropy beneath most of the Pacific (SGLOBE-smooth) leads to synthetic222

Love waveforms that are often faster than the data by 10 s near the East Pacific Rise223

(EPR), South America and for paths between Tonga-Kermadec and North America (Fig.224

5c, middle). In terms of Rayleigh waves, S362WMANI fits the data well within 10 s except225

for synthetic Rayleigh waves more than 10 s faster than the data to the west of the EPR226

(Fig. 5a, bottom). A similar pattern of phase misfits can be found for SGLOBE-rani and227

SGLOBE-smooth, which also lead to synthetic Rayleigh waves more than 10 s faster than228

the data for paths from Tonga-Kermadec to North America (Fig. 5b-c bottom).229

Note that similar trends can be seen in the Rayleigh and Love phase misfits at T∼40 s,230

which have main sensitivity around ∼60 km depth (supplementary materials, Fig. S3).231

As the wave period increases to T∼100 s (with main sensitivity around ∼150 km depth),232

the phase misfits become very low in the whole region (Fig. S4 in the supplementary233

information). This is again likely due to the less heterogeneous media being sampled.234

5.3 Adjustments in upper mantle radial anisotropy235

Using the procedure described in section 4 and the phase misfits presented above (Fig. 5), we236

estimate the real phase velocity of the surface waves (Fig. 6 and supplementary materials,237

Fig. S5 and Fig. S6; first and fourth row for Love and Rayleigh waves, respectively). We238

systematically vary VSH and VSV until the adjusted synthetic Love and Rayleigh wave phase239

velocities are consistent with the real phase velocities, leading to differences mostly smaller240

than 0.1% (Fig. 6 and supplementary materials, Fig. S5 and Fig. S6; second and fifth row241

for Love and Rayleigh wave phase velocities, respectively). Using the best-fitting VSH and242

VSV profiles, the adjustments in radial anisotropy required by the data with respect to the243

original anisotropy in the various models considered are then computed (Fig. 7).244

Fundamental mode Love waves are mostly sensitive to VSH and therefore synthetic245

Love waves slower than the data would indicate that the radial anisotropy in the model246

considered (ξ = VSH
2/VSV

2) is too low. In agreement with the slow Love wave synthetics of247

S362WMANI along paths from Tonga-Kermadec to North America shown e.g. in Fig. 5, we248

find that the data require an increase in anisotropy of ∼3-5% in this region (Fig. 7a middle249

row). Fundamental mode Rayleigh waves are mostly sensitive to VSV and therefore synthetic250

Rayleigh waves faster than the data would indicate that the radial anisotropy is too low in251

the model considered. Therefore, the fast Rayleigh wave synthetics of S362WMANI west252

of the EPR shown e.g. in Fig. 5 mean that the data require an increase in anisotropy of253

∼4-6% in this region.254

–9–



manuscript submitted to JGR: Solid Earth

The fast Rayleigh wave synthetics of SGLOBE-rani in paths west of the EPR and be-255

tween Tonga-Kermadec and North America (e.g., Fig. 5) suggest that the data require an256

increase in anisotropy of ∼4-6% and 1-3% in these regions, respectively (Fig. 7b middle).257

Likewise, the fast Rayleigh wave synthetics of SGLOBE-smooth west of the EPR and be-258

tween Tonga-Kermadec and North America (Fig. 5) imply that the data require an increase259

in anisotropy of ∼2-3% and 0-1% in these regions, respectively (Fig. 7c middle). The data260

also suggest that radial anisotropy in SGLOBE-smooth is too high and that a reduction of261

∼2-4% is required in the south Pacific. A similar pattern but larger anisotropic perturba-262

tions are found in the analysis at T∼40 s (Fig. S7). At longer periods, such as T∼100 s, as263

expected, the data require smaller adjustments in radial anisotropy (Fig. S8).264

