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Abstract Earth’s upper mantle includes a ~200 km thick asthenosphere underneath the plates where
viscosity and seismic velocities are reduced compared to the background. This zone of weakness matters
for plate dynamics and may be required for the generation of plate tectonics itself. However, recent
seismological and electromagnetic studies indicate strong heterogeneity in thinner layers underneath the
plates which, if related to more extreme, global viscosity reductions, may require a revision of our
understanding of mantle convection. Here, | use dynamically consistent mantle flow modeling and the
constraints provided by azimuthal seismic anisotropy as well as plate motions to explore the effect of a
range of global and local viscosity reductions. The fit between mantle flow model predictions and
observations of seismic anisotropy is highly sensitive to radial and lateral viscosity variations. | show that
moderate suboceanic viscosity reductions, to ~0.01-0.1 times the upper mantle viscosity, are preferred by
the fit to anisotropy and global plate motions, depending on layer thickness. Lower viscosities degrade the
fit to azimuthal anisotropy. Localized patches of viscosity reduction, or layers of subducted asthenosphere,
however, have only limited additional effects on anisotropy or plate velocities. This indicates that it is
unlikely that regional observations of subplate anomalies are both continuous and indicative of dramatic
viscosity reduction. Locally, such weak patches may exist and would be detectable by regional anisotropy
analysis, for example. However, large-scale plate dynamics are most likely governed by broad continent-
ocean asthenospheric viscosity contrasts rather than a thin, possibly high melt fraction layer.

1. Introduction

Plate tectonics is the surface expression of mantle convection, and the plates themselves can be defined as
being part of the cold, upper thermal boundary layer of convection cells. Relatively cold temperatures lead
to high viscosities in the uppermost ~100 km of the mantle, the lithosphere. The underlying mantle is hot-
ter, and hence weaker, and any such weak substratum can be called the asthenosphere. However, typically
“asthenosphere” refers to a particularly weak zone, relative to the rest of the upper mantle, between ~100
and ~300 km depth. In this depth range, horizontally averaged seismic wave velocities are reduced com-
pared to the steady, adiabatic increase with depth [Gutenberg, 1959].

There are a range of explanations for the seismological observation of an asthenospheric low velocity zone,
partial melt, and increased volatile contents among them [e.g., Stixrude and Lithgow-Bertelloni, 2005;
Hirschmann, 2010]. However, nonadiabatic temperatures may also be the cause [Jeanloz and Morris, 1987].
This would be expected from the overshoot observed underneath the top boundary layer in high Rayleigh
number convection [Gurnis and Davies, 1986; Jarvis and Peltier, 1989], particularly in a plume-fed astheno-
sphere scenario [Phipps Morgan et al., 1995], and/or for the predominance of internal heating [Olson, 1981;
Gurnis and Davies, 1986]. All these velocity reduction mechanisms are also expected to lead to a reduction
of viscosity, as required for a mechanically defined asthenosphere. Yet, none of these mechanisms are
required for a viscosity reduction in the relevant depth range because the activation volume and energy of
olivine leads to a low viscosity zone based on adiabatic temperature and pressure increase with depth alone
[Hirth and Kohlstedt, 2004; Podolefsky et al., 2004; Billen and Hirth, 2005; Becker, 2006].

Constraints from geoid and postglacial rebound modeling as well as laboratory creep laws appear consis-
tent with roughly ~2 order of magnitude reduction of viscosity compared to the upper mantle in the depth
range between ~100 and ~300 km [Hirth and Kohlstedt, 2004]. Mantle convection and plate tectonics are
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therefore likely associated with a ~200 km thick, moderately low viscosity zone underneath the plates.
Such a “regular” asthenospheric layer may indeed be required for the formation of the plate tectonic regime
of surface motions [Tackley, 2000; Richards et al., 2001; Lenardic et al., 2006; Hoink and Lenardic, 2008; van
Heck and Tackley, 2008; Foley and Becker, 2009]. However, a range of recent observations call our general
understanding of the mechanics of plate motion generation into question and suggest a “superweak”
asthenosphere, with more extreme viscosity reduction in a possibly thinner layer.

For example, Kawakatsu et al. [2009] suggested that impedance contrasts imaged seismologically in oceanic
mantle at the inferred base of the lithosphere may be indicative of a thin, high partial-melt fraction layer.
Consistent with such a suggestion, Naif et al. [2013] found an anisotropic, high electric conductivity layer
underneath the Cocos plate in the vicinity of the trench, and Hawley et al. [2016] argued for melt accumula-
tion underneath the Cascadia slab based on seismic tomography. Moreover, Stern et al. [2015] documented
a strong seismic reflector at the base of the Pacific plate, interpreted as a decoupling layer. Those studies
mainly speak to structural heterogeneity and constrain mechanical behavior only in indirect ways such as
inferred melt content. The ~4 orders of magnitude viscosity reduction based on partial melt suggested by
Stern et al. [2015], for example, appears to be at the high end of typical estimates. However, ~2 orders of
magnitude melt-induced viscosity drops might still be expected even from small partial melt fractions, with
complications due effects of contiguity, as discussed by Holtzman [2016].

Recently, large earthquakes in well-instrumented settings have allowed geodesy-based inferences on sub-
oceanic plate asthenospheric viscosities for the first time. Hu et al. [2016] modeled postseismic deformation
after the 2012 Indian Ocean earthquake and inferred a ~0.05 drop of viscosity for a ~100 km thick astheno-
spheric layer compared to the upper mantle reference. Freed et al. [2017] detected a more localized, low vis-
cosity zone in the bottom of the subducting Pacific plate based on postseismic deformation after the 2011
Tohoku-oki earthquake. This basal weak zone could be either fairly broad with moderate viscosity reduction
compared to the upper mantle, as expected based on where the slab might experience Peierls plasticity
[Buffett and Becker, 2012], or the weak layer could be thin and even lower viscosity as might be expected
based on the suggested decoupling layer of Stern et al. [2015] [Freed et al., 2017]. Having superweak layers
underneath the plates may well affect plate driving forces and transmission of mantle-flow induced
tractions.

