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Abstract we present QsADR17, a global shear wave attenuation model of the upper mantle. Synthetic
tests confirm that large-scale shear attenuation anomalies are resolved in the whole upper mantle with
limited vertical smearing (<50 km). QsADR17 shows strong correlation with surface tectonics down to
200 km depth, with low attenuation beneath continents and high attenuation beneath oceans. The
attenuation signal near 250 km depth is dominated by a high-quality factor along subduction zones.
Attenuating anomalies are found beneath mid-ocean ridges down to 150 km and under most Pacific hot
spots from the lithosphere down to the transition zone. The presence of broad attenuating anomalies

at 150 km depth in the Pacific Ocean suggests that several thermal plumes pond in the asthenosphere.
Evidence for compositional heterogeneities is found in the lithosphere at the base of cratons and in a
number of active regions.

1. Introduction

One of the goals of seismology is to map the various physical properties of the Earth such as temperature,
composition, volatile content, or presence of partial melt. This goal will only be reached by the cross analysis
of multiple observations that have different sensitivities to these quantities. Therefore, mapping anelasticity
in addition to elastic velocity or anisotropy is critical. In addition, a better knowledge of anelasticity allows a
more accurate estimate of seismic velocities, by taking into account the physical dispersion due to attenuation
[Romanowicz, 1990; Karato, 1993].

Anumber of recent global tomographic studies focus on the elastic structure in the upper mantle [e.g., Ritsema
etal., 2004; French et al., 2013; Schaeffer and Lebedev, 2013; Debayle et al., 2016], but progress in mapping the
anelastic structure has been much slower (see, e.g.,, Romanowicz and Mitchell [2007] for a review) because
extracting and inverting properly the amplitude of waveforms to obtain an attenuation model is a difficult
problem. Uncertainties in the source excitation, in the local site response and in the calibration of the measur-
ing devices, strongly influence the measurement of the amplitude [Um and Dahlen, 1992; Dalton et al., 2014].
Propagation effects, such as the geometrical spreading of the wavefront, the effect of focusing and defocusing
[Lay and Kanamori, 1985; Woodhouse and Wong, 1986], and the short wavelength scattering [e.g., Ricard et al.,
2014], affect the wave amplitude, and these nondissipative effects must be corrected for in order to access
the intrinsic attenuation that carries information about the anelastic structure. Intrinsic attenuation results
from mechanisms such as interaction of the waves with crystal dislocations, grain interfaces, phase changes,
or partial melting [Jackson, 2007; Faul and Jackson, 2015; Durand et al., 2012].

The pattern of attenuation in global attenuation models is coherent with large-scale surface tectonics down
to about 200-250 km depth. They also present a negative correlation with velocity patterns (large 1/Q cor-
relates with low velocities) [see, e.g., Ma et al., 2016; Dalton et al., 2008; Dalton and Ekstrém, 2006; Billien et al.,
2000]. However, despite recent improvements [Dalton et al., 2017], the agreement among attenuation mod-
els remains generally low. While in some models the quality factor increases with seafloor age similarly to the
velocity [Ma et al., 2016; Dalton et al., 2008; Warren and Shearer, 2002], others suggest that large-scale atten-
uating anomalies are rather correlated at asthenospheric depths with the hot spot distribution under the
Pacific and the southern Indian Ocean [Gung and Romanowicz, 2004; Romanowicz, 1995; Adenis et al., 2017].
Part of these differences may be due to different modeling techniques and to the way focusing-defocusing
terms are treated. While some authors reject paths that might be strongly affected by focusing effects
[Romanowicz, 1995; Gung and Romanowicz, 2004], others account for focusing using great circle linearized
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ray theory [Billien et al., 2000; Dalton and Ekstrém, 2006; Dalton et al., 2008; Adenis et al., 2017] or 2-D
finite-frequency sensitivity kernels [Ma et al., 2016].