To summarise our findings, the bottom row in Fig. 7 shows the distribution of ab-265

solute average along-path radial anisotropy for each model after the adjustments in radial266

anisotropy required by the data have been made. We find good agreement among these ad-267

justed anisotropic models, which show that the data require ξ to be 1.09-1.12 (dξ/ξ=3-6%268

with respect to PREM) beneath the west coast of South America, 1.13-1.16 (dξ/ξ=6-9%269

with respect to PREM) west of the EPR and 1.09-1.12 beneath the central-Pacific. Radial270

anisotropy then reduces further to ξ =1.05-1.1 (dξ/ξ=0-4% with respect to PREM) in the271

northwestern Pacific and to a minimum of ξ <1.05 in the west Pacific at ∼100 km depth.272

In addition to verifying agreement between the real and synthetic phase velocities273

(third and sixth rows in Fig. 6) we also cross-check our technique of estimating the adjust-274

ments in the models needed by checking that the corresponding Voigt averages (VVoigt
2 =275

2VSV
2+VSH

2

3 ) have not been drastically perturbed (supplementary materials, Figs. S9, S10276

and S11).277

6 Discussion278

Rather than building a new anisotropic model, we used independent waveform modelling to279

analyse the robustness of radially anisotropic features in existing tomography models in the280

upper mantle beneath the Pacific. We presented comparisons of surface waves in real inde-281

pendent waveforms with highly accurate synthetics computed for 3-D radially anisotropic282

mantle models. Furthermore, we presented average, along-path estimates of the adjustments283

required in the radial anisotropy models in an attempt to better constrain upper mantle284

anisotropy structure, which is key for more accurate interpretations in terms of mantle flow.285

Our analysis showed that surface wave phase misfits are in the range of about ±15 s for286

T∼60 s waves (Fig. 4 and 5), which require adjustments of up to 6% in the radial anisotropy287

of the 3-D mantle models considered (Fig. 7 middle). In particular, the region close to the288
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EPR requires the largest adjustments of up to ∼6% in radial anisotropy across the three289

anisotropic models (Fig. 7 middle). This correlates well with synthetic resolution tests by290

Chang et al. (2015) (Fig. 16 in their study) which show a slightly poorer recovery of the291

amplitude of anisotropic anomalies in the young, eastern Pacific compared with the rest292

of the Pacific. Therefore the underestimated radially anisotropic anomalies near the EPR293

are likely the result of poor data coverage. To improve the retrieval of radially anisotropic294

anomalies in the Pacific, particularly west of the EPR and beneath the central Pacific, it is295

essential to incorporate data from ocean bottom seismometers (OBSs) such as the Pacific296

Array (Kawakatsu, 2016) into future data sets.297

In this study we found that the data require strong, positive (VSH > VSV ) lateral vari-298

ations in radial anisotropy up to ξ ∼1.6 at ∼100 km depth (Fig. 7 bottom). These findings299

confirm previous reports since the 1980’s of faster SH anomalies in the upper few hundred300

kilometres beneath the Pacific (e.g., Cara and Lévêque, 1988; Nishimura and Forsyth, 1989;301

Montagner and Tanimoto, 1991; Ekström and Dziewoński, 1998; Gung et al., 2003; Nettles302

and Dziewoński, 2008; Burgos et al., 2014; Beghein et al., 2014; Isse et al., 2019).303

The data require strong ξ of 1.09-1.12 at ∼100 km depth beneath the west coast of304

South America. The Andean margin can be subdivided into five main tectonic segments,305

comprising regions with normal subduction and flat subduction. Azimuthal anisotropy in306

this region has been detected and widely studied for decades (e.g., Eakin and Long, 2013;307

Eakin et al., 2014; Eakin et al., 2015). For example, local S-wave splitting observations308

suggest that the mantle above the Peruvian flat slab is anisotropic, with modest average309

delay times of 0.28 s that are consistent with 4% anisotropy in a 40 km thick mantle layer310