Given these intriguing observations and remaining uncertainties about the nature of the lithosphere-
asthenosphere transition even in oceanic lithosphere [e.g., Burgos et al, 2014; Beghein et al., 2014; Auer
et al,, 2015; Holtzman, 2016; Hansen et al., 2016], it seems useful to seek to further constrain the dynamics of
the asthenosphere. In particular, it may be of interest to evaluate new kinds of asthenosphere models in
light of their predictions for plate driving forces and other constraints such as the gravitational geopotential.
However, those two constraints are notoriously nonunique. Nonhydrostatic geoid anomalies, for example,
indicate a preference for mantle flow to be subjected to an asthenospheric viscosity reduction [Hager,
1984], but the geoid can be fit with a range of radial viscosity profiles [King, 1995; Panasyuk and Hager,
2000; Mitrovica and Forte, 2004; Paulson et al., 2005]. Considering plate motions, one important metric is the
partitioning of plate speeds, where oceanic lithosphere typically moves faster than continental lithosphere.
However, this can be explained by the relative weakness of the asthenosphere under the oceanic plates
[Ricard et al., 1991; Zhong, 2001; Becker, 2006], predominantly one-sided slab pull [Forsyth and Uyeda, 1975;
Conrad and Lithgow-Bertelloni, 2002], or, quite likely, a combination of the two [van Summeren et al., 2012;
Alisic et al., 2012].

A different set of constraints is therefore welcome, and may be provided by seismic anisotropy. If caused by
the lattice-preferred orientation (LPO) of intrinsically anisotropic minerals such as olivine, as is commonly
assumed for the upper mantle [e.g., Silver, 1996; Long and Becker, 2010], anisotropy is sensitive to progres-
sive shear of rocks under convection. Particularly azimuthal anisotropy as inferred from surface waves can
be related to mantle flow in a fairly straightforward way [McKenzie, 1979; Tanimoto and Anderson, 1984;
Montagner and Tanimoto, 1991]. An argument has been made that mantle flow computations predict more
physically realistic misfits with seismological observations than simple alignment with uniform shear as
assumed from surface plate motions alone [Becker et al., 2014]. Moreover, Becker et al. [2003] showed that
the fit between mantle flow model predictions and azimuthal anisotropy is sensitive to radial variations in
viscosity. For example, a strong viscosity reduction at 660 km depth led to a dramatic increase in misfit
between mantle flow model predictions and anisotropy. This sensitivity of seismic anisotropy to shear was
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exploited by Becker [2008] and Conrad and Behn [2010] to constrain the largest-scale shear possible, the
amount of net rotation of the surface of the Earth to the deep mantle, for example. These findings also sug-
gests that azimuthal anisotropy can be further probed to understand the range of more complex astheno-
spheric viscosity reduction scenarios that are consistent with our current understanding of plate tectonics.

Here, | explore a large number of global mantle circulation models with a range of lateral viscosity variations
within the oceanic upper mantle, designed to test the effect of superweak asthenospheric channels and
patches on seismic anisotropy and plate motion predictions.

2. Methods

My global mantle flow computations consider mantle circulation as driven by internal density sources and
the resulting plate motions [Hager and O’Connell, 1981; Hager, 1984; Ricard and Vigny, 1989]. Models are
based on the approach of Miller and Becker [2012], where a range of density models as inferred from
Wadati-Benioff zone seismicity and conversion of seismic tomography were explored. Combined with
assumptions on mantle viscosity variations, in particular the presence of predefined weak zones along plate
boundaries, such dynamically consistent models of plate tectonics are able to match observed plate
motions and the nonhydrostatic geoid fairly well [Zhong et al., 2000; Ghosh et al., 2010]. My reference model
has four broad mechanical layers of lithosphere, asthenosphere, as well as upper and lower mantle, and
achieves correlation with plate motions of 0.92 while matching geoid anomalies at a 0.75 correlation level.
This is typical for the best such models [Ghosh et al., 2010].

Further model optimization, e.g., by means of introduction of a larger number of viscosity layers, could pre-
sumably improve the match to the geoid. However, my chosen approach here is to start from a relatively
simple, moderately well-performing model that includes a mix of upper mantle slabs, low velocity anoma-
lies from upper mantle seismic tomography, and lower mantle seismic tomography as well as lateral viscos-
ity variations very similar to the best-fit model of Miller and Becker [2012], see their supporting information
Figure S2. | will then test how the mantle flow predictions are modified if the oceanic asthenosphere has
additional local or regional viscosity reductions. While the starting model may not be “perfect,” | will assume
that the variations from it will be general enough so as to apply even if the details of plate driving force
transmission may be different in reality.

I employ Newtonian, temperature-dependent rheologies with further lateral variations in viscosity as
inferred from the geological setting [Ghosh et al., 2010; Miller and Becker, 2012]. The reference model has a
global average viscosity that changes from ~ 3501, in the top 100 km, to ~ 0.3#, in the 100-300 km range,
to 7o in the remainder of the upper mantle, and 1501, below 660 km, with a nominal upper mantle refer-
ence viscosity of 17,=10%" Pas. Subcontinental regions are stronger than suboceanic ones, with the viscosi-
ties in the background asthenosphere between 100 and 300 km averaging to = 31, and ~ 0.071,,
respectively, because of the effects of temperature-dependence and prescribed cratonic keels [cf., Miller
and Becker, 2012].

