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Key points:

1) Large surface-wave datasets constrain accurate global and tectonic-type average phase-
velocity (C) models

2) Inversions of C yield Vs profiles with uncertainties, strongly dependent on their radial
resolution

3) A flip in the sign of radial anisotropy from positive (Vsu > Vsy) to negative is observed at

200-300 km depth
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Abstract

The unprecedentedly dense current sampling of the upper mantle with seismic data offers an
opportunity for determining representative seismic velocity models for the Earth’s main
tectonic environments. Here, we use over 1.17 million Rayleigh and 300,000 Love-wave,
fundamental-mode, phase-velocity curves, measured with multimode waveform inversion of
data available since the 1990s, and compute phase-velocity maps in a 17-310 s period range.
We then compute phase-velocity curves averaged over the globe and 8 tectonic environments
and invert them for 1D seismic velocity profiles of the upper mantle. The averaged curves are
smooth and fit by Vs models with very small misfits, under 0.1%, at most periods. For phase-
velocity curves extending up to 310 s, Rayleigh waves resolve Vsv structure down to the
shallow lower mantle. Love-wave sampling is shallower, and Vsu and, thus, radial anisotropy
profiles are resolved down to 375-400 km depth. The uncertainty of the Vs models is
dominated by the trade-offs of Vs at neighbouring depths. Using the model-space-projection
approach, we quantify the uncertainty of Vs in layers of different thickness and at different
depths and show how it decreases with the increasing thickness of the layers. Example 1D Vs
models that fit the data display the expected increase of the lithospheric seismic velocity with
the age of the oceanic lithosphere and with the average age of the continental tectonic type.
Radial anisotropy in the global and most tectonic-type models show a flip of the sign from
positive (Vsu > Vsv) to negative at 200-300 km depth. Negative anisotropy is also observed
in the shallow mantle lithosphere beneath oceans, down to 45-55 km depth. We also compute
a global model with minimal structural complexity, which fits the data worse than the best-
fitting one but does not include a sub-lithospheric low-velocity zone, providing a simple

reference for seismic studies.
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1. Introduction

Radial changes in seismic velocities within the Earth depend on the rock composition,
mineral phase transformations, and variations of elastic moduli with pressure and temperature
(e.g., Anderson, 1999; Kennett and van der Hilst, 1998; Nolet et al., 1994). A range of one-
dimensional (1D) reference seismic models have been built in the past to capture such radial
changes. These models were created with different data sets, modelling approaches, and for
different purposes, which resulted in substantial differences between them. The strong lateral
heterogeneity of the lithosphere and underlying upper mantle is reflected in the large
discrepancies between models computed for different locations and different tectonic
environments. It is also responsible for the differences between global reference 1D models,
which diverge depending on the amount and sensitivity of the data used to estimate them, and

on how they were averaged over the globe.

Starting from the early 1950s, the crustal and upper mantle structure attracted an increasingly
close attention of Earth scientists. Gutenberg (1953) used data from deep-focus earthquakes
in Japan between 1930 and 1940 to calculate the P- and S-wave velocities in the mantle.
Jeffreys and Bullen (1958) published travel-time tables for P, S, and core phases based on
readings of natural earthquakes, and from those tables, the Jeffrey-Bullen (J-B) Earth model
was derived. Lehmann (1961) constructed a 1D P- and S-wave velocity model that was based
on body-wave travel times. The model has a low-velocity zone in the upper mantle and a
sharp increase in P- and S-wave velocities at its lower boundary. Thereafter, other workers
suggested that this Lehmann discontinuity (abbreviated as “L discontinuity” by Revenaugh
and Jordan, 1991) occurs globally at an average depth of 220 km (Anderson, 1979; Hales,
1991). The Gutenberg, J-B, and Lehmann models were obtained mainly from continental data
and thus biased towards continents. New travel-time tables of P waves were derived by
Herrin (1968) from more accurate data from earthquakes and underground nuclear

explosions.

Advances in instrumentation and computational resources in the 1970-1980s made it possible
to construct increasingly accurate models, constrained by larger datasets of different data
types. Dziewonski and Anderson (1981) computed the Preliminary Reference Earth Model
(PREM) model, using free oscillation data, surface-wave dispersion curves and the P- and S-

wave travel times collected by the International Seismological Centre (ISC). In addition, the
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model was constrained to fit the Earth's mass and moment of inertia. PREM provides Vp, Vs,
density, anelasticity, and radially anisotropic structure for both P- and S-wave velocities and
shows a discontinuity at 220 km depth, as well as the 400 and 670 km discontinuities
bounding the mantle transition zone (MTZ). Through a probabilistic approach, Beghein et al.
(2006) recomputed PREM using normal-mode and surface-wave phase-velocity data in a
wide frequency range. A revised version of PREM has also been proposed also by Kustowski
et al. (2008). Their 1D transversely isotropic reference model, called STW105, was computed
as a spherical average of their 3D anisotropic model using surface wave-phase anomalies,
long-period waveforms, and body wave travel times. STW105 provides radial profiles for

density, and seismic velocities Vp and Vs.

Kennett and Engdahl (1991) derived their IASP91 model using P- and S-wave travel-time
data up to 1987. For the refined AK135 model (Kennett et al., 1995), the P-wave data were
extended to 1991. AK135 was constructed as a reference model for travel-time data to be
used, in particular, for earthquake location and seismic phase identifications. This model was
derived from fitting ISC travel-time data and included isotropic P- and S-wave velocity
profiles. AK135 differs from IASP91 only for the reduced velocity gradients at the inner core

boundary.

Another model derived from body-wave travel times reported in the ISC Bulletins is SP6
(Morelli and Dziewonski, 1993). It comprises P- and S-wave velocity profiles constrained by
these data, and it is similar to the IASP91 and AK135 models but is based on a different
philosophy. Whereas IASP91 and AKI135 were computed for optimal determination of
earthquake locations, SP6 was aimed at the construction of a global average model. Similarly
to the early Gutenberg, J-B and Lehmann models, IASP91 and AK135 are likely biased

towards continents, and the SP6 model was specifically corrected to reduce this bias.

In addition to the global 1D models, a number of widely used continental and oceanic-scale
profiles have been produced over the last 60 years. At continental scale, Brune and Dorman
(1963) computed a layered Vs model of the crust and upper mantle beneath the Canadian
Shield using Rayleigh and Love phase velocities combined with travel-time data. This study
does not show the L discontinuity to occur in normal continental regions around 200 km.
Other two widely used 1D velocity profiles for the tectonically active and cratonic areas of

North America (tectonic North America ‘TNA’ and stable North America ‘SNA’,
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respectively) were computed by Grand and Helmberger (1984) using the waveforms and
travel times of S and SS phases, sampling down to the depth of 900 km. The models show
significant S-wave velocity differences down to 350 km depth, with the velocities of SNA
substantially higher than those of TNA. Based on inversion of long-period surface-wave,
body-wave, and ScS reverberation data, Gaherty and Jordan (1995) computed the radially
anisotropic 1D model (AU3) for the upper mantle beneath stable continental Australia and
western Pacific. AU3 is characterized by an anisotropic mantle above an L discontinuity
located at a depth of around 252 km and an isotropic mantle below and by small jumps of

density, Vp, and Vs across the same discontinuity.

In oceans, shear velocity and anisotropy inversions of surface-wave phase velocities for paths
that traversed the Pacific show a progressive increase in velocity as a function of the age of
the seafloor down to a depth of about 200 km (Nishimura and Forsyth, 1989, 1988). The
velocity minimum and its depth increase with the seafloor age. Oceanic shear-speed profiles
(Dalton et al., 2009) also display a correlation between seafloor age and upper-mantle
attenuation, consistent with laboratory and geodynamic models, relating experimental shear
modulus and attenuation data to temperature and grain size variations (Dannberg et al., 2017;

Faul and Jackson, 2005).

Global, regional, and tectonic-type seismic-velocity models of the upper mantle are routinely
used in geophysical studies, both as reference in seismic imaging work and as representations
of the physical structure of the Earth. Broadly, they can comprise both reference phase-
velocity curves of Rayleigh and Love surface waves and the 1D Vs and Vp profiles. Regional
and tectonic-type models show large differences from the global reference ones and from one

another due to substantial lateral variations in the Earth’s seismic velocity structure.

The first purpose of this study is to derive accurate average phase-velocity models for the
Earth’s main tectonic environments from the very large available datasets. The sampling of
all tectonic types is currently very dense, and the resolution of seismic imaging is sufficiently
high for tectonic units to be distinguished from one another along their boundaries. Secondly,
we appraise the inversion of the data for 1D seismic velocity profiles, with particular
attention to the data sensitivity and the model uncertainty. Example profiles of shear-wave
velocities and their radial anisotropy illustrate the basic properties of the lithosphere of

different ages in the oceans and of different ages, composition, and evolution in the
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continents. Although the seismic-velocity models do not amount to complete physical models
of the Earth such as PREM, they can pave the way for a new generation of such models by
providing accurate phase-velocity data for the Earth’s different tectonic environments.
Specifically, these phase-velocity models can be inverted, possibly together with other
geophysical and geological data, for multi-parameter physical models (e.g., Cammarano et
al., 2005; Fullea et al., 2021), including temperature, composition, density, etc. beneath the

Earth’s main tectonic environments.