(Eakin et al., 2014). The majority of fast directions align trench-parallel, as often found in311

the forearc of subduction zones (Eakin et al., 2014). This corresponds well with the strong,312

positive radial anisotropy (ξ =1.09-1.12) required in this study and could be linked with313

horizontal flow in the sub-slab mantle. Moreover, a recent surface wave tomography study314

incorporating a vast amount of OBS data with a focus beneath the Pacific Ocean by Isse315

et al. (2019) also images strong, positive radial anisotropy with ξ =1.09-1.12 at ∼75-100 km316

depth beneath the west coast of South America.317

The data indicate that stripes in radial anisotropy between the west coast of South318

America, the EPR and around and south of Hawaii are hard to distinguish. Despite this,319

a region with ξ =1.13-1.16 west of the EPR is required by the data. A positive radially320

anisotropic anomaly near the EPR is consistent with the study of Gu et al. (2005) and321

Nettles and Dziewoński (2008) in which an anomaly of dξ/ξ ∼6% at ∼100 km is reported.322

Moreover, the surface wave tomography study by Isse et al. (2019) which incorporated323

OBS data also images positive radial anisotropy with ξ >1 at ∼75-100 km depth west of the324
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EPR. The EPR is the fastest spreading ridge in the world and strongly deforming horizontal325

mantle flow can lead to the lattice-preferred orientation (LPO) of anisotropic minerals and326

therefore strong, positive radial anisotropy. The radial anisotropy could also be attributed to327

the shape-preferred orientation (SPO) e.g. from partial melting (e.g., Tan and Helmberger,328

2007, Schmerr, 2012 and Isse et al., 2019). The presence of melt beneath the ridge axis,329

particularly to the west, is also supported by Baba et al. (2006).330

Despite the Pacific and Nazca plate sharing a boundary in the EPR, several studies have331

found pronounced asymmetry. For example, the Pacific (west) side is characterized by a332

higher abundance of seamounts (with a source propagating eastwards at ∼20 cm/yr; Ballmer333

et al., 2013), lower S-wave velocities (e.g., Forsyth et al., 1998; Toomey et al., 1998; Dunn334

and Forsyth, 2003), greater shear-wave splitting (e.g., Wolfe and Solomon, 1998), a higher335

electrical conductivity (e.g., Evans et al., 1999) and slower subsidence (e.g., Cochran, 1986;336

Morgan and Smith, 1992; Morgan et al., 1995) than the Nazca (east) side. The required337

radial anisotropy in the Pacific, as calculated in this study, also shows an asymmetry at338

the EPR. These results suggest a stronger lattice-preferred orientation (LPO) of anisotropic339

mantle minerals (e.g., olivine, enstatite) west of the EPR than to the east. This stronger340

LPO suggests that mantle flow beneath the EPR is not the symmetric corner flow usually341

assumed in mid-ocean ridge models (e.g., Morgan, 1987). Instead, the stronger LPO could342

be due to pressure-driven eastern asthenospheric flow from the South Pacific Superswell.343

This interpretation of the asymmetry across the south East Pacific Rise (e.g., The MELT344

Seismic Team, 1998) being the result of vigorous, shear-driven eastward asthenospheric flow345

opposing plate motion is in line with previous studies (e.g., Conder et al., 2002; Toomey346

et al., 2002; Weeraratne et al., 2007; Ballmer et al., 2013; Lin et al., 2016). Furthermore,347

this hypothesis has been supported and explained geophysically and geochemically by some348

numerical models (e.g., Ballmer et al., 2010; Harmon et al., 2011; Ballmer et al., 2013).349

Radial anisotropy then reduces with lithospheric age from a strong anomaly of ξ =1.13-350

1.16 close to the ridge to ξ=1.09-1.12 beneath the central Pacific, which is consistent with351