As for the viscosity variations tested, Figure 1a shows the reference model viscosity at &~ 135 km depth, just
underneath the high viscosity lithosphere. From this reference, | explore variations of the viscosity prefac-
tors where

1. the background asthenospheric viscosity within the 100-300 km depth range underneath oceanic plates
is reduced uniformly;

2. the viscosity reduction applies underneath the oceanic lithosphere, but only in a narrower, 100-150 km
range, as might be expected if the layer detected locally by Kawakatsu et al. [2009] and Stern et al.
[2015], for example, would have an effect on rheology and be global (Figure 1b);

3. the thin suboceanic plate layer of 2) gets subducted behind slabs (defined based on the RUM model by
Gudmundsson and Sambridge [1998]) as suggested by Song and Kawakatsu [2012] based on anisotropy in
subduction zones and modeled regionally in two-dimensions by Liu and Zhou [2015];

4. the thin, 50 km thickness viscosity reduction only applies close to subduction zones (Figure 1c), where
most observations are located [cf., Naif et al., 2013; Hawley et al., 2016];

5. there are two stripes of viscosity reduction, perhaps due to melt accumulation at ridges and at subduc-
tion zones (Figure 1d);
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a) reference, sub-oceanic asthenosphere b) shallow, sub-oceanic asthenosphere

Figure 1. Example viscosity models at ~135 km depth. (a) Reference model, including the effect of temperature-dependence given tomographically inferred variations in the upper
mantle plus slabs as well as geologically/structurally motivated variations such as continental keels [Ghosh et al., 2010; Miller and Becker, 2012] and weak zones (in the upper 100 km, not
shown). Suboceanic-plate, background viscosity between 100 and 300 km is reduced to #,=0.11,, where 14 is the reference upper mantle. (b) Suboceanic viscosity is reduced between
100 and 150 km to 1,=0.01#,, and the global background viscosity between 100 and 300 km is 0.1, for this and all subsequent models. (c) Subduction zone local 5, viscosity reduction;
(d) subduction zones and ridges underlain by weakened asthenosphere; (e) several stripes; and (f), orthogonal stripes of asthenospheric weakness. Weakness zones in Figures 1c-1f are
ad hoc to explore general effects, rather than match regional details. Orange dots are major hotspots for reference.

6. there are several weak asthenosphere stripes to test the effects of increasing the coherence of viscosity
reduction (Figure 1e); and, last,

7. stripes that are broadly aligned with plate motions, as if Richter [1973] rolls were to lead to viscosity
reduction (Figure 1f).

Mantle circulation is estimated using the well-benchmarked finite element software CitcomS [Moresi and
Solomatov, 1995; Zhong et al., 2000] that solves the conservation equations for momentum and mass
(instantaneous Stokes solution) under the Boussinesq and infinite Prandtl number assumptions. Parameter
choices are generally as in Miller and Becker [2012], but | apply a higher numerical resolution to resolve spa-
tially localized lateral viscosity variations. Horizontally, the model has 193X193X12 nodes in a layer (~17
km global, average resolution), and 193 nodes subdivide the mantle radially, leading to 84,934,656 elements
in total. Vertical node spacing is reduced in the upper mantle, down to ~7 km in the top 400 km.

This resolution allows capturing the narrow, asthenosphere features of concern (Figure 1), such that at least
=7 elements are found in each layer with depth. | iterate on the initial Stokes solution to ensure the Uzawa
iterations [Moresi and Solomatov, 1995] are truly converged. | also tested the robustness of results compared
with lower resolution meshes and found that conclusions remain unchanged even for the coarser resolution
used in Miller and Becker [2012] (~11 km vertically in the surface layers), and doubling local vertical
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a) surface velocities, prescribed plate motions b) anisotropy misfit for model a)
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Figure 2. (left) Surface velocities as (a) prescribed and (c, e) predicted; (right; b, d, f) match of inferred seismic anisotropy with azimuthally anisotropic SV tomography [Schaeffer et al.,
2016] at 200 km depth. Velocities are indicated by orange vectors with magnitude as background shading (variable scale). r, denotes the correlation of predictions with observations.
For anisotropy, orange sticks are fast polarization orientations from tomography, yellow inferred from the flow model. Background shading indicates angular misfit, Ao; average misfit in
the bright, oceanic regions, (Ax),., shown in title for each model. Plots a and b are from the model of Becker et al. [2008] as used in Becker et al. [2014]; plot c¢/d is my dynamically consis-
tent reference model with slab and tomography-inferred density anomalies (cf. Figure 1a); and e/f use the same density structure as plot c/d but an oceanic viscosity that is reduced by a
factor of 0.01 compared to c/d.

resolution also indicates convergence of flow estimates. Viscosity variations are limited to the range of
[107%;10%] relative to the background mantle viscosity, 1o, though locally viscosity typically changes by
= four orders of magnitude on relevant scales (Figure 2).

Tomographic shear wave velocity anomalies, din vs=Avs/(vs), are scaled to density, p, according to dln p/d
Invs=0.2 [Ghosh et al., 2010]. A total of 101 global mantle flow computations were considered, with viscos-
ity parameters varied as illustrated in Figure 1. To isolate the role of upper mantle slabs pulling the plates as
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opposed to a combination of buoyant upwellings and slabs, | will also show results where contributions
from the upper mantle outside Wadati-Benioff zones are ignored [cf., Becker and O’Connell, 2001; Conrad
and Lithgow-Bertelloni, 2002; Ghosh et al., 2010; Alisic et al., 2012].

In the case of buoyancy driven flow, velocity amplitudes depend on the ratio of density anomalies and vis-
cosity. Density anomalies in mantle circulation models are somewhat uncertain, for reasons including the
possibly inaccurate representation of anomaly amplitudes by tomography, complexities of the mineral
physics relationships as a function of temperature, pressure, and phase, and other effects of compositional
heterogeneity [e.g., Forte et al., 2015]. Slab-only tests can therefore provide some insights into the slab-pull
related, plate-scale flow independent of mantle density anomalies outside subduction zones [cf, Hager,
1984]. Those models are not meant to be complete representations of plate driving forces but rather to
illustrate the flow contribution of the slab pull component.