We use a massive dataset of phase-velocity measurements of Rayleigh and Love fundamental
modes, obtained with multimode waveform inversion using virtually all available broadband
data since the 1990s. We analyse the depth sensitivity of the surface-wave data and determine
the dependence of the maximum depths of the sensitivity and resolution on the period range
of the phase-velocity measurements for the vertically and horizontally polarised shear-wave
speeds and for radial anisotropy. We then use our very large global dataset to calculate
average Rayleigh and Love phase-velocity curves for the globe and for eight primary
tectonic-type environments on Earth, which we map using tomography-based tectonic
regionalisation. Inverting these broadband phase-velocity curves, we compute new 1D
average seismic models for the globe and for the considered tectonic environments and
analyse their uncertainty and its variation with the radial averaging length, as well as with
depth. We also discuss some immediate inferences from the new models regarding the
variations in the lithospheric structure between different tectonic environments and the cross-

tectonic-type variations in radial anisotropy.

2. Data and method

Surface-wave phase velocities are highly sensitive to the shear-wave velocity within the crust
and upper mantle. The fundamental mode of Rayleigh or Love surface waves is usually the
most energetic arrival on the vertical- or transverse-component seismogram, respectively.
The surface-wave propagation is dispersive in nature, sampling greater depths with
increasing wavelengths. Surface waves at short periods are then more sensitive to the crustal
structure, and long periods are sensitive to depths down to the base of the upper mantle
(Figure 1). Variations in surface-wave dispersion measured along different source-station
paths provide a direct indication of the structure within the Earth, and measurements at

different periods can constrain heterogeneity at different depths.
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2.1. Depth sensitivity of the fundamental mode surface waves

Shear-speed models derived from Rayleigh-wave dispersion represent vertically polarized
shear waves (Vsv) while those constrained by Love-wave dispersion correspond to
horizontally polarized waves (Vsn). In order to assess the sensitivity of phase-velocity curves
to shear-wave velocities at depth we perform a series of specially designed tests. For the
purposes of the inversion, we use the arithmetic isotropic shear-velocity average:

VS — VSV‘;VSH’ (1)

with the radial anisotropy defined as:

Vsu—Vsv
R=—"—""
Vs

, @)
where Vsy and Vsp are the vertically and horizontally polarized shear speeds, respectively.
We assume an isotropic shear-velocity model with minimum complexity, with constant Vg
from the Moho to 200 km depth and with Vs increasing below, similar to most reference
models (black dashed line in Figure 2), and compute Love and Rayleigh phase-velocity
curves for this model. These curves are then inverted using a strong regularisation that pushes
Vsu and Vsy values towards a priori +250 m/s anomalies and, in other tests, towards —250
m/s anomalies throughout the mantle. Where the phase-velocity data has a strong sensitivity
to the structure, the model produced by the inversion will stay close to the ‘true’ model,
despite the regularisation pulling it away from that. At depths where there is no data
sensitivity, the model will deviate from the true one by as much as it is encouraged to do so

by the regularisation.

The results of this series of tests show how the maximum depth of the sensitivity depends on
the maximum period of the data (Figure 2). We distinguish the depth limit of substantial
sensitivity, where, despite the strong regularisation, the output model stays much closer to the
true model than to the regularisation-suggested one, and the depth limit of resolution, where
the sensitivity is strong and sufficient to resolve depth variations and amplitudes of
anomalies. The substantial sensitivity depth limit is estimated as the depth where the Vs
deviation from the true value does not exceed 0.05 km/s, and the resolution depth limit where
the deviation does not exceed 0.02 km/s. We repeat the test inversions with the synthetic data

with different period ranges, spanning from a constant minimum period of 17 s (for Rayleigh
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waves) and 24 s (for Love waves) to a maximum period that is varied (100, 150, 200, 250 and

300 s).

At periods up to 100 s, the sensitivity and resolution depths are similar for Vsy and Vs,
constrained by Rayleigh and Love phase velocities, respectively (resolution depth limits of
200 and 190 km, respectively). At longer periods, the depth sensitivity of Rayleigh waves
exceeds that of Love waves. The Rayleigh phase-velocity curve with a 300 s maximum
period is sensitive to Vsy at depths well into the lower mantle and can resolve Vgy structure
down to the bottom of the MTZ. Love-wave phase-velocity data with a 300-s maximum
period, by contrast, shows substantial sensitivity to Vsu down to 410 km depth only and is

likely to resolve structure accurately down to 370 km.

Radial anisotropy is defined by the difference between Vsv and Vsu (where positive
anisotropy is Vsu > Vsv), and the greatest depth it can be resolved is determined by the Vsu
resolution depth limit, which is the smallest of the two. Isotropic-average Vs resolution depth
limit will, generally, vary between the Vsy and Vsu resolution depth limits, depending on the
anisotropy profile. Where radial anisotropy in the deep upper mantle is strong, isotropic
average Vs will be resolved accurately only up to the depth where Vsy is resolved accurately.
Where the anisotropy is weak and, in particular, is much smaller than the anomalies in Vsv
and Vsu, isotropic-average Vs can be resolved with useful accuracy at depths close to the

resolution limit of Vgy.

The phase-velocity curves used in this study extend up to 310 s periods. According to the
sensitivity testing (Figure 2), the data can resolve Vsy structure down to the bottom of the
MTZ and Vsu and radial anisotropy down to the top of the MTZ. Our results (Section 3)
show that seismic velocities in the MTZ vary between different environments by
substantially more than the values of radial anisotropy in the 300-400 km depth range. If we
can assume that the amplitudes of radial anisotropy in the MTZ and in the 300-400 km depth
range are similar (Lavoué et al., 2021; Visser et al., 2008), then our isotropic average Vs

profiles provide useful accuracy down to the bottom of the MTZ.

2.2. Phase-velocity measurements
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In this work, we use a dataset of over 1.17 million Rayleigh- and 300,000 Love-wave
fundamental-mode phase-velocity curves, across a broad period range of 10-460 s. The
curves were obtained by the Automated Multimode Inversion (AMI, Lebedev et al., 2005) of
waveforms of earthquake recordings, from 6,242 stations and 25,496 events worldwide.
Earthquakes from the Global CMT catalogue (Dziewonski et al., 1981; Ekstrom et al., 2012)
since 1994 were used, with source-receiver distances between 500 and 18,000 km and with
magnitudes above a distance-dependent threshold (Lebedev and Van Der Hilst, 2008;
Schaeffer and Lebedev, 2013). Some data were also selected from the early 1990s (Lebedev
and Van Der Hilst, 2008). AMI extracts information on P- and S-wave velocity variations by
non-linear fitting of time-domain teleseismic waveforms. This information was used to obtain
a number of recent 3D S-wave tomographic models (e.g., Celli et al., 2021, 2020; Chagas De
Melo et al., 2022; De Laat et al., 2023; Lavoué et al., 2021; Schaeffer and Lebedev, 2014).
As a by-product of the time-domain waveform fitting, AMI measures phase velocities for all
modes that contribute significantly to each waveform fit. The interference of the
fundamental-mode Rayleigh and Love waves with higher modes (e.g., Foster et al., 2014;
Hariharan et al., 2020; Nettles and Dziewonski, 2011), which make up S and multiple S
waves, is modelled as part of the multimode waveform inversion and, thus, fully taken into
account, so that it does not affect the accuracy of the phase-velocity measurements. The low
misfit thresholds and anti-cycle-skip precautions taken by AMI ensure that errors in the
measurement of the phase of the signal are negligible. The main sources of errors come from
the uncertainties in the hypocentre locations and origin times of the events, as well as the
unaccounted-for fundamental-mode diffraction (e.g., Legendre et al., 2012). The dataset
provides dense, broadband data coverage of the entire globe. The recent work of Moulik et al.
(2021) demonstrates that the ray coverage of our fundamental-mode Rayleigh waves’
collection is one of the highest among different datasets (Beucler and Montagner, 2006;
Debayle and Ricard, 2012; Ekstrom, 2011; Ma et al., 2014; Ritsema et al., 2011; Yoshizawa
and Kennett, 2002), with global average of hit counts for these waves greater than 3000. Our
dataset provides finely sampled dispersion curves resulting in a very large number of data.
The highest-frequency phase-velocity measurements tend to come from shorter paths,
whereas the lowest-frequency measurements are from long paths. In this study, we invert
only the fundamental-mode data, leaving the inversion of higher modes for future work. The
fundamental-mode measurements are more numerous and yield global phase-velocity maps

with higher lateral resolution than higher-mode potentially could (Masters et al., 1982),
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which is important for accurately sampling and separating the areas of different lithospheric

types and ages.