In this study, we present QsADR17, a new 3-D shear wave attenuation model, based on a global data set of
attenuation measurements for Rayleigh waves in the period range 40-240 s, for the fundamental and up to
the fifth overtone [Debayle and Ricard, 2012]. This data set was obtained from a waveform inversion [Cara and
Lévéque, 1987] which accounts for the interference between the different modes present in a surface wave
seismogram, allowing a proper extraction of fundamental and higher-mode information. The bulk attenua-
tion is assumed to be zero in these inversions. In a previous paper [Adenis et al., 20171, we introduced QADR17,
a set of attenuations maps at different periods built from the fundamental mode of Rayleigh waves. QsADR17
is obtained after completing this data set with higher-mode attenuation maps and inverting for a 3-D model
of the shear wave quality factor Q,,.

2. Regionalization

The initial data set consists of 372,629 epicenter station path-average attenuation curves measured in the
period range 40-240 s for the fundamental mode and up to the fifth overtone. From these observations,
fundamental mode attenuation maps were obtained by Adenis et al. [2017]. We supplement these maps with
higher-mode attenuation maps based on Debayle and Ricard's [2012] data set. All together 46 attenuation
maps at different periods and modes are considered in this study and 15 of them are depicted in Figure 1.

Here we only summarize the main specificities of the regionalization which is described in details in Adenis
etal. [2017]:

1. A thorough data selection is applied to reject data likely to be biased by errors in the source or in the
instrumental response.

2. We use great circle ray theory and focusing effects are accounted for along each ray using the formalism of
Woodhouse and Wong [1986].

3. We discard paths longer than 110° where Woodhouse and Wong's [1986] formalism overestimates the
amplitudes [Dalton et al., 2014].

4. Unlike earlier studies, we invert for In(Q) rather than for Q or Q. This brings the data close to a Gaussian
distribution, avoids unphysical negative values, and allows for a much larger range of variations.

5. All maps are obtained using a Gaussian correlation function having a standard deviation of 10° and an a
priori error set to 20% of the a priori model. This means that our maps include all spherical harmonics degree
up to ~#16 and that, within two standard deviations, the inverted Q is likely between Q3 and Q;%* times
the a priori quality factor Q, (Q is expected in between ~1200 and ~32 for Q, = 200) .

Details are given in section S1 in the supporting information to illustrate these characteristics [Cara and
Lévéque, 1987; Debayle and Ricard, 2012].

3. Inversion at Depth

We extract at each geographical point of latitude 8 and longitude ¢, the ensemble of the 46 In(Q(T,, n, 8, ¢))
measurements at period T, and for the mode n, that are inverted to obtain a 1-D depth-dependent
In(Q,(z, 0, ¢)) profile. The juxtaposition of these Q,,(z, 0, ¢) profiles at each geographical point leads to a 3-D
model of shear attenuation. Again, we keep our parametrization in term of logarithms with all its advantages
(positivity, Gaussian variances, and large variations).

At each point (9, ¢) the problem to solve is to find the local attenuation in j layers O;,‘ when the attenuation
/)
Qi‘1 is known for the observation i (i, up to 46, accounts for n modes and T, periods):

Q' =250, 1
J

where KC; are known attenuation kernels (K; = 60;’/00;_1). We introduce logarithms and define the data d;
/)
and the parameters m; as d; = In Qi‘1 and m; = In Q;_1 . The direct problem can be expressed as:
7

=In

d=In(@Q" =In [2 K;Q,
J

> lcije'”f] : 2)
)
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Figure 1. Attenuation maps of Rayleigh waves, at different periods and for different modes. Qr is plotted with a
logarithmic scale. Its geometrical average is reported above the color scale. Plate contours are in green.
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This nonlinear problem d; = g;(m;) can be solved using the iterative least squares solution of Tarantola and
Valette [1982] in a way very similar to what has been done during the first step of regionalization [Adenis et al.,
2017]. The partial derivatives, dg;/0m; can be expressed as follows:

0InQ;

Gy = = % 3)

The inversion proceeds iteratively, where a model QP at iteration p is used to compute the K;; and Gy, which
allows to estimate an improved model Q;p”). We performed six iterations in all the inversions presented in
this paper. We observed very little evolution of the model after the first iteration and in all cases, our inversions

had definitely converged at iteration six.