Ekström and Dziewoński (1998), Nettles and Dziewoński (2008) and the surface wave tomog-352

raphy study incorporating OBS data by Isse et al. (2019). The paths from Tonga-Kermadec353

to North America tend to be long, so strictly the path-averaged anomalies could be due to354

structure other than Hawaii. However, if the VSH > VSV anisotropy along those paths is355

due to mechanisms occurring beneath Hawaii, one may interpret the radial anisotropy to356

be caused by LPO due to a plume-lithosphere interaction (e.g., Auer et al., 2015), a change357

in olivine fabric as the plume dehydrates (e.g., Karato, 2008) and partially melts or due to358

SPO from partial melt (e.g., Schmerr, 2012, Rychert et al., 2013 and Isse et al., 2019) .359

–12–



manuscript submitted to JGR: Solid Earth

Radial anisotropy then reduces further to ξ =1.05-1.1 at ∼100 km depth in the north-360

western Pacific, in agreement with Isse et al. (2019), which may reflect the lower levels of361

deformation beneath the old oceanic lithosphere. In the west, radial anisotropy reduces362

to ξ <1.05 at ∼100 km depth. This lower magnitude of radial anisotropy (a reduction363

in VSH > VSV ) could indicate a deviation from horizontal to vertical flow as flow is en-364

trained with subducting slabs, a change in temperature or water content that could alter365

the anisotropic olivine fabric (Karato, 2008) or SPO from melt.366

The strongest positive radial anisotropy at ∼100 km in the Pacific lies just west of367

the EPR (Fig. 7). At a larger depth of 150 km, the 3-D anisotropic models used in this368

study show strongest positive radial anisotropic anomalies in the central Pacific, beneath369

older oceanic lithosphere (Fig. S4 top). Fig S4 and S8 show that at larger depths, e.g., at370

∼150 km depth, synthetic surface waves fit the data well (e.g., S362WMANI and SGLOBE-371

rani lead to Love and Rayleigh waves that fit the data within 1 s on average) and require372

small adjustments in perturbations of radial anisotropy (median and standard deviation for373

each model is 0±1%). Therefore, although the results are first order path average estimates,374

the data suggest a depth-age trend in radial anisotropy from the EPR to Hawaii (∼90 Ma)375

may exist, in agreement with the surface wave tomography study of Isse et al. (2019).376

This is also consistent with the findings of Beghein et al. (2019), which reported that large377

uncertainties may be responsible for the apparent lack of depth-age in current global radial378

anisotropy models.379

It is important to note that in order to calculate adjustments in perturbations in radial380

anisotropy we used 1-D average Earth models across each path and we computed the theo-381

retical phase velocity assuming a spherically symmetric non-rotating Earth. Therefore while382

e.g. Parisi and Ferreira (2016) showed that this approach is valid for current tomography383

models and this leads to useful first order estimates of radial anisotropy, it is difficult to384

assign the patterns recovered to precise regions. Moreover, due to the lack of seismic sta-385

tions in the Pacific, this dataset comprises relatively long paths and future datasets should386

include shorter paths to examine smaller regions in the Pacific. Ongoing and future seismic387

deployments in the region should enable further refined analyses in the future.388

7 Conclusions389

In this study we constrained the radially anisotropic structure in the Pacific upper mantle by390

using waveform modelling to assess the robustness of anisotropic features beneath the Pacific391

in 3-D tomographic mantle models exhibiting varying distributions of radial anisotropy. We392

compared synthetic SEM seismograms with independent surface waveforms recorded in and393

around the Pacific. Using the phase misfits for Love and Rayleigh waves, we systematically394