2.3. Phase-velocity tomography

We invert the Rayleigh- and Love-wave fundamental-mode measurements for phase-velocity
maps at different periods. In order to obtain a dense sampling of the frequency range of the
measurements, we compute maps at 98 different periods, with a logarithmic sampling
interval increasing with the period (Agius and Lebedev, 2014). At each period, all phase-
velocity measurements are inverted together in a large linear system (Zhang et al., 2009,
2007) for the 2D distribution of Rayleigh- and Love-wave phase velocity and its 2y and 4y
azimuthal anisotropy, respectively. Each map is parametrized on a triangular grid (Wang and
Dahlen, 1995) with an average 200-km interknot spacing. The reference velocity of each map
is the average over all the phase-velocity measurements at the considered period. In order to
ensure regularisation consistency across different periods, we vary the regularisation
coefficients on each phase-velocity map by taking into account the different data sampling.
Figure 3 shows examples of Rayleigh- and Love-wave phase-velocity maps at different

periods (25, 50, 100, and 250 s for Rayleigh and 35, 50, 100 and 250 s for Love waves).

In order to minimize the impact of errors in the measurements on phase-velocity maps, we
exploit the data redundancy of the dataset and select only the most mutually consistent data
through an a posteriori outlier rejection procedure. At every period, we use the first-iteration
phase-velocity map to compute synthetic data by multiplying the sensitivity matrix and the
model vector. We then compare the synthetic and real data and discard the measurements
with the largest misfits. In our study, we keep thus-selected, most-mutually-consistent 70% of

the initial dataset and compute the final phase-velocity maps with these “de-noised” data.

2.4. Local and average phase-velocity curves

Our set of phase-velocity maps yields a total of 16,380 Rayleigh and Love phase-velocity
curve pairs (Figure 4), with one pair at each knot of our 2°-spaced global grid. We now
extract the dispersion curves point by point from the phase-velocity maps and split them
according to the tectonic environment they belong to, using a tomography-based tectonic

regionalisation of the Earth.

10
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In this study, we refine the tectonic regionalisation by Schaeffer and Lebedev (2013), which
used their SL2013sv tomographic model and the cluster analysis method, applied previously
to tomography-base regionalisation by Lekic and Romanowicz (2011). We resample the
tomographic model on a finer lateral grid than the original one, with 1D shear-speed profiles
every 10 km and with a depth range between 30 and 350 km, to avoid spatial aliasing. The
clustering analysis is carried out using the MATLAB implementation of the k-means
algorithm. We refer to Schaeffer and Lebedev (2015) for the details of the k-means analysis.
The 6 sets into which the shear-speed profiles were partitioned naturally distinguish the
oceanic and continental lithospheres and the different types of each. The tectonically
meaningful types of environments come out naturally and can be identified as: i) Archean
cratons, ii) stable platforms, iii) Phanerozoic continents; iv) old-age oceans, v) intermediate-
age oceans, and vi) ridges, backarcs and rifts (Schaeffer and Lebedev, 2015). In order to
capture the differences in seismic velocities and anisotropy within the different tectonic
environments of region vi), we further manually divide it into three geologically different
lithospheric sub-types: rifts and continental hotspots; young oceans and ridges; backarcs

(Figure 5).

We then compute the average Rayleigh and Love phase-velocity curves for the globe (Figure
4) and for each tectonic environment (Figure 6). The averaging of hundreds of point-by-point
curves produces robust average phase-velocity curves for each region. Most of the
measurements at the shortest periods are obtained from shorter paths, distributed unevenly.
As a result, global maps at periods shorter than 17 s for Rayleigh and 23 s for Love show
gaps in the data coverage. The greater phase-velocity variability at short periods relative to
long periods reflects the greater lateral heterogeneity in the crust (e.g., Ekstrom et al., 1997;
Laske, 1995). For periods greater than 17 and 23 s for Rayleigh and Love waves,
respectively, phase-velocity measurements are available along paths that are more numerous,
have a broader range of source-station distances, and are distributed more evenly, resulting in
a complete global coverage. The source-station path coverage —and, thus, the resolution—
decreases at periods greater than 310 s. The shortest- and longest-period tails of the
dispersion curves are thus removed, to avoid biases. The final Rayleigh and Love-wave

average curves span the period range of 17-310 s and 23-310 s, respectively.

11
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The phase-velocity maps are a result of the inversions of the phase-velocity measurements,
and the phase-velocity curves we use in this work are averaged over regions of the maps. It is
not possible to relate the errors on these average dispersion curves to the estimated errors of
original, source-station, phase-velocity measurements that go into the phase velocity maps.
Errors of those original measurements were dealt with in a statistical manner by identifying
and removing the least mutually consistent data (Section 2.3). The remaining errors manifest

in frequency dependent noise in the phase-velocity maps.

The cratons’ average dispersion curves do not differ substantially from the stable platforms
and Phanerozoic continents’ ones at the periods that sample primarily the crust (<25 s) but
are faster than all the other continental curves at intermediate and long periods (Figure 7A)
due to their thick, cold, high-velocity mantle lithosphere. Rifts and continental hotspots show
the lowest average velocity at periods > 60 s. Rifts show the highest velocities at short
periods due to their thin crust relative to the other continental regions. Among oceanic
regions, backarcs display the lowest velocities at intermediate periods, followed by young

oceans, intermediate oceans, and old oceans (Figure 7B).

2.5. Inversion for 1D shear-velocity models and radial anisotropy

The global and tectonic-type average Rayleigh- and Love-wave dispersion curves can be
inverted for 1D profiles of the arithmetic-isotropic average shear-wave speed Vs and radial
anisotropy (Bonadio et al., 2021; Endrun et al., 2008; Lebedev et al., 2006). The Voigt
average or a quadratic definition of radial anisotropy can be calculated from the resulting Vs
and R if desired. To obtain radial anisotropy and isolate the isotropic-average seismic
velocity relatable to the temperature and composition of the rock at depth, the Rayleigh and
Love dispersion curves have to be inverted simultaneously (e.g., Anderson, 1961; Fullea et

al., 2012; Lebedev et al., 2006; Montagner, 2007).

The inversion is performed using a fully non-linear, Levenberg-Marquardt gradient search
(Lebedev et al., 2006; Meier et al., 2004). The search direction is computed at each iteration
with the Rayleigh- and Love-wave synthetic phase velocities calculated directly from the
anisotropic Vsmodel using a fast, streamlined version of the MINEOS modes code (Agius
and Lebedev, 2013; Nolet, 2008; Ravenna and Lebedev, 2018). The non-linear inversion

algorithm minimizes the synthetic-data misfit and converges to a best-fitting solution, with no

12
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linearization of the forward problem. Compressional velocity Vp has a small but non-
negligible influence on the phase velocity. Perturbations in Vp are assumed isotropic and
coupled to the perturbations in isotropic-average shear velocity as 6 Vp (m/s) = 6 Vs (m/s).
They are not shown here for brevity. Perturbations are controlled by basis functions, in the
shape of boxcars in the crust and triangles in the mantle down to the uppermost lower mantle,
with denser sampling at shallower mantle depths (Agius and Lebedev, 2014; Bartzsch et al.,
2011; Zhang et al., 2009). These functions sample the sensitivity depth range of the inversion
parameters, Vs and radial anisotropy. The 410- and 660-km MTZ discontinuities are
parameterised using pairs of half triangles, one above the discontinuity and the other below.
The depth of the Moho and the crustal layer discontinuities are additional inversion
parameters. Slight norm damping and vertical gradient damping were applied to both the
isotropic Vsand to radial anisotropy parameters, with the regularisation parameters chosen
empirically so as to discourage highly oscillatory, physically unrealistic models resulting
from fitting noise but not to affect the amplitude of the structure required by the data. All the
Vs models are perturbed from the surface to the topmost lower mantle (~1000 km depth),

with the surface topography taken into account.

3. Results

3.1. Phase-velocity maps

The set of Rayleigh- and Love-wave phase-velocity maps samples the entire Earth's surface.
The distribution of the phase velocities is smooth and continuous, both laterally and across
most periods, with periods of 50-100 s sampled by the largest number of paths (Figure 3).
Only for periods shorter than 20 s for Rayleigh and 30 s for Love, some gaps in the path
coverage are present, especially in the oceans and in the African continent. Thanks to the
large dataset and dense global coverage, we can resolve features on a finer scale than
previous global phase-velocity maps and in a much broader period range than in previous
studies (Dalton and Ekstrom, 2006; Durand et al., 2015; Ekstrom, 2011; Trampert and
Woodhouse, 1995). For example, features like the strong low-velocity anomalies close to
Iceland and beneath the Afro-Arabian rift system show very clear geometries that match
recent tomographic images (Celli et al., 2021; Civiero et al., 2022). In West Africa and

Australia, our maps resolve separate high-velocity cratonic cores where previous results
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showed smoother units, highlighting the gain in the resolving power of our inversions, using

new data.

At short periods (~20-30 s), the maps show high velocities in the ocean basins, as expected
for the oceanic lithosphere (Figure 3). In the continents, thicker crust is reflected in lower
phase velocities, and the lowest ones occur in major orogenic belts including the American

Cordillera, Andes, Zagros, and Tibet, where the crust is particularly thick.