The data and model a priori information are handled through the definition of covariance matrices. The a
priori data covariance matrix is diagonal and contains at each period and for each mode the variance of the
corresponding attenuation map. The a priori model covariance matrix is nondiagonal, and a Gaussian corre-
lation function couples the attenuation variations at different depths. This correlation function is defined by a
standard deviation ¢ controlling the amplitude of the model perturbation and by a vertical correlation length
Lo = 50 km, controlling the vertical smoothness. The standard deviation o decreases from 1.2 at 50 km to 0.4
at 650 km deptbh, (i.e., within two standard deviations Q, can vary laterally by a factor exp(2.4) ~11 at 50 km
and exp(0.8) ~2.2 at 650 km), in agreement with the range of variations observed by Debayle and Ricard
[2012]. Notice that by using logarithms both for the regionalization and for the depth-dependent inversion,
we allow for very large variations of the quality factor without the risk of getting negative values (see also
section S1 in the supporting information).

At each geographical point, the starting and a priori model of the inversion includes a crust with a constant
Q, = 600 and the thickness taken from 3SMAC [Nataf and Ricard, 1995] underlain by the elastic parameters
and the density of preliminary reference Earth model (PREM) [Dzieworiski and Anderson, 1981]. Debayle and
Ricard [2012] noticed that the attenuating layer located between 80 and 220 km depth in PREM is not adapted
to continental paths. We use therefore a uniform 1-D quality factor Q,(z) = 200 as a starting upper mantle
model. We assume that the crust properties are those of 3SMAC and only invert for the mantle structure.
Sensitivity kernels are calculated at each geographical point using the formalism of Takeuchi and Saito [1972].
We show in section S2 in the supporting information the kernels 0 In(Q,)/@Oj(z) calculated for PREM. The
use of Rayleigh wave overtones provides sensitivity in the whole upper mantle.

4, Results

Figure 2 depicts QsADR17 at different depths in the upper mantle. Various tests are discussed in section S2
in the supporting information to assess the robustness of this model [Dalton et al., 2008; Durek and Ekstrém,
1996; Nataf and Ricard, 1995; Dzieworiski and Anderson, 1981].

In the uppermost 150 km, QsADR17 shows a strong correlation with surface tectonics, the difference between
continents and oceans being the dominant signal. In this depth range, continents are associated with low
attenuation, especially beneath old continental roots, such as the African, North American, Amazonian,
Siberian and Australian cratons, the Russian platform, and Antarctica. Oceans are more attenuating than con-
tinents, and the highest attenuations are found beneath the mid-ocean ridges at 50 and 100 km depths and
also in old oceanic basins generally in the vicinity of hot spots. The correlation with hot spots is particularly
clear at 50 km depth where attenuation anomalies underlain most hot spots in the Pacific (including Hawaii,
Samoa, Marquesas, Society, and Galapagos), in the Indian Ocean (e.g., Reunion, Kerguelen, Amsterdam, and
Marion), and in the Atlantic (e.g., Meteor, Tristan da Cunha-Gough, and Cap Verde).

If the attenuating signature of mid-ocean ridges vanishes below 150 km depth, high-attenuation anomalies
persist deeper beneath hot spots. This is particularly clear in the Pacific Ocean where the attenuating anoma-
lies associated with Hawaii and the South Pacific hot spots persist down to the base of the upper mantle. The
attenuating anomaly is clear in the whole depth range of inversion beneath Hawaii, and its maximumiis shifted
to the northeast of the surface location of the hot spot. A low-attenuation region beneath the Tibetan plateau
extends down to transition zone depths and may be associated with the subduction of India. At 250 km depth,
low attenuations surround the Pacific Ocean and correlate with the location of subduction zones. Finally, a
strong attenuation anomaly underlies the eastern part of China from 350 to 610 km depth.
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Figure 2. S wave attenuation maps at different depths in the upper mantle. Q,, is plotted with a logarithmic scale. Its
geometrical average is reported above the color scale. Hot spot locations, according to Miiller et al. [1993], are indicated
with blue circles.