–13–



manuscript submitted to JGR: Solid Earth

varied the wave speed of horizontally and vertically polarised shear waves (VSH and VSV),395

respectively, until a good agreement was found between the theoretical and synthetic phase396

velocities. The best-fitting VSH and VSV profiles identified allowed a quantification of the397

adjustments in radial anisotropy required for the 3-D anisotropy models considered. We398

found that the data require an asymmetry at the East Pacific Rise with stronger positive399

radial anisotropy ξ=1.13-1.16 at about 100 km depth to the west of the East Pacific Rise400

than to the east (ξ=1.09-1.12). This asymmetry in radial anisotropy is possibly due to401

the lattice preferred orientation of intrinsically anisotropic mantle minerals produced by402

shear-driven asthenospheric flow beneath the South Pacific Superswell. Radial anisotropy403

reduces to ξ=1.09-1.12 beneath the central Pacific and reduces further to ξ <1.05 beneath404

the oldest seafloor at ∼100 km depth. Lower radial anisotropy could indicate a deviation405

of the flow direction from horizontal as flow is entrained with subducting slabs, a change406

in temperature or water content that could alter the olivine fabric or the shape-preferred407

orientation of melt. In addition to a lateral age-dependence of anisotropy, our results also408

suggest that a depth-age trend in radial anisotropy may prevail from the East Pacific Rise409

to Hawaii (∼90 Ma).410
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Event Code Region Date Mw Depth (km) Latitude (◦) Longitude (◦)