At intermediate periods (50-150 s), the fundamental-mode Rayleigh waves sample mostly the
lithosphere in the thickest-lithosphere continents and both lithosphere and asthenosphere
elsewhere (Figure 1). North-Eastern North America, Western Australia, Eastern Siberia,
Eastern Europe, the Sdo Francisco and Congo Cratons stand out with strong high-velocity
anomalies. Below the mid-ocean ridges, the maps show low-velocity anomalies, with the
lowest velocities under the fast-spreading centres, in particular the East Pacific Rise.
Hotspots, rift regions and backarc basins also display pronounced low velocities, especially

below Iceland, the East Africa-Arabia rift system, and Southeast Asia.

Longest-period surface-wave sensitivity spans from the base of the lithosphere down to the
MTZ (Figures 1 and 2). This broad sensitivity-depth range makes the visual interpretation of
the phase-velocity maps less intuitive compared to shorter period maps. For example, the
signal of Vs anomalies within subducting slabs is averaged together with that from the depth
ranges directly above and below them. At periods 200-300 s, we still observe prominent low-
phase-velocity anomaly below the East African Rift, probably due to the hot mantle plume
material rising beneath this region (Bastow et al., 2008; Boyce et al., 2021; Civiero et al.,
2019, 2015), which propagates laterally from Afar to Tanzania (Civiero et al., 2022). Low
velocities are also seen below south-western North America where a spreading centre appears
to have been subducted recently (Zhang et al., 2014). Strong high-phase-velocity anomalies
are seen in the Love-wave maps across cratonic Western Australia, Western Africa, North-

eastern America, and Siberia.

3.2. Computing a global-average shear-velocity profile

In order to find profiles that fit both the surface-wave data and other available data, existing

information on the crustal thickness, structure, velocity and density was included in the
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background models. We average the values of the discontinuity depth, Vp, Vs, and density p
for each crustal layer in the global model of Earth’s crust CRUST1.0 (Laske et al., 2013) and
insert these parameters in the background model. The Moho discontinuity depth is fixed
during this inversion. The average values are shown in Supplementary Table T1. In the
mantle, the background model is a modified version of AKI35 (Kennett et al. 1995),
recomputed at 50 s and characterized by constant shear velocities of 4.45 km s from the
Moho down to ~200 km depth and linearly increasing shear velocities below. The reference
period of the model is 50 s, approximately in the middle of the period range of the data, in the
logarithmic sense. This minimizes errors from uncertainties in the attenuation structure of the
mantle (Lebedev and Van Der Hilst, 2008) as shorter-period surface waves (20—50 s) sample
the largest variations in Q, including sharp Q decreases beneath mid-ocean ridges and
backarc basins due to the partial melting there (Forsyth et al., 2008). Density and the
compressional and shear attenuation factors are fixed at the reference values, taken from
PREM (Dziewonski & Anderson 1981) and AK135 (Kennett et al. 1995), respectively. The

eta parameter is assumed to be 1.

We now use the average Rayleigh and Love dispersion curves for the globe and eight tectonic
environments to solve for 1D depth-dependent profiles of Vs and R that are representative
examples of the models within the uncertainties (Section 4.3). The 1D models yielded by the
inversions are non-unique, as a range of different models can fit the data almost equally well.
A global 1D Vs model is shown in Figure 8, and the same model is plotted in Supplementary
Figure S1 on top of the density distribution of the 1D shear-speed profiles extracted from the
global tomographic model SL2013sv of Schaeffer and Lebedev (2013).

The dispersion curves that constrain the model are very smooth, indicating very small
random errors. We re-iterate that the phase-velocity maps at different periods are obtained in
inversions independent from one another. The phase-velocity curve at each point is
constructed using values at this point from all the 98 maps. There are errors in these maps,
they are frequency-dependent and, because each map is computed independently from all the
other ones, these cause roughness on the point-by-point phase-velocity curves. The errors are
reduced greatly by averaging over the numerous points across each tectonic environment,
which the smoothness of the curves confirms. The remaining errors can be seen in the

oscillations of the misfits with period but are well below 0.1% almost everywhere.
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The total misfit is the sum of those for the Love and Rayleigh dispersion curves. In this
inversion and in the following, we express the relative surface-wave misfit as the synthetic
minus observed Rayleigh- and Love-wave phase velocities, divided by the observed phase
velocities. Here, the model fits the data closely despite the global dispersion curves averaging
over different tectonic environments. The misfit is very low, less than 0.1% at all periods for
both types of surface waves. The largest misfit is at the shorter periods where sampling the
greatest heterogeneity in the crust and uppermost mantle and is primarily due to the non-
linearity of the relationship between the surface-wave phase velocities and the shear and

compressional velocities at depth.

Beneath a 1.4-km deep-water layer, the model comprises a 4.5-km thick upper crust with
relatively low velocities in it, a higher-velocity, 13-km thick middle crust, and a higher-
velocity lower crust down to 23 km depth. A zoom on the Vsin the first 50 km depth is
shown in Supplementary Figure S2. In the uppermost ~100 km of the mantle, the data require
relatively high isotropic-average shear velocities, up to 4.5 km/s (Figure 8). Between 150 km
depth and the top of the MTZ, shear speeds are close to AK135 while within the MTZ they
are slightly lower. Compared to PREM, the isotropic Vsis higher in the shallowest upper
mantle and in the MTZ.

The observed Rayleigh-wave average dispersion curve is close to that of PREM in its entire
period range. The Love-wave average phase-velocity curve, by contrast, is noticeably faster
than that predicted by PREM (Figure 8aiii). The Love-Rayleigh discrepancy (McEvilly,
1964) has long been attributed to radial anisotropy (Anderson, 1961). Radial anisotropy
required by our global dataset is greater than that in the PREM model. Unlike in PREM,
anisotropy is present in all the crustal layers in our model (Supplementary Figure S2).
Between the Moho and 250 km depth, it is strongly positive, with values reaching 3% (Figure
8). By contrast, below ~300 km depth, slightly negative anisotropy (0.5-1.0%) is required by
the data, down to the bottom of our model. This is a robust feature present in all models that

fit these data.

To verify that the negative deep anisotropy is required by the data, we perform a test
inversion, in which we constrain the radial anisotropy at depths greater than ~250 km to be
zero, whereas all the other parameters are allowed to vary freely (Figure 9). We observe that

if we prohibit the anisotropy to be negative in the deeper asthenosphere, the misfit
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deteriorates at long periods (T > 150 s). This indicates that an isotropic upper mantle below
250 km would be inconsistent with the data and negative radial anisotropy (Vsv > Vsn) is

required. The inferences from this observation are discussed in Section 4.

3.3. Tectonic-type shear-velocity profiles

Inversions for representative 1D radially anisotropic shear-velocity profiles for the eight
tectonic types (Figure 10 for continents and Figure 11 for oceans) also include the average
crustal parameters (Vp, Vs, density p and the discontinuity depths of the upper, middle, and
lower crust as well of the sedimentary and water layers) extracted from the CRUST1.0 model
in their reference models. The average discontinuity depth, Vp, Vs, and density of every layer
for each tectonic environment are shown in Supplementary Table T2. We fix the average
CRUST1.0 Moho depth for all models, apart from that for cratons, which has the crust
located slightly deeper, at 40 km depth (Christensen, 1995; Mooney et al., 1998). In all the
oceanic-type environments, we add a water layer with an average thickness for it and, in the
case of intermediate and old oceans, a thin sedimentary layer of 70 m. A sediment layer in the

continents is not necessary to explain the measurements.

For each type, we show the isotropic shear-speed profile, the Vsu and Vsy profiles, and radial
anisotropy down to 700 km depth. In Supplementary Figures S3 and S4, we plot our
continental and oceanic Vs models, respectively, on the background 2D histograms of the 1D
shear-speed profiles extracted from the global tomographic model SL2013sv of Schaeffer and
Lebedev (2013). The comparison confirms a broad consistency of the Vgy distributions and,
also, illustrates radial anisotropy and the extent to which the isotropic average Vs profiles

deviate from the Vsy ones due to it.

The models have substantial uncertainties for fine-scale radial variations in Vs (Section 4.3).
Broader scale features, by contrast, are more robust and indicate substantial variations in
shear velocities between different lithospheric types. For the global and continental models,
the misfits are under 0.1% for almost all periods (Figures 8 and 10). For oceanic models
(Figure 11), the misfits exceed 0.1%, in some cases, at the shortest periods included (<20 s
for Rayleigh waves and <30 s for Love waves). This discrepancy is probably due to the

averaging over areas with a range of different water depths and the strong, non-linear
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dependence of phase velocities on the water layer thickness and crustal structure (e.g.,

Kustowski et al., 2007; Lebedev et al., 2013; Montagner and Jobert, 1988).

In order to illustrate better the characteristics of the shallow velocity structure and radial
anisotropy, we also show the same profiles with a zoom on the crust and uppermost mantle in
Supplementary Figures S5 and S6. The dispersion curves at short and intermediate periods
are sensitive to the layering of shear-wave velocity within the crust. Supplementary Figures
S5 and S6 illustrate the layering of the continental and oceanic crust in the different

environments.