A comparison of 1/Q,, maps for QsADR17 and from three other recent S wave attenuation models, QMU3b
[Selby and Woodhouse, 2002], QRFSI12 [Dalton et al., 2008], and QRLW8 [Gung and Romanowicz, 2004], is shown
in supporting information Figure S8. QsADR17 displays much stronger contrasts than other models in the
depth range 100-250 km. All maps share the ocean-continent difference down to 150 km depth, with low
attenuation beneath most cratons and high attenuation in younger regions. The signature of mid-ocean
ridges is clear in QsADR17 and QRFSI12. The correlations between all these 1/Q, models computed up to
degree 8 are rather low, but the highest correlation is found between QsADR17 and QRFSI12 in the depth
range 100-200 km (see supporting information Figure S9b). Their spectral amplitudes are very different,
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and the amplitude variations of QsADR17 are about 3 times larger than in previous models (see supporting
information Figure S9d). In spite of these large variations, the quality factor of QsADR17 remains positive. At
depths greater than 200 km, spectral amplitudes are low and the agreements between the various models
are close to zero.

In Figure 3a, we compute the correlation between QsADR17 and 3D2016_03Sv, our recent S, wave model of
the upper mantle [Debayle et al., 2016]. Both models exploit the automated approach of Debayle and Ricard
[2012]. While QsADR17 benefits from 372,629 path-average measurements, 3D2016_03Sv is based on a larger
data set of 1,391,400 Rayleigh wave measurements. However, up to spherical harmonic ~16, both models
are well constrained by their very large data sets, allowing a safe comparison. Figure 3a shows that at depths
greater than 90 km, correlations at all degrees are close or above the 95% confidence level (i.e., there is 95%
probability that these correlations are not due to chance). However, in the depth range 50-90 km, the correla-
tion is weak or negative for spherical-harmonic degrees <5. Adenis et al. [2017] made a similar observation for
the correlation between Rayleigh wave fundamental mode attenuation and phase-velocity maps. Our inver-
sion at depth allows us to locate the origin of the discrepancy, which is maximum in the shallowest part of
our model and extends down to 90 km, probably within the lithosphere or at its base in oceanic areas.

In Figures 3b-3iwe compare the Q, and S, wave maps at 70 and 150 km depths. The filtered maps (Figures 3d
and 3e, and 3h and 3i) only include degrees 1, 2, and 3, while the raw maps (Figures 3b and 3c, and 3f and
3g) include all spherical harmonic degrees. Differences between the unfiltered maps at 70 km depth occur
beneath continents in Phanerozoic regions (in the region stretching eastward from Europe to Anatolia, Tibet,
and the eastern margin of Asia but also in western North America and northeast of Africa) which have a
broader signature in velocity than in attenuation. In Figure 3d a broad attenuating anomaly encompasses
most Pacific hot spots, whereas the strongest low-velocity anomaly is centered beneath the Pacific ridge in
Figure 3e. There is also a difference in the sign of the perturbation (high Q, and low velocity) under a broad
region extending southward from eastern Asia, toward Indonesia, the Philippines and Australia, and westward
toward northeast Africa. These differences explain the poor correlations observed for degrees <5 in Figure 3a.
Figures 3b-3e suggest that at 70 km depth, V, increases with the age of the seafloor in the Pacific Ocean,
while Q,, displays attenuating anomalies located at various ages, under the East Pacific rise and in the vicinity
of most hot spots.