Once mantle circulation is estimated, | then compute global, synthetic seismic anisotropy for each flow
model, following the approach of Becker et al. [2006]. For each point of observation, this involves backtrack-
ing the flow path which transports material to the point where anisotropy is supposed to be estimated
such that, starting from zero deformation, a critical, logarithmic finite strain, ¢, is reached. LPOs are then
computed from the velocity gradient matrix along the forward flow paths using the method of Kaminski
et al. [2004] for the regular (dry and low-stress) “A type” of olivine LPO. The idea is that this strain will be suf-
ficient to overprint any existing LPO. For each layer, ~14,500 roughly equal-area distributed points are esti-
mated, and layers are placed in 20 km intervals from 20 to 380 km depth. | use a critical finite strain of
£=0.75 as in Becker et al. [2014] but conclusions are the same for larger overprinting strains such as {=1.5
because ¢ controls mainly the magnitude rather than orientation of LPOs [Becker et al., 2006]. Since £=0.75
saturation strains are typically reached in less than ~10 Myr [Becker et al., 2006], and earlier tests did not
yield an improvement in the fit to surface wave models [Becker et al., 2003], | do not consider time-
dependent flow here for simplicity.

LPO anisotropy is expected to form predominantly under dislocation creep, and the best-fit model used in
Becker et al. [2014] employs the effective dislocation-diffusion creep rheology and approach of Becker et al.
[2008] to account for such complexities. Here, | employ only Newtonian flow models, for simplicity, and
have LPO develop everywhere in the upper 400 km of the mantle. Differences in mantle flow directions
between Newtonian and non-Newtonian models are moderate on global scales [Becker, 2006], such that
the Newtonian simplification is expected to affect the depth distribution of anisotropy strength more than
the “fast axes” (i.e., azimuth of fast vsy, polarization orientations). The latter are estimated by assigning elastic
constants to the synthetic LPOs and extracting the relevant elastic tensor components for comparison with
azimuthal anisotropy tomography [Becker et al, 2007], and then computing a local angular misfit,
Ao € [0°;90°].

There are, of course, several uncertainties and simplifications in any computation of synthetic seismic
anisotropy. Here, these include the neglect of time-dependent flow and power law behavior and uncertain-
ties as to the type or micromechanics of LPO formation [Becker et al., 2008; Castelnau et al., 2009]. However,
the azimuthal anisotropy that is estimated in simplified ways does lead to a good fit to observations when
compared to global tomographic estimates [Becker et al., 2003, 2014] or regional shear-wave splitting meas-
urements [Miller and Becker, 2012]. This gives me confidence that this approach provides a meaningful link
between the time-integrated effects of mantle flow as modulated by the asthenosphere and the diagnostic
set of anisotropy observations [Gaboret et al., 2003; Becker et al., 2003; Behn et al., 2004; Conrad and Behn,
2010].

3. Results

3.1. Example Models

Figure 2 shows surface velocities and asthenospheric (200 km depth) match of flow model predictions of
LPOs to azimuthal seismic anisotropy from the tomographic model by Schaeffer et al. [2016]. For reference,
Figure 2a shows a smoothed version of NUVEL1A-NNR [DeMets et al., 1994] plate model velocities which
were prescribed as a surface boundary conditions for the radial anisotropy tests of Becker et al. [2008]. The
best-fit flow model from that study included a diffusion-dislocation creep composite rheology at constant
grain size [Becker, 2006] and had LPO form only in the dislocation creep dominated regions. Becker et al.
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[2014] used this older LPO model for consistency to compare with newer seismological estimates, and fits
such as that in Figure 2b were compared by Becker et al. with those based on alignment with absolute plate
motions [Debayle and Ricard, 2013; Burgos et al., 2014].

In the following, | will focus my discussion of asthenospheric seismic anisotropy on suboceanic domains
deeper than ~100 km. Those are expected to more readily reflect present-day convective flow. In contrast,
shallower, oceanic plate regions, or continental lithosphere may be both compositionally more heteroge-
neous and dominated by a frozen-in record of plate formation or past deformation [e.g., Silver, 1996;
Debayle and Ricard, 2013; Becker et al., 2008, 2014; Auer et al., 2015]. Suboceanic azimuthal anisotropy in the
asthenosphere is indeed generally better matched by mantle flow models than continental regions [Becker
et al., 2007; Debayle and Ricard, 2013].

Figures 2c and 2d show the surface velocity predictions and asthenospheric match to azimuthal anisotropy,
respectively, for my reference, dynamically consistent mantle flow model. The correlation of plate motions
with the observations is fairly good at the 0.916 level, as noted, though improvements could likely be
achieved by adjusting the density or viscosity structure [cf., Becker and O'Connell, 2001; Alisic et al., 2012; Forte
et al, 2015]. The match of the LPO inferred from the dynamically consistent model to seismic anisotropy is
somewhat worse (increase of average, angular misfit in oceanic plate regions, (Ax),., of 7°) compared to the
prescribed plate motion model of Becker et al. [2008] (Figure 2b). However, most oceanic regions are still well
predicted by this flow model, with the exception of parts of the south Atlantic and Indian Ocean.

Untangling the origin of these discrepancies would mean having to achieve an even better fit of the flow
models to plate motions which is beyond the scope or focus of this study. However, it appears that the bal-
ance between the enforced, plate-scale motions of Figures 2a and 2b, and the consistent flow of Figures 2c
and 2d leads to more smaller-scale structure underneath the oceanic plates for the self-consistent models,
such as the local disruption of anisotropic patterns around the Hawaiian hotspot in Figure 2d. This disrup-
tion may be real and not imaged by the large-scale anisotropic tomography [cf., Walker et al., 2005], or an
artifact of giving too much weight to the density anomalies from tomography. In contrast, the large sub-
spreading center mismatch of the prescribed plate motion model of Becker et al. [2008] (Figure 2b) is less
pronounced when plate motions result self-consistently.