Radial anisotropy can be interpreted in terms of lattice-preferred orientation (LPO) of
intrinsically anisotropic grains caused by flow due to present-day or past episodes of
deformation. It thus provides crucial information on the dynamics of the lithosphere and
underlying mantle (e.g., Becker and Lebedev, 2021; Fouch and Rondenay, 2006; Mainprice,
2015). Surface-wave dispersion measurements are particularly well suited to determine radial
anisotropy. Our results show significant variations of radial anisotropy with depth and with
the tectonic environment. In continents, positive radial anisotropy (Vsu > Vsv) is present
within the crust and increases with depth. The best-fitting models for Phanerozoic continents
and stable platforms have the strongest lower-crustal radial anisotropy, exceeding 2.5%
(Supplementary Figure S5). Radial anisotropy increases in the uppermost mantle beneath
continents and reaches a peak of 3-4% in the 50-100 km depth range (Figure 10). From this
peak, it decreases gradually with depth down to 280-330 km, at which depth the sign of radial
anisotropy flips from positive to negative beneath cratons and stable platforms. Beneath
Phanerozoic continents, anisotropy is close to zero at around 260 km. Beneath rift zones,
anisotropy reaches its minimum, most likely, negative, values around 200 km depth but
increases to ~2% at greater depths. The depth of the anisotropy sign flip is deeper in older
lithosphere types. The sign change occurs at 260 km in the Phanerozoic continents, at 300 km

in stable platforms, and at 330 km in cratons.

In the oceanic models, negative anisotropy (Vsv > Vsn) is present in the uppermost mantle
lithosphere (Figure 11 and Supplementary Figure S6). In order to confirm that the negative
anisotropy in the uppermost mantle is a robust feature, we perform test inversions (Figure
12), forcing the shallow lithosphere to be isotropic down to ~50 km depth, which is where a

sign change to positive is observed in real models (Figure 11). The tests show that if we fix
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the anisotropy to zero a priori, the data fit worsens considerably at the short and intermediate
periods, even if isotropic and anisotropic structure elsewhere is allowed to vary freely,
indicating that negative anisotropy is required in the shallow lithospheric mantle. Below ~50
km depth, anisotropy is positive and increases with depth, reaching a maximum at around
100 km depth for all types of oceans, with the largest values exceeding 5% observed in the
intermediate oceans and the smallest values up to 2.6% in the backarc-average profile.
Below, this maximum radial anisotropy decreases and reaches negative or near-zero values at

220-270 km depths (Figure 11).

The overall increase in the lithospheric thickness and seismic velocities with increasing age is
displayed by both oceanic and continental models (Figure 13). In continents, the tectonic-
type-average seismic velocities and lithospheric thicknesses increase, progressively, from the
rift zones to Phanerozoic continents, stable platforms, and Archean cratons (Figure 13A). In
the oceans, the models show a strong dependence of the thickness and seismic velocity of the
lithosphere on its age, with velocity increasing with the age of the oceans as expected

(Figure 13B).

3.4. Uncertainties of the Vs models

We compute uncertainties of the Vs models using the model-space-projection technique
(Bartzsch et al., 2011; Lebedev et al., 2013). The uncertainty of each parameter, assigned to a
basis function sampling a certain depth range, is determined using a set of inversions. In each
of these inversions, the value of the parameter (the perturbation of Vs at a depth or in a depth
range) is fixed at a certain value, while all other parameters can vary freely. The fixed value
of the parameter being investigated is varied from inversion to inversion, in a broad total
range. The misfits yielded by these inversions form a valley, centred at the optimal model.
The method accounts for the trade-offs between all the inversion parameters and yields a
projection of the best-fitting ellipsoid in the model space onto a smaller-dimensional
subspace (Bartzsch et al., 2011; Lebedev et al., 2013), in this study a 1D subspace of one

parameter only.

Defining a threshold for the misfit, we can obtain the uncertainty for a given parameter. The
choice of the threshold depends on the errors in the data. An estimate of the errors in the data

is given by the roughness of the dispersion curve, which cannot be explained by any Earth
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structure because of the inherent smoothness of error-free phase-velocity curves (Ravenna et
al. 2018; Bonadio et al. 2021). The roughness can be estimated using a weakly regularised
initial inversion of the phase-velocity curves for a Vs model. This model is not required to be
realistic and is, typically, highly oscillatory. Subtracting the dispersion curves computed for
this model from observed ones isolates the roughness on the latter and yields an estimate of
the frequency-dependent errors on the data (Ravenna et al. 2018; Bonadio et al. 2021). The
errors are around 0.1% at most periods, about an order of magnitude smaller than the
dispersion-curves errors often seen in the literature. The very small errors are thanks to the
averaging over large sets of points on the phase velocity maps constrained by massive,

accurate datasets.

We defined the misfit threshold as Mo + 2 (Mmin — Mo), where M is the root-mean-square
(RMS) data-synthetic misfit for the Rayleigh and Love phase velocities for the weakly
regularised inversion, and Mmi, is the smallest RMS misfit of all the inversions with normal

regularization, which combine to yield the model space projection.

We show an example on how the uncertainty is calculated at 150 km depth in the cratonic
profile in Figure 14. Similar calculations are performed for all the parameters in the upper
mantle, for all the tectonic types (Figure 15). The error bars for each parameter in Figure 15
are plotted at the central depth of each triangular basis function corresponding to the

parameter.

Importantly, the uncertainty of Vs values in the profiles depends on the width of the layer that
they average over and on the depth of this layer below the surface. In order to quantify this
dependence, we apply the model space projection to layers of different thickness, made up of
multiple neighbouring basis functions (Figures 16 and 17). In these experiments, parameters
corresponding to two or three consecutive basis functions are fixed at the same value during
the inversion and all other parameters can vary freely. The tests are conducted for different
depths in the upper mantle using the average dispersion curves of the cratons. Each of these
tests produces a measurement of the uncertainty for a given layer thickness and a given depth

(Figure 17).

The narrower the Vs depth range in question, the more uncertain the Vs value in this range is.

This uncertainty principle is also illustrated in Figure 18, which shows the uncertainty of the
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isotropic Vs value within a depth range in the model depending on the width of the depth
range (20, 50, 100 and 200 km) and its depth.

3.5. A simplified global average shear-velocity profile

Finally, we use the global average dispersion curves to compute a 1D global seismic model
with minimal structural complexity in the upper mantle (Figure 19). This minimalistic 1D
model is similar to the best-fitting one in terms of anisotropy but, contrary to the best-fitting
models, does not show a low-velocity zone at sub-lithospheric depths, at the cost of an

increase in misfit.

The Vs isotropic average is similar in appearance to the AK135 model (Kennett et al., 1995).
The profile is characterized by nearly constant isotropic-average shear velocities in the upper
mantle down to 200 km depth and linearly increasing shear velocities below 200 km depth.
This ‘AK135-style’ model does not correspond to a realistic geotherm (e.g., Fullea et al.,
2021; McKenzie et al., 2005). It also explains the data substantially worse than the best-
fitting global seismic profile shown in Figure 8, with the synthetic-data misfit deteriorating at
longer periods (misfit up to ~0.3% for Rayleigh waves and up to ~0.15% for Love waves)
(Figure 14). However, such a smooth, seismic model, constrained by a large global dataset,

can be used as a useful reference for seismic imaging studies.

4. Discussion

The upper mantle beneath the continents and oceans is strongly heterogeneous. Our models
(Figures 10 and 11) display shear-speed values representative of the full range of different

primary tectonic environments.

The best-fitting tectonic-type shear-velocity profiles can be simplified, for example by the
removal of the gradients between the Moho and a ~200 km depth in the mantle (i.e.,
assigning a constant Vs in the depth range). Along with our global reference model, they can
thus serve as useful 1D background models for seismic imaging studies at regional scales, in

different tectonic environments.

The key parts of the global and tectonic-type models are the broadband phase-velocity curves
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of the Rayleigh and Love waves. The Vs profiles that accompany them are non-unique and
should be viewed as representative examples of the models that fit the data. The uncertainty
of these models is primarily due not to random noise in the data, which is small, but to the
trade-offs between different model parameters, in particular seismic velocities at adjacent
depths. The phase-velocity component of the models gives the user the freedom to construct

new models, seismic or multi-parameter (e.g., Cammarano et al., 2005; Fullea et al., 2021).

Our models also include radial anisotropy profiles, prompting interesting new inferences.
Figure 13 shows that unlike Vs profiles, which present systematic variations with the
lithospheric age, radial anisotropy profiles show similar features within the oceanic and
continental domains. A similar observation was made based on the SEMum clustering
analysis by Lekic and Romanowicz (2011), who reported a peak in anisotropy at ~150 km
depth beneath continents and a rapid decrease below. In our profiles, anisotropy peaks at
around 80-100 km beneath continents and at 140-150 km depth beneath oceans and decreases
to around at 200-300 km depth in both cases, and changes sign to negative at greater depths

1n most tectonic environments.

Previous studies have shown that radial anisotropy is ubiquitous in both continental and the
oceanic upper mantle (Beghein et al., 2006; Debayle and Kennett, 2000; Gaherty, 2004;
Hofmann et al., 1997; Montagner, 1994; Nishimura and Forsyth, 1989; Schlue and Knopoff,
1977; Visser et al., 2008). However, a consensus on the large-scale pattern of radial

anisotropy in the Earth’s mantle has not yet been reached.