At 150 km depth the unfiltered Q, and S, wave maps share a long wavelength component associated with
the difference between continents displaying low attenuation and high velocities and oceans displaying high
attenuation and low velocities. This is very clear on the filtered maps (i.e., high Q, and V beneath the Northern
Hemisphere continents and low Q,, and V, beneath the Pacific and Indian Oceans) in agreement with the high
correlations observed in Figure 3a.

Figure 4 shows age-dependent average cross sections in QsADR17 and 3D2016_03Sv. Global average cross
sections are shown in Figure 4 (top row), while in Figure 4 (middle and bottom rows) we split up the Earth
surface into plates slower and faster than 4 cm yr~'. The threshold of 4 cm yr~" is chosen after Debayle and
Ricard [2013], who observed that only plates moving faster than 4 cm yr~! produce sufficient shearing at their
base to organize the large-scale flow in the asthenosphere. According to this criterion, fast plates include the
Indian, Coco, Nazca, Australian, Philippine Sea, and Pacific plates (Figure 4b).

The V, sections (Figure 4a, right column) confirm that S, velocity increases with seafloor age and follow the
trend predicted by the square root of age-cooling model [Turcotte and Schubert, 2002]. The main difference in
the profiles for fast and slow plates is the fact that the S, velocities in the asthenosphere are lower beneath fast
plates, especially for ages older than 80 Myr. The only cratons belonging to a fast-moving plate, the Australian
and Indian cratons, appear to be seismically remarkably fast.

The Q,, sections (Figure 43, left column) show more variability than V. For slow plates, the increase of Q,, with
seafloor age is very clear in Figure 4a (middle row), which also shows a deepening of attenuation contours
following roughly the square root of age. As for V, a strong reduction in Q,, is observed in the asthenosphere
for ages <80 Myr. For fast-moving plates, the attenuation is even stronger in the asthenosphere, but it extends
upward through the oceanic lithosphere for seafloor ages between 50 and 140 Myr. This corresponds to the
age range in which most Pacific hot spots are found. For ages older than 140 Myr a high Q,, and high-velocity
lithosphere is retrieved. However, in contrast to V;, the high Q, anomaly extends deeper than the base of
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Figure 3. (a) Degree-by-degree correlation coefficient as a function of spherical-harmonic degree between QsADR17
and the shear wave model 3D2016_07Sv by Debayle et al. [2016]. (b-i) Maps of variations in attenuation (left column)
and in shear velocity (right column) at 70 and 150 km depths. We plots raw maps in Figures 3b, 3¢, 3f, and 3g, and

we filter out spherical harmonic degrees larger than 4 in Figures 3d, 3¢, 3h, and 3i.

the thermal cooling model which might be related to the presence of subduction zones around the Pacific
Ocean. In Proterozoic and Archean continents, the low-attenuation lithosphere seems ~50 km thinner than
the seismically fast lithosphere.

5. Implications

Temperature has a major effect on both Q, and V; and is likely to contribute to their positive correlation at
depths greater than 90 km (Figure 3a). In oceanic regions, the deepening of V; and Q, contours with the square
root of age suggests that to first order, thermal cooling controls both Q, and V,, at least beneath slow-moving
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Figure 4. (a) Quality factor (left column) and shear velocity (right column) cross sections with respect to age for oceanic regions and Phanerozoic, Proterozoic,
and Archean continental provinces. The quality factor model is QsADR17, while S wave heterogeneities are from model 3D2016_03Sv by Debayle et al. [2016]. For
oceanic regions, the displayed parameters are averaged along the Miiller et al. [1993] isochrons over a sliding window of 10 Myr. In each section, the continuous
black line indicates the thermal boundary layer of the half-space cooling model [e.g., Turcotte and Schubert, 2002], corresponding to the 1100°C isotherm.