Regardless of those interesting details which may serve for further model refinement, e.g., in terms of treatment
of LPOs, | take the results of the self-consistent computations such as in Figure 2d to yield an adequate fit to azi-
muthal anisotropy observations for most of the oceanic regions that warrants further tests. The following discus-
sions of flow model match to azimuthal anisotropy are therefore based on these new, self-consistent flow
models alone so as to be able to examine plate velocity predictions alongside seismic anisotropy.

For example, if | decrease the background, suboceanic asthenosphere viscosity between 100 and 300 km
from 1,=0.115, of the reference model (Figures 2c and 2d) to #,=0.0011#, (Figures 2e and 2f), the correlation
with plate motions drops slightly, and the balance between the absolute oceanic and continental plate
velocities is further shifted [Becker, 2006]. However, more dramatically, the match to anisotropy underneath
oceanic plates at 200 km depth is disrupted almost everywhere by small-scale flow; (Ax),,. drops by ~ 10°
to near random ((Ax)=45°) alignment. This indicates that azimuthal anisotropy is indeed quite sensitive to
the shallow asthenosphere.

This decorrelation between LPO from flow model predictions and tomography as a function of 1, as seen in
Figure 2f is not limited to single layer depths. Figure 3a shows the oceanic domain misfit with azimuthal
anisotropy with depth when the 100-300 km depth asthenospheric viscosity is varied from the 1,=0.1 ref-
erence model shown in Figure 2d. Besides the physical effects of interest that are related to the modified
shearing in mantle flow, the misfit in such comparisons will be affected by several factors including depth-
dependent resolution in the anisotropic tomography models [e.g., Becker et al., 2007] and the partitioning
between dislocation and diffusion creep [Becker et al., 2008]. | do not attempt to correct for those effects
here, but the misfit minimum at depths below the cold thermal boundary is consistent with earlier work
[Debayle and Ricard, 2013; Burgos et al., 2014; Becker et al., 2008, 2014].

Overall, the reference viscosity model (1,=0.1) leads the lowest misfit with azimuthal anisotropy through-
out most depths (Figure 3a). This is of note since that flow model was selected based on the match to plate
velocities, the geoid, and regional seismic anisotropy originally [Miller and Becker, 2012], and not global
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Figure 3. Mean angular misfit of azimuthal anisotropy from mantle flow models underneath oceanic plates, (Ax),., when compared to the model of Schaeffer et al. [2016].
(a) Asthenospheric viscosity, 1, is reduced between 100 and 300 km (reference model in Figures 2e and 2f has 1,=0.1). (b) Weak asthenosphere is limited to 100-150 km depth range.

anisotropy. The sublithospheric misfit minimum at ~ 175 km is diminished when #,=0.1, and the lowest
viscosities considered, 7,=0.001, lead to angular misfits with anisotropy that are degraded to close to ran-
dom levels in most regions underneath the lithosphere.

If the asthenospheric viscosity reduction underneath oceanic plates is limited to a thinner layer from
100 km to 150 km (Figure 3b), a similar degradation of fit to azimuthal anisotropy is seen for 7,=<0.1. The
depth-integrated dependence of misfit on 7, is somewhat reduced, and the lowest misfit depth is shifted
upward, localizing closer to the base of the mechanical lithosphere [cf., Becker et al., 2014].

3.2. Mechanics of Flow Disruption

What causes the disruption of the asthenospheric shear that is apparently needed to have LPO induced by
mantle flow explain azimuthal anisotropy? Inspection of the velocity fields themselves used to compute
LPOs can serve to illustrate some of the effects. The velocity profile shown Figure 4 goes from the East
Pacific Rise to the Japan subduction zone to capture the fairly simple convection system in the upper man-
tle underneath the Pacific plate. The profile is offset slightly to also capture the Hawaiian plume anomaly
(cf. Figure 2d).

The reference model of Figure 4b (17,=0.1) shows mainly Couette (i.e., simple-shear) type flow underneath
most of Pacific plate [cf., Hoink and Lenardic, 2010] besides toward the Nazca plate [cf., Long and Becker,
2010; Natarov and Conrad, 2012] and around the Hawaiian slow velocity anomaly (contour at x ~ —1500
km, also see Figure 4a) where a Poiseuille (i.e., pressure driven) character flow is found. The partitioning of
flow into Couette and Poiseuille components was shown to be potentially detectable in seismic anisotropy
if their flow directions are not aligned [Natarov and Conrad, 2012], though the depth resolution of aniso-
tropic tomography puts some limitations on this in practice, particularly if the weakening layer is itself thin-
ner than ~200 km.

The lower viscosity asthenosphere case of Figure 4c emphasizes how the flow is modified by a broad
decoupling layer (cf. Figure 2f). Low 5, leads to strong vertical deflections around density anomalies, and
extremely large asthenospheric velocities, several times the plate velocities. If the layer is thinner at the
same viscosity reduction (Figure 4c), flow is channelled in a similar fashion, but the vertical deflections of
flow below the weak asthenosphere are reduced to comparable levels to the reference model (Figure 4b).
This appears consistent with the suggestion that an even thinner layer would display some channelized,
Poiseuille flow compared to the reference but have a modest impact on deeper shear. Allowing for
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subduction of the thin asthenospheric layer (Figure 4e) does not modify plate velocities or mantle flow sig-
nificantly further for my choices of parameterizing such a layer.