Some seismological and experimental studies report anisotropy within the MTZ (Beghein et
al., 2006; Guan et al., 2022; e.g., Trampert and Van Heijst, 2002; Wookey et al., 2002; Yuan
and Beghein, 2013), but uncertainties are large (Beghein et al., 2006) and most studies agree
that most of the upper mantle signal comes from above ~300 km (e.g., Kustowski et al.,
2007; Montagner and Kennett, 1996; Moulik and Ekstrém, 2014; Panning and Romanowicz,
2006). This has been commonly associated with the dominance of the dislocation creep
mechanism over diffusion creep at these depths (e.g., Gaherty and Jordan, 1995; Karato,
1992; Mainprice et al., 2005). Montagner and Tanimoto (1991) used a global surface-wave
dataset and reported anisotropy at 200-300 km depths that they interpreted as due to vertical
flow beneath the ridges. Gu et al. (2005) found that beneath the East Pacific Rise the faster

axis of radial anisotropy changed from a horizontal orientation at ~100 km depth to a vertical
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orientation at ~200-300 km depth. This change in the polarity of radial anisotropy was
interpreted as being due to a change in direction of mantle flow from horizontal
asthenospheric shear at shallow sub-lithospheric depths to vertical flow in the deeper upper

mantle beneath the ridge.

Mapping seismic anisotropy in the deep upper mantle has been challenging because the
vertical resolution of most datasets decreases with depth. The data used here include a broad
period range, with periods of up to ~310 s, and are sensitive to shear-wave velocity and its

radial anisotropy at greater depths than in most previous studies, down to the MTZ (Fig. 2).

In Figure 20 we compare our new, global-average radial anisotropy profile with previously
published ones. In the top 200 km of the mantle, positive radial anisotropy (Vsu > Vsy) is
seen in all the models of spherically averaged anisotropy. The radial anisotropy profiles,

however, show significant differences in the deep upper mantle.

The change of polarity from positive to negative values seen in our model at around 300 km
depth also occurs in the Savani model (Auer et al., 2014) and BM12UM model (although
only to 350 km depth) (Burgos et al., 2014). SEMUCB-WMI (French and Romanowicz,
2014) and SGLOBE-rani (Chang et al., 2015) models show a slightly negative anisotropy
(less than 1%) as well but at greater depths, within the MTZ. SAW642AN (Panning and
Romanowicz, 2006) and the model of Visser et al. (2008) indicate a slightly shallower (200-
250 km depth) flip to negative values (Figure 20). Our new model shows negative anisotropy
(Vsv > Vsn) down to the bottom of the MTZ. As illustrated in Figure 2, the resolution of the
anisotropy decreases below 400 km depth, but there is still substantial data sensitivity to it,

even though we may not be resolving the depth variations as well as at shallower depths.

The model-space-projection method yields an estimate of 0.61% for the uncertainty of
anisotropy across the 300-660 depth range (Figure 21). At a single point, the uncertainty
would be much larger—in our model and in any other model. But over the broader depth
range, anisotropy is constrained much tighter, as is Vs (Figures 16-18). The tests thus confirm
that anisotropy is most likely to be negative in the lower half of the upper mantle. Another
series of tests shows that the uncertainty of anisotropy in the top 50 km of the lithosphere
beneath “intermediate” oceans is 2.51%, validating the observation of negative anisotropy

there (Figure 21).
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Model disagreements indicate that the effects of radial anisotropy on seismic data still cannot
be easily separated from the effects of the isotropic structure. The discrepancies between
radially anisotropic models may result from data uncertainties, poor data coverage, or the use
of different modeling techniques (e.g., Chang et al., 2014). The influence of the crust on
surface waves can also be responsible for some differences in the mantle (Levshin and
Ratnikova, 1984), even though a priori crustal models are usually included in the inversion to

account for this effect (e.g., Bozdag et al., 2011; Ferreira et al., 2010; Kustowski et al., 2008).

Radial anisotropy is universally accepted to be present in the upper ~200 km of the mantle
(e.g., Dziewonski and Anderson, 1981). Intriguing lateral variations have been observed,
particularly in the oceanic basins (Gung et al., 2003; Hofmann et al., 1997). Efforts to map
seismic anisotropy in the oceans range in scale from global surface-wave studies to regional
experiments (e.g., Beghein et al., 2014; French and Romanowicz, 2014; Hofmann et al.,
1997; Montagner, 2002; Moulik and Ekstrom, 2014; Russell et al., 2022, 2019; Takeo et al.,
2018, 2013). Nonetheless, an agreement between them, especially at shallow mantle
lithospheric depths, is relatively poor. Below the oceanic lithosphere, Vsu generally exceeds
Vsy by a few percent (Kustowski et al., 2008; Nishimura and Forsyth, 1989; Shapiro and
Ritzwoller, 2002), a pattern expected for horizontal flow. Regan and Anderson (1984) were
the first to present radial anisotropy models of the upper mantle based on a tectonic
regionalization of the oceans and reported Vsu> Vsy nearly everywhere, apart from the East
Pacific Rise, where they found Vsv> Vgsu at 100-220 depth, consistent with ascending flow.
Along the southern East Pacific Rise, azimuthal anisotropy of short-period Rayleigh waves
reaches a minimum at the ridge axis (Forsyth et al., 1998), consistent with either a component
of vertical upwelling or not yet established horizontal flow. The radially anisotropic model of
the Pacific upper mantle by Hofmann et al. (1997) displays a broad anomaly in radial
anisotropy in the northern Pacific, with its centre near Hawaii. The 5% amplitude of this
anomaly, which reaches a maximum at 150 km depth, has been confirmed by Boschi and
Ekstrom (2002). At regional scales, some recent studies using ocean-bottom seismometers
and higher frequency surface waves, sensitive to the shallow lithosphere, reported Vsu> Vsv
in shallow oceanic lithosphere (e.g., Russell et al., 2019; Takeo et al., 2013; Yang et al.,
2020). This adds to the evidence from the active-source experiments in the Pacific that
indicated strong azimuthal anisotropy in the uppermost mantle (e.g., Kodaira et al., 2014;

Mark et al., 2019; Morris et al., 1969; VanderBeek and Toomey, 2017).
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Our results provide new evidence on shear-wave anisotropy at lithospheric and
asthenospheric depths, based on a very broadband surface-wave dataset. We observe Vsu <
Vsy in the shallow oceanic lithosphere. Some indications for this feature can be seen in some
of the previous models (Burgos et al., 2014; Moulik and Ekstrém, 2014), although many
other models do not contain it—possibly, in part, due to the relatively course parametrization

often used for the uppermost mantle in large-scale studies.

The negative anisotropy can be explained by radial flow beneath spreading centres. If so, this
fabric is likely to be frozen into the lithosphere close to the ridges. The deeper part of the
lithosphere is formed later, as the plate thickens while moving above and shearing the

underlying asthenosphere, and this is where we observe Vsu> Vsy.

The shallow mantle lithosphere beneath the oceans thus shows both negative radial
anisotropy (Vsu < Vsv), consistent with vertical flow at the time of its formation, and
azimuthal anisotropy with fast-propagation directions aligned with the paleo-spreading (e.g.,
Becker et al., 2014; Schaeffer et al., 2016), which is consistent with spreading-parallel
horizontal flow. In the vicinity of the ridge, where the upper lithosphere forms, vertical flow
upwards coexists with the horizontal flow away from the ridge. Our observations show that
the preferential alignment of the olivine crystals within the lithosphere reflects this corner
flow. A significant proportion of the olivine crystals are likely to be oriented vertically, and a
significant proportion of the remaining ones along the spreading-parallel horizontal flow
lines. Vs anisotropy in olivine, the dominant mineral in the upper mantle, is around 18%
(e.g., Mainprice et al., 2000). Thus, negative radial anisotropy of a few percent and azimuthal
anisotropy of a few percent can be accounted for by the preferential alignment of some of the
olivine crystals in the vertical direction and some of the crystals—in the spreading-parallel

horizontal direction.

5. Concluding remarks

The recent increase in the global sampling of the Earth with seismic data presents an
opportunity to produce new models of the upper mantle at global and regional scales,
constrained by very large surface-wave datasets. Our new set of pairs of Rayleigh and Love

phase-velocity curves for the Earth’s main tectonic environments spans a very broad period
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range and presents useful data for the creation of seismic or multi-parameter 1D models.
Example 1D seismic models fit the data very closely, with misfits under 0.1% at most
periods. The Vs uncertainty in these models is large for Vs variations in small depth ranges

(thin layers) but decreases with an increasing layer thickness.

Seismic velocities and the inferred lithospheric thickness vary systematically with the age of
the lithosphere in both continents and oceans. A change in the sign of radial anisotropy from
positive to negative values at ~200-300 km depth is observed and well constrained in both the
global and most tectonic-type models. In the young, intermediate, and old age oceanic
models, substantial negative anisotropy in the shallow mantle lithosphere, down to ~50 km
depth, is required by the data. A minimum-complexity, global-average 1D profile can be used

as a smooth initial model in tomography and other imaging analyses.