(c) Perturbations in velocity from the reference model are in percent; QM is plotted with a logarithmic scale. (b) The position of the fast and slow plates.

plates. Under fast-moving plates, the low Q, observed within the fast V; oceanic lithosphere for seafloor age
between 50 and 140 Myr may, in part, be due to thermal plumes, which would have a stronger signature in
Q, thanin V. A number of broad plumes have recently been detected in global S wave tomography beneath
some major hot spots in the Pacific Ocean [French and Romanowicz, 2015]. Thermal plumes are expected to
produce anomalies at least 1000 km in diameter, when they spread horizontally in the low-viscosity astheno-
sphere [Davies and Richards, 1992]. The broad low Q,, and V; anomaly observed in the Pacific Ocean at depths
greater than 90 km could therefore be produced by several plume anomalies in the asthenosphere. This inter-
pretation could also explain a broad anomaly in radial anisotropy observed in the Pacific Ocean by Ekstrém
and Dzieworiski [1998], which is compatible with an enhanced horizontal flow in the asthenosphere favoring
the alignment of anisotropic crystals [Maggi et al., 2006]. The stronger temperature dependance of Q, may
also explain the stronger Q, signature of cold subduction zones below the thermal lithosphere for ages older
than 140 Myr (Figure 4).

However, it is likely that temperature does not explain the Q, and V; variations everywhere. It is, for exam-
ple, noteworthy that in Figure 4 the signature of cratons extends on average about 50 km deeper in V, than
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in Q, and this difference cannot be attributed to vertical smearing which is identical in both models. Assum-
ing that attenuation is a proxy for temperature, our Q,, profiles suggest that the thermal lithosphere extends
down to about 150 km beneath cratons, in agreement with previous observations [Dalton et al., 2008]. The
existence of deeper V, continental roots could be explained by compositional heterogeneities, possibly due
to the extraction of basaltic melt [Jordan, 1975]. Within the oceanic lithosphere, water may also contribute to
the increase of attenuation under hot spots, if deep dewatering of wet plumes is incomplete [Karato, 2003].
Finally, we observe a number of regions where low velocities are associated with high Q,, at depths shallower
than 150 km. These regions generally correspond to active tectonic areas (Red Sea and Tibet) or to Phanero-
zoic provinces where Cenozoic volcanism occurs (East Asia). It has been advocated that melt could have a
greater effect on V; than Q, on the basis of seismic observations [Yang et al., 2007] and mechanical models
[Hammond and Humphreys, 2000a, 2000b]. If correct, partial melt would be a plausible explanation for recon-
ciling low V with high Q,, in these regions. In East Asia, melting of wet plumes at the base of lithosphere has
been advocated to explain low-velocity zones in the upper mantle [Richard and Iwamori, 2010].

6. Concluding Remarks

QsADR17, our new global shear wave attenuation model of the upper mantle, shows a strong correlation
with surface tectonics down to 200 km depth, with low attenuation beneath continents and high attenuation
beneath oceans. Attenuating anomalies are found beneath mid-ocean ridges down to 150 km and under most
Pacific hot spots from the lithosphere down to the transition zone. The circumpacific subductions appear as
a conspicuous ring of high-quality factor around 250 km depth.

At depths shallower than 100 km, the broad-scale (i.e., spherical harmonic degrees <5) component of
QsADR17 is not correlated with seismic velocities. The Pacific lithosphere displays high velocities between 40
and 140 Myr associated with a strong attenuation which may be due to a strong sensitivity of Q,, to temper-
ature and possibly water. A number of active regions display low velocities and high Q, and may require the
presence of partial melting.

In the asthenosphere, QsADR17 is well correlated with S wave models. In the Pacific Ocean, QsADR17 includes
a broad-scale component with a strong attenuation at 150 km depth. This attenuating anomaly is associated
with low Vs in 3D2016_03Sv and with a broad-scale anomaly in radial anisotropy [Ekstrdm and Dzieworiski,
1998]. The existence of several thermal plumes that would pond in the asthenosphere may explain these
observations. Finally, the existence of continental roots slightly deeper in Vs than Q,, suggests the presence
of compositional heterogeneities at the bases of cratons.
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