200507100446A West Chile Rise 10/07/2005 6.0 12 -36.35 -97.25

200512221220A Pacific-Antarctic Ridge 22/12/2005 6.4 15 -54.61 -135.95

200610151707A Hawaii 15/10/2006 6.7 48 19.88 -156.12

200708140538A Hawaii 14/08/2007 5.4 12 19.30 155.18

071104C South Pacific Ocean 11/07/2004 6.1 14 -20.17 -126.91

201001171200A Drake Passage 17/01/2010 6.2 19 -57.69 -66.04

201002050659A Southeast Indian Ridge 05/02/2010 6.2 12 -47.93 99.51

201007042155A Near East Coast Of Honshu, Japan 04/07/2010 6.3 35 39.66 142.80

201008132119A South Of Mariana Islands 13/08/2010 6.9 12 12.47 141.56

201012020312A New Britain Region, P.N.G. 02/12/2010 6.6 49 -6.10 149.92

201105130336A Pacific-Antarctic Ridge 13/05/2011 5.7 15 -59.48 -151.17

201109231902A Central East Pacific Rise 23/09/2011 5.9 16 -9.16 -109.55

201110070858A South Of Kermadec Islands 07/10/2011 6.1 49 -32.42 -178.80

201111021459A Pacific-Antarctic Ridge 02/11/2011 6.2 15 -55.11 -128.92

201210091232A West Of Macquarie Island 09/10/2012 6.5 21 -60.64 153.93

201301302015A Central Chile 30/01/2013 6.8 46 -28.11 -70.89

201306050012A Hawaii 05/06/2013 5.2 45 18.90 -155.13

201309111244A Central East Pacific Rise 11/09/2013 6.0 16 -4.96 -104.81

201310191754A Gulf Of California 19/10/2013 6.6 16 25.96 -110.36

201404240310A Vancouver Island 24/04/2014 6.6 17 49.65 -127.65

201405142056A E. Caroline Islands, Micronesia 14/05/2014 6.2 27 6.37 144.94

201410090214A Southern East Pacific Rise 09/10/2014 7.0 12 -32.11 -110.81

201504130353A North Pacific Ocean 13/04/2015 5.0 20 17.24 -121.89

201505191525A Pacific-Antarctic Ridge 19/05/2015 6.6 15 -54.33 -132.16

201507180227A Santa Cruz Islands 18/07/2015 6.9 12 -10.46 165.10

201511132051B Northwest of Ryukyu Islands 13/11/2015 6.7 12 31.00 28.87

201601311739A Balleny Islands Region 31/01/2016 6.0 12 -63.29 169.15

201602162348A Southern East Pacific Rise 16/02/2016 6.1 20 -55.78 -125.17

201604020550A Alaska Peninsula 02/04/2016 6.2 12 57.00 -157.93

201604281933A Vanuatu Islands 28/04/2016 7.0 34 -16.04 167.38

201604290133A Northern East Pacific Rise 29/04/2016 6.6 15 10.28 -103.74

201606080831A Central East Pacific Rise 08/06/2016 5.9 15 -4.06 -104.55

201611241843A Off Coast Of Central America 24/11/2016 7.0 12 11.96 -88.84

201706022224A Near Islands, Aleutian Islands 02/06/2017 6.8 13 54.03 170.91

201710181200A Tonga Islands 18/10/2017 6.1 17 -20.59 -173.80

201802021137A Pacific-Antartic Ridge 02/02/2018 6.0 12 -65.81 -175.64

201805180145A South Of Kermadec Islands 18/05/2018 6.1 14 -34.59 -178.41

Table 1. Event information (event code, region, date, magnitude, depth, latitude and longitude)

of the seismic events from the global CMT catalogue (www.globalcmt.org) used in the this study.
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S362WMANI young
SGLOBE-rani young
SAVANI young
SEMUCB-WM1 young
S362WMANI mid
SGLOBE-rani mid
SAVANI mid
SEMUCB-WM1 mid
S362WMANI mid
SGLOBE-rani old
SAVANI old
SEMUCB-WM1 old
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Figure 1. Perturbations with respect to PREM in the radially anisotropic ξ structure of a)

S362WMANI (Kustowski et al., 2008), b) SGLOBE-rani (Chang et al., 2015), c) SAVANI (Auer

et al., 2014) and d) SEMUCB-WM1 (French and Romanowicz, 2014) at 100 km depth. e) 1-D depth

profiles of ξ for S362WMANI [solid lines], SGLOBE-rani [dotted lines], SAVANI [dashed lines] and

SEMUCB-WM1 [dashed-dotted lines] beneath young ocean (5 Ma; red dot in a)-d) and curves),

mid-age ocean (90 Ma; green dot in a)-d) and curves) and old ocean (170 Ma; blue dot in a)-d) and

curves). ξ = 1 is indicated by a vertical black line for reference.
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Figure 2. Pacific dataset comprising 2,307 great-circle paths (grey) from 36 events (yellow

stars) in 2005-2017 with Mw 5.0-7.0 and depth 0-50 km recorded at 1,125 different stations (purple

triangles) used for phase and amplitude misfit analysis to test various 3-D Earth models in the

Pacific.
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Figure 3. a) Great-circle path from an event in south of the Kermadec islands (event GCMT

code: 201805180145A) crossing the Pacific to station T42B in the US for which waveform compar-

isons are made. Background colors represent perturbations with respect to PREM in the radially

anisotropic ξ structure of S362WMANI (Kustowski et al., 2008), SGLOBE-rani (Chang et al., 2015)

and SGLOBE-smooth (left to right, respectively) at 100 km depth. b) Waveform comparisons be-

tween the data (grey) and synthetics computed for the 3-D mantle models S362WMANI (blue),

SGLOBE-rani (green) and SGLOBE-smooth (red). Waveform comparisons are shown for the ver-

tical (Z), radial (R) and transverse (T) components, respectively, at wave periods T∼40 s, 60 s and

100 s (top to bottom). The grey vertical lines show the surface wave windows considered and the

phase misfits are shown in the bottom of each subplot for each model considered.
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Figure 4. Distributions of phase misfits for the Pacific paths in Fig. 2 for waveforms computed

using the Earth models S362WMANI (blue), SGLOBE-rani (green) and SGLOBE-smooth (red)

filtered with a dominant wave period of T∼40 s, 60 s and 100 s (top to bottom) for each component

(vertical, Z; radial, R; and transverse, T; left to right). A phase misfit of 0 is indicated by a vertical

black dashed line for reference. The median and standard deviation can be seen at the top left of

each subplot, with the medians also being plotted as vertical colored bars. Positive/negative phase

shifts ∆φ mean that the synthetic waveforms are faster/slower than the observations.
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Figure 5. Top row: depth slices of perturbations in radially anisotropic anomalies with respect

to PREM at 100 km in the Pacific for a) S362WMANI, b) SGLOBE-rani and c) SGLOBE-smooth.