Surface waves are highly sensitive to the Vs and thermal structure of the lithosphere and
underlying upper mantle. Yet, the uncertainty of Vs models yielded by the inversion of
surface wave data—even when they are very accurate and span a broad period range—is
large at the radial length scales comparable to the entire thickness of the mantle lithosphere in
thin-lithosphere environments. Accurate additional information is required in order to reduce
the uncertainty of the profiles and can be incorporated into multi-parameter thermodynamic
inversions of surface-wave data (e.g., Cammarano et al., 2005; Fullea et al., 2021; Lebedev et

al. 2023).
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Figure 1. Depth sensitivity kernels of surface waves at four periods (25, 50, 150, and 250 s).
The sensitivity curves are the Fréchet derivatives of the phase velocities of the fundamental-
mode Rayleigh- (blue line) and Love- (red line) phase waves with respect to S-wave
velocities at different depths. Note that the horizontal scale is different for each period.
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Figure 2. Sensitivity tests to estimate the maximum depth of the resolution given by surface
waves with different long-period cutoffs: 100 s (violet line), 150 s (light blue line), 200 s
(green line), 250 s (light orange line), and 300 s (red line). The panels on the left show the
true Vs profile (dashed black line) and the ones given by inversions with a priori = 250 m/s
perturbations (coloured lines based on the cutoff of the synthetic dispersion curves). The
panels on the right show the deviation of each profile from the true one. A-B) Vsy profiles; C-
D) Vsuprofiles. The arrows in the positive domain of panels B-D indicate the depths down to
which there is substantial sensitivity (0.05 km/s threshold). The arrows in the negative
domain indicate the depth limit of resolution (0.02 km/s threshold), which show where we
have sufficient resolving power to map anomaly depth distributions and amplitudes
accurately. Note that the Vsy is well resolved down to the bottom of the MTZ and uppermost
lower mantle using 250-300 s dispersion measurements. Vsy and anisotropy are resolved
accurately down to the top of the MTZ with the longest-period 300 s measurements.
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Figure 3. Phase velocity maps from 25 to 250 s for Rayleigh waves (left) and from 35 to 250
s for Love waves (right). The dispersion curves are from fundamental mode phase-velocity
measurements performed on over 1.17 million vertical-component seismograms (for
Rayleigh waves) and 300,000 transverse-component seismograms (Love waves) by the
Automated Multimode Inversion (Lebedev et al., 2005).
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Figure 4. A. All the Rayleigh dispersion curves extracted from our phase-velocity maps
(grey) and the global average curve (blue) in the period range 17-311 s. The Rayleigh-wave
phase-velocity curves computed for PREM and AK135 are plotted in light blue and green,
respectively. B. All the Love dispersion curves extracted from our phase-velocity maps
(grey) and the global average curve (red) in the period range 23-311 s. The Love-wave phase-
velocity curves computed for PREM and AK135 are plotted in purple and light orange,
respectively. Note that the Love phase-velocity curve is substantially different from that

given by PREM.
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Figure 5. Tectonic regionalization of the Earth. The regionalization was computed from the
model SL2013sv (Schaeffer and Lebedev, 2013) using k-means clustering of the tomography
(Lekic and Romanowicz, 2011). The classification and colour of each region are given in the
legend.
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1346  Figure 6. The tectonic-type dispersion curves extracted from the phase velocity maps at each
1347  knot of the 2°-spaced global grid for Rayleigh (blue) and Love (red) waves in the oceans: a)
1348  old oceans; b) intermediate oceans; ¢) young oceans; d) backarcs; and in the continents: ¢)
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1349  Archean cratons; f) stable platforms; g) Phanerozoic continents; h) rift zones and continental
1350  hotspots. For comparison, the Rayleigh and Love global average curves are plotted in each
1351  panel in light blue and light red, respectively.
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Figure 7. Average Rayleigh and Love phase-velocity curves in oceans (A) and continents (B).
The Rayleigh and Love global average curves are plotted in both panels in light blue and

light red, respectively.
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Figure 8. a (i) Example global-average Vsv, Vsu and isotropic Vs profiles (blue, red, dashed
brown, respectively) in the crust and upper mantle yielded by the inversion of the surface-
wave data. The isotropic-average AK135 and PREM models are plotted with a dotted black
and thick gray lines, respectively. Here and in the following, all Vs models are computed or
recomputed at a 50-s reference period. a (ii) Radial anisotropy. a (ii1) The synthetic Rayleigh
and Love phase-velocity curves (blue and red, respectively) and the measured curves (plotted
behind them). The Rayleigh and Love PREM curves (Dziewonski et al., 1981) are shown in
brown and orange, respectively. a (iv) The synthetic-data misfit in percent for the Rayleigh
(blue) and Love curves (red).
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Figure 9. Test inversion showing that negative (Vsv > Vsu) radial anisotropy in the deep
upper mantle is required by the data. In the gradient-search inversion, the anisotropy is forced
to be null in the deep upper mantle (>250 km depth, see panels a(i-ii)), while anisotropy at
shallower depths and isotropic Vseverywhere are allowed to vary freely. Note that the misfit

deteriorates at long periods (T > 150 s) (see panels a(iii-iv)).
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1375  Figure 10. a-d(i) Example Vsy and Vsu profiles in the crust and upper mantle beneath
1376  continents yielded by the inversion of the surface-wave data: a(i) Archean cratons, b(i) stable
1377  platforms, c(i) Phanerozoic continents, and d(i) rifts and continental hotspots. a -d(ii) Radial
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1384

anisotropy for the 4 continental lithospheric types. The isotropic Vs is plotted with a dashed,
brown line. The isotropic AK135 and PREM models are plotted with a dotted, black line and
thick gray line, respectively. a-d(iii) The synthetic Rayleigh (dashed blue) and Love (dashed
brown) phase-velocity curves and the measured curves (plotted behind), PREM curves
(Dziewonski et al., 1981) (Rayleigh, light brown; Love, orange) and global averages
(Rayleigh, light blue; Love, light red) are plotted for reference. a-d(iv) The synthetic-data
misfit for Rayleigh (blue) and Love (brown) curves.
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1386  Figure 11. Same as Figure 10 but for oceans: a(i) old oceans, b(i) intermediate oceans, c(i)
1387  young oceans, and d(i) backarcs. PREM model is plotted with a thick grey line in panels a-
1388  d(i).
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Figure 12. Test inversions showing that strong negative anisotropy (Vsv > Vsu) in the
shallow mantle lithosphere is required by the data beneath: a(i) old oceans, b(i) intermediate
oceans; and c(i) young oceans. If anisotropy is set to zero in the depth range from the Moho
down to 50 km depth (panels a(ii), b(ii), and c(ii)), the fit deteriorates significantly at short
and intermediate periods for all the oceanic clusters, even though all other inversion
parameters can vary freely (see panels a(iii-iv), b(iii-iv), and c(iii-iv)). Our Rayleigh- (blue
line) and Love-wave (red line) global average phase-velocity curves as well as the PREM
(Rayleigh: light brown line; Love: orange) curves (Dziewonski et al., 1981) are plotted in
panels a-c(iii) for comparison.
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Figure 13. 1D isotropic Vs and anisotropy profiles for continents (A and C, respectively):
cratons (green), stable platforms (orange), Phanerozoic continents (red), and rifts and
continental hotspots (purple); and oceans (B and D, respectively): old oceans (green),
intermediate oceans (orange), young oceans (red), and backarcs (purple). Note the overall age
dependence of the lithospheric thickness (older lithosphere is thicker and colder) for both
continents and oceans.
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1407  Figure 14. An illustration of the model-space-projection measurement of the uncertainty at a

1408 150 km depth. The average dispersion curves of the cratons are used. (a) Isotropic Vs profiles
1409  produced by inversions with the Vs-perturbation parameter at the 150 km depths being fixed
1410  at values in the 4.1-4.9 km range, incremented at a 50 m/s interval. The rest of the parameters
1411  can change freely, subject to the same regularisation as in the optimal model (Figure 10a).
1412  The Vs profiles are color-coded by the Vs value at 150 km depth. (b) Anisotropy profiles
1413  produced by these inversions. (¢) The RMS misfits of these inversions. The dots are color-
1414  coded in the same way as (a) and (b). The dashed red line marks the threshold below which
1415  the models are accepted.
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Figure 15. Uncertainties of the isotropic Vs models for the eight tectonic types computed

using the model-space-projection technique for the radial parameter-knot spacing indicated
by the depth intervals between the error bars. The horizontal lines (error bars) mark the range
of velocity within which the misfit is below a specified threshold. The large uncertainties
reflect the trade-offs of parameters at neighbouring depths and characterise the non-
uniqueness of the small-scale components of the radial structure. Structure in broader depth
ranges is constrained by the data with much smaller uncertainties (Figures 16-18).
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Figure 16. Dependence of the uncertainties of Vs within a layer on the thickness of the layer.
(a) The definitions of the layers that are fixed during the inversions in this example. Three
cases are shown: red — 1 basis function is fixed; orange — 2 basis function are fixed; green — 3
basis functions are fixed; (b) RMS misfits in the three cases. The layer thickness is computed
using the full width at half height of the basis functions. Note how the green line (thickest
layer) yields a smaller uncertainty range than the other two.
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Figure 17. Uncertainty of Vs within a layer as a function of the depth and thickness of the
layer. Each diamond indicates the layer depth and thickness values at which the uncertainty
was calculated, as shown in Figure 16B. The background surface is the best fitting surface
obtained using the Trust Region Reflective algorithm (Branch et al., 1999). This surface can
be described as U = (10984 + 8.40D!?*") H!70, where U is the uncertainty in m/s, D is the
depth in km, and H is the thickness in km.