If we ignore any tomography-inferred density anomalies underneath the plates to explore model sensitivity,
and only consider the component due to slab-pull induced, large-scale flow, the flow fields shown in Figure 5
result. The reference viscosity structure for slab-driven flow (Figure 5a) yields general plate-scale shear
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underneath the Pacific (i.e., Couette-dominated flow) and some return flow at the base of the lower viscosity
layer, as expected. Absolute surface velocities for those global flow models are too small compared to actual
plate motions (Figure 2a). Those could be adjusted [Becker and O’Connell, 2001; Conrad and Lithgow-Bertelloni,
2002; Alisic et al., 2012]. However, here, | am mainly concerned with the relative velocities with depth, and

hence the resulting shear, for the formation of anisotropy, and the overall contributions of slabs and other
density anomalies for the upper mantle.
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Allowing for a further asthenospheric viscosity reduction for the slab-only case (Figure 5b) increases the
effect of the return flow close to the subducting slab in a way that is similar to what was discussed by Nagel
et al. [2008]. Comparing Figures 4c and 5b illustrates that the disruption of anisotropic patterns seen in Fig-
ure 2f and 3 is due to a combination of density anomalies driving vertical flow (such as around Hawaii), and
slab-induced, deep asthenosphere return flow as seen in Figure 5b. Therefore, even if the scaling that has
been applied to the tomographic anomalies were to overestimate the role of buoyancy anomalies, | still
expect the superweak asthenosphere to disrupt flow.

In map view (not shown), the slab/return flow component for an extremely weak asthenosphere leads to
misalignment between predicted and observed anisotropy, for example in the NW Pacific. As was the case
for the tomography-included computation, a thinner asthenospheric layer leads to shallower focusing of
shear for the slab-only case (Figure 5c). In contrast, deep upper mantle, slab associated return is more
broadly distributed with depth. Allowing for the subduction of weak asthenospheric material (Figure 5d)
leads to broadly similar patterns, but a more symmetric transition between return flow, plate shearing, and
return flow within the thin asthenosphere underneath the Pacific, from ridge to trench.

While the profiles shown in Figures 4 and 5 are for a single location only, comparison of Figures 2d and 2f
suggests that the dynamics work out similarly for a large fraction of the suboceanic asthenosphere, in par-
ticular where flow is Couette-dominated, e.g., underneath the relatively fast-moving Pacific, Nazca, Indo-
Australian plates. Local exceptions to this general behavior include the southern Atlantic domain where a
superweak asthenosphere actually improves the fit to azimuthal anisotropy offshore Brazil. Analysis of
velocity profiles for the region shows that this is due to flow confinement caused by the cratonic keels
bounding the sub-Atlantic domain (cf., Figure 1). A relatively weaker asthenosphere allows for a more pro-
nounced recirculation component of flow toward the spreading center underneath the South American
plate, and this leads to a better fit than the broader Couette flow of the reference. This may indicate that
the depth-extent or strength of the South American keel is underestimated in our reference model, for
example.

3.3. Systematic Dependence on Asthenospheric Viscosity

Figure 6 explores the effects of a 200 km and 50 km wide, suboceanic asthenosphere systematically for
three different azimuthally-anisotropic seismic tomography models. For the wide asthenosphere and my
preferred flow model that includes upper mantle slabs and tomographic anomalies (Figure 6a), a notably
clear signature of the asthenospheric background viscosity, 7,, arises. The lowest misfit to all three tomo-
graphic models considered, as well as the best match to plate motions, arises for 1, ~ 0.1. If | use the
depth-averaged mean misfit instead of the minimum as in Figure 6, the dependence on 1, is the same (cf.,
Figure 3).

These findings substantiate that there is an emerging, long-wavelength consistency between different seis-
mological models of upper mantle, azimuthal anisotropy [Becker et al., 2007; Schaeffer et al., 2016]. Geody-
namic models are able to capture and explain common patterns in anisotropy [Becker et al., 2003; Conrad
and Behn, 2010]. While geopotential fields, plate velocities, and seismic anisotropy have different sensitivi-
ties to components of the mantle convection system [Becker et al., 2003; Ghosh et al., 2010; Forte et al., 2015]
a broadly consistent physical model of the Earth’s mantle can be constructed.

The thin asthenosphere dependence of misfit metrics on 1, (Figure 6¢) is similar to what was seen for the
wide case and, again, all three tomographic models show a consistent dependence on 7, in terms of misfit.
However, the best-fit values for 1, are shifted to smaller values, &~ 0.045, for anisotropy or ~ 0.01, for
plate velocity correlations. Such a behavior might be expected if there is a trade-off between layer thickness
and viscosity such that a combination of both is the major control on the decorrelation of anisotropy due to
the flow modifications discussed above.

Further tests with an even thinner, 25 km wide suboceanic plate asthenospheric layer are at the limit of
my numerical resolution capabilities at present, as only very few element are available to resolve shear
layers in this case. However, results are consistent with those for the 50 km layer case, albeit at a slightly
reduced best-fit 1, of 0.01 for anisotropy from SL2013SVA and DR2015 (0.1 for YB13SV). The plate velocity
correlation is almost constant and comparable to the values in Figure 6¢ for the range of preferred viscos-
ity reductions, 1, < 0.01. Should this trade-off between 1, and layer thickness continue, | would expect a
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best-fit 17, of ~0.002...0.005 for a 5 km thickness asthenosphere or so. For the thinner layers, it is mainly
the modification of the partitioning between Poiseuille and Couette flow that is affecting the match to
anisotropy [cf., Natarov and Conrad, 2012], and not the vertical deflections of flow (cf., Figure 4).

While a broadly consistent viscosity reduction of 1,=0.01, for thin asthenospheres (=25 km) is found, azi-
muthal anisotropy misfit minima are thus predominantly sensitive to the bulk effect of layer thickness and
viscosity. Comparison of Figures 3a and 3b shows that the reduction in the depth over which the astheno-
sphere is sheared for the thinner asthenosphere model leads to a slight depth-averaged degradation in
overall model fit to tomography. This provides some indication that wider shear layers may be required to
explain overall upper mantle anisotropy. However, radial anisotropy can be expected to provide a stronger
constraint on the depth distribution of shear [Becker et al.,, 2008]. For such an analysis, one would have to
reevaluate the partitioning between dislocation and diffusion creep rheologies in light of LPO formation
[Podolefsky et al., 2004; Becker, 2006; Behn et al., 2009], which is outside the scope here.