Fundamental mode Love (middle row) and Rayleigh (bottom row) wave phase misfits for waveforms

filtered with a dominant wave period of T∼60 s, color-coded for synthetics fitting the data within

10 s (grey), more than 10 s slower than the data (pink-brown), more than 10 s faster than the data

(blue). The median and standard deviation for each model are shown at the bottom of each subplot.
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Figure 6. Geographical distribution of real (first row), modified synthetic (second row) Love

wave phase velocities and the percentual difference between them (third row) at T∼60 s for a)

S362WMANI, b) SGLOBE-rani and c) SGLOBE-smooth. The same format is shown for Rayleigh

wave phase velocities (fourth to sixth rows). The percentual differences shown in the third and sixth

rows are mostly lower than 0.1%, which shows that our associated estimates of Earth structure lead

to a good fit to the data.
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Figure 7. Depth slices of perturbations in radially anisotropic anomalies with respect to PREM

at 100 km in the Pacific for a) S362WMANI, b) SGLOBE-rani and c) SGLOBE-smooth can be seen

at the top. The adjustments in radial anisotropy required with respect to the original anisotropy

are shown in the middle. Blue colors indicate that positive anisotropic anomalies with respect to

the original anisotropy are required to fit the data. The required adjustments in radial anisotropy

for each model are made and the resulting, adjusted absolute radial anisotropy is shown in the

bottom row.
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Figure S1. Perturbations with respect to PREM in the radially anisotropic ξ structure of

SGLOBE-smooth at a) 100 km, b) 200 km, c) 300 km and d) 400 km depth.
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a)                             b) 

Figure S2. Normalized a) Rayleigh and b) Love wave fundamental mode phase-velocity kernels

with respect to the vertically polarized ( dC
dVSV

) and horizontally polarized shear wave ( dC
dVSH

), re-

spectively at wave periods of T∼40 s (red), 60 s (green) and 100 s (blue). The 1D reference model

PREM is used to compute the kernels.
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Figure S3. Top row: depth slices of perturbations in radially anisotropic anomalies with respect

to PREM at 60 km depth in the Pacific for a) S362WMANI, b) SGLOBE-rani and c) SGLOBE-

smooth. Fundamental mode Love (middle row) and Rayleigh (bottom row) wave phase misfits for

waveforms filtered with a dominant wave period of T∼40 s, color-coded for synthetics fitting the

data within 10 s (grey), more than 10 s slower than the data (pink-brown), more than 10 s faster

than the data (blue). The median and standard deviation for each model are shown at the bottom

of each subplot.
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Figure S4. Top row: depth slices of perturbations in radially anisotropic anomalies with respect

to PREM at 150 km depth in the Pacific for a) S362WMANI, b) SGLOBE-rani and c) SGLOBE-

smooth. Fundamental mode Love (middle row) and Rayleigh (bottom row) wave phase misfits for

waveforms filtered with a dominant wave period of T∼100 s, color-coded for synthetics fitting the

data within 10 s (grey), more than 10 s slower than the data (pink-brown), more than 10 s faster

than the data (blue). The median and standard deviation for each model are shown at the bottom

of each subplot.
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Figure S5. Geographical distribution of real (first row), modified synthetic (second row) Love

wave phase velocities and the percentual difference between them (third row) at T∼40 s for a)

S362WMANI, b) SGLOBE-rani and c) SGLOBE-smooth. The same format is shown for Rayleigh

wave phase velocities (fourth to sixth rows). The percentual differences shown in the third and sixth

rows are mostly lower than 0.1%, which shows that our associated estimates of Earth structure lead

to a good fit to the data.
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Figure S6. Geographical distribution of real (first row), modified synthetic (second row) Love

wave phase velocities and the percentual difference between them (third row) at T∼100 s for a)