56



1438
1439

1440
1441
1442

100 ~ "

;

400 /———F—+—Hr————

Depth (km)

Vs (km/s)
Figure 18. Uncertainties of the isotropic Vs profile of the cratons in the upper mantle. The

black line in the centre is the isotropic Vs profile. The coloured lines show the uncertainties
of Vs within a layer at a depth as a function of the thickness of the layer (20, 50, 100 or 200
km) and the depth.
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Figure 19. A simplified, AK135-like, global average model. The panels are the same as those
in Figure 8. The isotropic AK135 and PREM models are plotted with a dotted, black line and
thick gray line, respectively. All models are computed at a 50-s reference period. The best-
fitting, minimum-complexity isotropic Vs profile (black line in panel a(i)) is similar to the
AK135 model (dotted black line) and does not show any structural complexities in the upper
mantle.
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Figure 20. Comparison of 1D radially anisotropic profiles from Savani (Auer et al., 2014)
(red line), SGLOBE-rani (Chang et al., 2015) (purple line), SEMum?2 (French et al., 2013)
(sky blue line), SEMUCB-WMI (French and Romanowicz, 2014) (blue line), BM12UM
(Burgos et al., 2014) (orange line), GLADMI15 (Bozdag et al., 2016) (sea green line),
SAW642AN (Panning and Romanowicz, 2006) (gray line), S362ANI+M (Moulik and
Ekstrom, 2014) (brown line), the model of (Visser et al., 2008) (deep pink line), that of
(Montagner and Kennett, 1996) (olive green line, PREM (Dziewonski and Anderson, 1981)
(pink line), and the anisotropic profile obtained in this study (thick green line). The
anisotropy in the models of (Visser et al., 2008) and (Montagner and Kennett, 1996) is given
as xi=(Vsu/ Vsv)? and to derive anisotropy here we use V|xi| -1 assuming Vsu ~ Vsy. Note the
flip of the sign of anisotropy from positive to negative at ~200-300 km depth in some profiles
including that obtained in this study.
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Figure 21. Model-space-projection measurements of the uncertainty of radial anisotropy in
the 300-660 km depth range (left, 0.61% estimated uncertainty) and in the top 50 km of the
lithosphere beneath intermediate oceans (right, 2.51% estimated uncertainty). The uncertainty
is relatively small because it is for anisotropy in depth ranges that are sufficiently broad, at
the depths.
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DEPTH WATER LAYER (km) -1.892
DEPTH SEDIMENTS (km) 3.271
DEPTH UPPER CRUST (km) -8.988
DEPTH MIDDLE CRUST (km) -15.138
DEPTH LOWER CRUST (km) -22.903
Vs WATER LAYER (m/s) 0
Vs SEDIMENTS (m/s) 800
Vs UPPER CRUST (m/s) 3070.67
Vs MIDDLE CRUST (m/s) 3698.73
Vs LOWER CRUST (m/s) 3997
Vr WATER LAYER (m/s) 1500
Vp SEDIMENTS (m/s) 1800
Vp UPPER CRUST (m/s) 5476.99
Vp MIDDLE CRUST (m/s) 6462.61
Vr LOWER CRUST (m/s) 7025.09
p WATER LAYER (kg/m’) 1020
p SEDIMENTS (kg/m?) 1800
p UPPER CRUST (kg/m’) 2627.82
p MIDDLE CRUST (kg/m’) 2829.66
p LOWER CRUST (kg/m®) 3001.67

1557

1558 Table T1. Average global values of each crustal layer depth (in km), Vs, Vp, (in m/s), and
1559  density (p, in kg/m*) from the CRUST1.0 model (Laske et al., 2013).
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Figure S1. Same as Figure 8, but with the density of the 1D shear-speed profiles extracted
from the global tomographic model SL2013sv of Schaeffer & Lebedev (2013) plotted behind
the global average Vs model. The relative density of profiles at each depth and each shear-
speed value is shown by colour, with blue tone colours indicating minimal sampling and
warmer colours through to black indicating increasing sampling. The minimum/maximum
velocity envelope is indicated by the light-blue shading. The basis functions are also included
in panel a(i).

65



Vs (km/s) Anisotropy (%)
30 35 40 45 50 55 5 0 5

0 r | i 0
10 1 i S | - 10
! I
;gzo | f i B i : L 20
< 1 |
830 - = {1 fao
e 'l m— \/Sh |
40 | --- Vs(iso) [ | | L 40
| PREM |
a (i) | I AK135 | |adii) :
50 +—F—7"%——F—— — 50
1571
1572

1573  Figure S2. Same as Figure 8, showing Vs and radial anisotropy with a zoom on the top
1574 50 km.
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CRATON STABLE PHAN. RIFTS & YOUNG INTERM OLD BACKARC
S PLATFORM  CONTINENT CONT. OCEAN OCEAN S

S S HOTSPOT S OCEANS S
S
DEPTH / / / / -3.36 -4.47 -4.59 -2.59

WATER
LAYER
(km)
DEPTH -13.72 -13.75 -13.67 -10.82 -4.56 -5.72 -6.22 -6.07
UPPER
CRUST (km)
DEPTH -26.59 -26.05 -25.70 -20.01 -6.33 -7.25 -7.75 -9.48
MIDDLE
CRUST (km)
DEPTH -37.23 -37.08 -36.46 -29.66 -11.40 -11.98 -12.47 -16.49
LOWER
CRUST (km)

Vs WATER / / / / 0 0 0 0
LAYER
(m/s)
Vs UPPER 3511.38 3528.48 3519.17 3549.53 2711.62 2700.13 2762.7 2910.74
CRUST
(m/s)
Vs MIDDLE 3665.16 3694.71 3709.77 3762.26 3690.81 3698.3 3703.75 3713.69
CRUST
(m/s)
Vs LOWER 3915.14 3939.07 3944.64 3924.5 4033.53 4049.12 4044.71 4019.51
CRUST
(m/s)

Ve WATER / / / / 1500 1500 1500 1500
LAYER
(m/s)
Ve UPPER 6053.84 6085.92 6063.03 6124.37 5005.64 5000.11 5069.86 5258.23
CRUST
(m/s)
Ve MIDDLE 6371.24 6421.6 6433.38 6527.99 6479.61 6494.91 6499.77 6502.95
CRUST
(m/s)
Ve LOWER 6866.57 6931.69 6955.94 7028.93 7075.22 7098.25 7099.4 7084.39
CRUST
(m/s)

p WATER / / / / 1020 1020 1020 1020
LAYER
(kg/m?)

p UPPER 2724.02 2728.03 2724.57 27594 2550 2549.96 2550 2587.85
CRUST
(kg/m?)

p MIDDLE 2795.85 2803.32 2807.64 2848.9 2839.77 2848.69 2850 2842.36
CRUST
(kg/m?)

p LOWER 2918 2937.64 2950.03 2998.52 3037.96 3049.1 3050 3035.13
CRUST
(kg/m?)

1575

1576  Table T2. Average values of crustal layer depth (in km), Vs, Vp, (in m/s), and density (p in
1577  kg/m®) from the CRUST1.0 model (Laske et al., 2013) for the eight tectonic environments
1578  across the globe.

1579
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Figure S3. Same as Figure 10, but with the density of the 1D shear-speed profiles extracted
from the global tomographic model SL2013sv of Schaeffer & Lebedev (2013) plotted
together with our Vs models for each cluster. The relative density of profiles at each depth
and each shear-speed value is shown by colour, with blue-tone colours indicating minimal
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1585 sampling and warmer colours through to black indicating increasing sampling. The
1586  minimum/maximum velocity envelope is indicated by the light-blue shading. The basis
1587  functions are included in panels a-d(i).
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Figure S4. Same as Figure 11 (oceanic lithospheric types), but with the density of the 1D
shear-speed profiles extracted from the global tomographic model SL2013sv of Schaeffer &
Lebedev 2013) plotted together with our Vs models for each cluster. The basis functions are

included in panels a-d(i).
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1594
1595  Figure S5. Same as Figure 10, showing Vs and radial anisotropy for each continental tectonic

1596 type, but with a zoom on the top 50 km below the surface. The isotropic AK135 and PREM
1597  models are plotted with a dotted, black line and thick gray line, respectively.
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1599
1600  Figure S6. Same as Figure 11, showing Vs and radial anisotropy for each oceanic tectonic

1601 type, but with a zoom on the top 50 km. The PREM model is plotted with a thick gray line.
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