Figures 6b and 6d show results where | repeat the same tests for asthenospheric viscosity reduction for the
slab-only model. The dependence of misfit to azimuthal anisotropy as a function of asthenospheric viscosity
is less clear for the slab-induced shear component alone, but a preference for moderate viscosity reduction
0.01=<1,/1,=0.1 is seen for the wide asthenosphere tests. Plate motions are expectedly not as well
matched as for the tomography-included reference model, and the slab-only models are mainly meant to
illustrate which flow component contributes how to the misfit degradation, as mentioned. That said, plate
velocities correlations are still optimal for 1, ~ 0.01 but are less degraded at even smaller 7, similar to the
curves for the wide asthenosphere (Figure 6a).

| also repeated the tests for the thin suboceanic plate asthenosphere as in Figures 6¢ and 6d for an astheno-
sphere that gets dragged down behind the slab as shown in Figures 4e and 5d. The dependence of mini-
mum azimuthal anisotropy misfit on 7, is very similar to the cases where the weak asthenospheric layer
remains confined to the region underneath the plate only, for both tomography-included and slab only
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cases. At least for my choices of implementing the asthenosphere, it is therefore not that important if the
asthenosphere gets dragged down behind the slab or not. The general behavior can be captured by a wider
asthenosphere underneath the oceanic plates that likewise facilitates the return flow close to the slab that
is allowed by the subducted asthenosphere.

In summary, these tests indicate that a global, suboceanic asthenosphere is not only compatible but the
preferred Earth model given the match to plate motions and seismic anisotropy, consistent with earlier
work [Miller and Becker, 2012]. However, a global, contiguous layer cannot be too weak or else the fit to azi-
muthal anisotropy gets disrupted, and plate motion correlations are degraded for wide layers.

3.4. Superweak Patches

Figure 7 explores tests where | test the localized asthenospheric viscosity reduction models of Figures 2c—
2f. As might be expected, the subduction zone (Figure 7a) or ridge and subduction zone (Figure 7b) low vis-
cosity patches have very limited effects on the mean match to anisotropy or the fit to plate velocities (note
zoom-in of misfit scales of Figure 7 compared to Figure 6). Low viscosity patches underneath the plates dis-
rupt flow only locally and thus lead to a slight degradation of the match for all , < 1 tested. This does not
mean that such local viscosity reductions do not exist, of course, and some of the deviations of astheno-
spheric anisotropy from expectations of plate-shear [e.g., Lin et al., 2016] or complexity of subduction zone
anisotropy [e.g., Song and Kawakatsu, 2012; Long, 2013] may indeed be explained by local, superweak
asthenosphere enhanced flow.

Moreover, some of the regional misfit between the reference model LPO predictions and anisotropic
tomography (e.g., Figure 2d) may well be due to local asthenospheric viscosity variations underneath oce-
anic plates. For example, those may be due to partial melt or volatile variations (which may be linked, e.g.,
Ballmer et al. [2012]), and those are not captured by the temperature-dependence based on tomography
assumed here besides the broad athenospheric layering. While clearly a promising avenue for future work,
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Figure 7. Minimum, mean angular misfit underneath oceanic plates with depth as in Figure 6, for models driven by tomography and upper mantle slabs, exploring localized viscosity
reductions. Note that both azimuthal anisotropy and plate velocity misfit scales are adjusted compared to Figure 6 to highlight very small differences. The background viscosity of the
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efforts of detecting local asthenospheric viscosity variations are likely contingent on a better understanding
of the uncertainties of azimuthal anisotropy patterns from seismology and improved constraints on the
types and conditions of LPO formation. For my purposes here, any such local viscosity reductions are
expected to have only limited impact on global plate dynamics based on the tests conducted above.

When does local become regional or global? Increasing the number of low viscosity stripes to those shown
in Figure 2e (Figure 7c) where the low viscosity patches cover ~ 12% of the Pacific plate, emphasizes this
local disruption effect, leading to an overall decrease in mean angular fit of &~ 3°. Such a difference is proba-
bly only borderline significant [Becker et al., 2003], even though the misfit dependence on 14 is similar for all
three seismological models considered. One can imagine that there is a continuum where further adding
stripes of low viscosity beyond the case explored in Figure 7c will eventually reproduce the continuous layer
results of Figure 6¢. | will use =10% areal coverage as the limit for global detectability of a superweak
asthenosphere for the match to anisotropy, while plate velocities are still not significantly affected.

Last, Figure 7d shows results for the case where the low viscosity stripes are broadly aligned with the direc-
tion of shear and plate motions (Figure 2f) instead of orthogonal to it. The effect of 1, on the match to seis-
mic anisotropy for this configuration is moderate, but the intermediate reduction in 7, around ~0.05 leads
to a degradation of fit for all tomographic models. Plate velocities are overall improved compared to the
other striped models, and prefer some moderate reduction of 7, ~ 0.1. While anisotropy is again not
affected much in absolute terms, the signatures of anisotropy and plate velocities indicate a robust, but
opposite and physically inconsistent, dependence on 7, For mantle flow, the differences in trade-offs
according to the alignment of asthenospheric stripes are similar to those between anisotropic and isotropic
viscosity reduction in the asthenosphere under simple shear loading [Becker and Kawakatsu, 2011], as the
effects of pure shear and pressure-driven flow are limited on plate scales (Figure 4).