S362WMANI, b) SGLOBE-rani and c) SGLOBE-smooth. The same format is shown for Rayleigh

wave phase velocities (fourth to sixth rows). The percentual differences shown in the third and sixth

rows are mostly lower than 0.1%, which shows that our associated estimates of Earth structure lead

to a good fit to the data.
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Figure S7. Depth slices of perturbations in radially anisotropic anomalies with respect to PREM

at 60 km depth (top) in the Pacific for a) S362WMANI, b) SGLOBE-rani and c) SGLOBE-smooth.

The geographical distribution of the required adjustments in radial anisotropy with respect to the

original anisotropy are shown in the middle (bottom). Blue (red) colors indicate that positive

(negative) anisotropic anomalies with respect to the original anisotropy are required to fit the data.

–36–



manuscript submitted to JGR: Solid Earth

d
ξ/
ξ 

  
  
  
  
(%

)

150km

re
q
u
ir

e
d
 d
ξ/
ξ 

  
  
  
  
  
(%

)

T~100s

o
ri

g
in

a
l

P
R

E
M

a) S362WMANI         b) SGLOBE-rani     c) SGLOBE-smooth

135˚

135˚

180˚

180˚

−135˚

−135˚

−90˚

−90˚

−90˚ −90˚

−45˚ −45˚

0˚ 0˚

45˚ 45˚

90˚ 90˚

135˚

135˚

180˚

180˚

−135˚

−135˚

−90˚

−90˚

−90˚ −90˚

−45˚ −45˚

0˚ 0˚

45˚ 45˚

90˚ 90˚

135˚

135˚

180˚

180˚

−135˚

−135˚

−90˚

−90˚

−90˚ −90˚

−45˚ −45˚

0˚ 0˚

45˚ 45˚

90˚ 90˚

−10

−5

0

5

10

135˚

135˚

180˚

180˚

−135˚

−135˚

−90˚

−90˚

−90˚ −90˚

−45˚ −45˚

0˚ 0˚

45˚ 45˚

90˚ 90˚

135˚

135˚

180˚

180˚

−135˚

−135˚

−90˚

−90˚

−90˚ −90˚

−45˚ −45˚

0˚ 0˚

45˚ 45˚

90˚ 90˚

135˚

135˚

180˚

180˚

−135˚

−135˚

−90˚

−90˚

−90˚ −90˚

−45˚ −45˚

0˚ 0˚

45˚ 45˚

90˚ 90˚

−10

−5

0

5

10

Figure S8. Depth slices of perturbations in radially anisotropic anomalies with respect to PREM

at 150 km depth (top) in the Pacific for a) S362WMANI, b) SGLOBE-rani and c) SGLOBE-smooth.

The geographical distribution of the required adjustments in radial anisotropy with respect to the

original anisotropy are shown in the middle (bottom). Blue (red) colors indicate that positive

(negative) anisotropic anomalies with respect to the original anisotropy are required to fit the data.
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Figure S9. Original (top), modified (middle) and percentage difference between original and

modified isotropic VS structure (Voigt average, VVoigt) (bottom) along path in a) S362WMANI, b)

SGLOBE-rani and c) SGLOBE-smooth at ∼100 km depth.
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Figure S10. Original (top), modified (middle) and percentage difference between original and

modified isotropic VS structure (Voigt average, VVoigt) (bottom) along path in a) S362WMANI, b)

SGLOBE-rani and c) SGLOBE-smooth at ∼60 km depth.
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Figure S11. Original (top), modified (middle) and percentage difference between original and

modified isotropic VS structure (Voigt average, VVoigt) (bottom) along path in a) S362WMANI, b)

SGLOBE-rani and c) SGLOBE-smooth at ∼150 km depth.
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