4, Discussion

| showed that only a moderate bulk asthenosphere viscosity reduction appears consistent with the match
of predicted flow and LPO anisotropy to observations. Most inferences were, however, based on variations
of parameters starting off a reference model that was selected because it was doing fairly well in terms of
matching the geoid and plate motions as well as regional anisotropy [Miller and Becker, 2012]. When infer-
ring density anomalies from seismic tomography, for example, mantle velocity amplitudes will depend
directly on the uncertain scaling of seismic velocity anomalies and density. Other combinations of mineral
physics scalings and assumptions about compositional anomalies [e.g., Forte et al., 2015] may potentially be
consistent with different global asthenospheric viscosity reductions.

We might therefore be considering misleading tangents off one of several local misfit minima of the general
inverse problem of inferring Earth dynamics. However, the slab-only models show that the circulation asso-
ciated with plate motions, even without mantle density anomalies underneath the plates, is consistently
affected such that an overly weak asthenosphere leads to a degradation of fit. Given these tests, and the rel-
atively clear, physically plausible and general effect of changing 7, | therefore doubt that my general con-
clusions would be affected strongly given different starting models.

Accepting the relative reduction of 1,=0.01 relative to the upper mantle viscosity as a robust inference for
a global, =200 km thick asthenosphere from modeling seismic anisotropy, this raises the question of consis-
tency with other inferences on 7. Predictions of upper mantle viscosity from laboratory derived creep laws
are sensitive to uncertainties in the constants, in particular the activation volume, and local conditions such
as volatile content and grain-size. However, variations of ~2 orders of magnitude between 100 km and
400 km depth appear broadly compatible with laboratory-based inferences [e.g., Hirth and Kohlstedt, 2004],
as noted.

The “Haskell constraint” derived from postglacial rebound observations sets an absolute scale for the conti-
nental upper mantle; it indicates that the average viscosity of the upper ~1400 km should be ~ 10?' Pas
[Mitrovica, 1996]. Postseismic and postglacial deformation studies from continental regions have found
local, asthenospheric viscosities that are significantly reduced compared to 1, ~ 10! Pas. For example,
Freed et al. [2006] infer values of ~10'® Pas for the shallow mantle based on deformation after the 2002
Denali earthquake. Bills et al. [2007] suggest similar values for asthenospheric depths based on unloading of
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Lake Lahontan, Nevada (though Bills et al’s relatively weak mantle average appears to violate the Haskell
constraint).

Given the vastly different time scales of loading from ~O(10 yr) for earthquakes, to ~O(10,000 yr) for
postglacial adjustment, and ~O(1 Myr) in the case of mantle-flow induced anisotropy, different micro-
scopic deformation mechanisms and/or transient rheologies may be at work [e.g., Biirgmann and Dresen,
2008]. However, the regional setting may also play a role, and we would expect locally reduced viscosities,
e.g., due to enhanced partial melt fractions, in a mantle wedge atop a subducting slab or the tectonically
active western United States where Farallon slab hydration has been suggested.

There are few geodetic studies constraining the asthenosphere underneath oceanic plates. Freed et al.
[2017] find ~10"° Pas for the asthenosphere below 100 km but had limited resolution there. A stronger con-
straint comes from the analysis of Hu et al. [2016] of deformation after the 2012 Indian Ocean earthquake.
Using an upper mantle reference of 10%° Pas, the authors document a best-fit model trade-off between
thickness and asthenospheric viscosity, with 1, between ~0.5 - 10'® Pas and 10'° Pas. In terms of absolute
values, this would be only borderline consistent with our inference based on a ~0.01 reduction of #,=10?'
Pas. However, absolute viscosity values for circulation computations are less well constrained than relative
variations, and the relative reduction between Hu et al.'s best-fit asthenosphere and upper mantle viscosi-
ties is entirely consistent with my range of 0.01-0.1, depending on thickness.

This indicates at least the potential to reconcile short-term, geodetically constrained and long-term, mantle
flow inferred viscosities for the asthenosphere underneath oceanic plates. The inferred relative drop of ~2
orders of magnitude from the upper mantle background is consistent, albeit possibly at smaller absolute
values for the shorter timescale transients. Besides the role of temperature and pressure, no further partial
melt or hydration effects need to be invoked in general, but those may well be the cause of patches of lim-
ited geographic extent that show further viscosity reduction.

| focused on the suboceanic domains, but my result that patchy viscosity reduction has limited impact on
global plate dynamics is of relevance for the continental lithosphere as well. For example, Gung et al. [2003]
suggested that strong continental keels may lead to shear localization and strong radial anisotropy under-
neath. Miller and Becker [2012] found that a better match to seismic anisotropy was achieved when the
asthenospheric viscosity reduction in circulation models was limited to younger regions outside cratonic
keels. Effects such as high melt content may well lubricate the lithosphere locally in tectonically active
regions such as the western United States, outside old continental interiors, and only in limited regions. This
would be consistent with the finding of Hopper and Fischer [2015], for example, that thermal effects alone
may indeed explain the impedance contrast used to define the lithosphere-asthenosphere boundary below
cratonic lithosphere, and that possible melt effects may not be laterally continuous.

5. Conclusions

Seismic anisotropy and plate velocities indicate that there is a global, suboceanic plate asthenosphere
which has a viscosity that is somewhere between 1/10 and 1/100 the viscosity of the upper mantle but not
much weaker. This substantiates earlier work [e.g., Conrad and Behn, 2010; Miller and Becker, 2012] but is
here explored with fully dynamically consistent flow models, and compared to three recent seismic tomog-
raphy models, for the first time. Further, local viscosity reduction in isolated patches does not significantly
affect global plate motions or the large-scale fit to anisotropy. This implies that even if features such as the
recently imaged strong impedance contrasts at the base of lithospheric plates were indicative of rheological
weakening, the global plate system would be mainly unaffected. In particular, a melt-induced viscosity
reduction leading to a thin, weak layer would be compatible with global models of plate tectonics, as long
as these patches remain discontinuous and have a total areal fraction of =<10% of the plate size.
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