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Variable viscosity in Earth’s mantle exerts a fundamental control on mantle convection
and plate tectonics, yet rigorously constraining the underlying parameters has remained
a challenge. Inverse methods have not been sufficiently robust to handle the severe
viscosity gradients and nonlinearities (arising from dislocation creep and plastic failure)
while simultaneously resolving the megathrust and bending slabs globally. Using global
plate motions as constraints, we overcome these challenges by combining a scalable
nonlinear Stokes solver that resolves the key tectonic features with an adjoint-based
Bayesian approach. Assuming plate cooling, variations in the thickness of continental
lithosphere, slabs, and broad scale lower mantle structure as well as a constant grain size
through the bulk of the upper mantle, a good fit to global plate motions is found with
a nonlinear upper mantle stress exponent of 2.43 & 0.25 (mean & SD). A relatively
low yield stress of 151 &= 19 MPa is required for slabs to bend during subduction
and transmit a slab pull that generates asymmetrical subduction. The recovered long-
term strength of megathrusts (plate interfaces) varies between different subduction
zones, with South America having a larger strength and Vanuatu and Central America
having lower values with important implications for the stresses driving megathrust
earthquakes.

mantle rheology | plate motion | adjoint inversion | stress exponent | activation energy

The solid Earth is a viscoelastic body, but on long geological time scales, the elastic
effect can be ignored and deformation is mainly controlled by an effective viscosity.
The viscosity of rocks inside the Earth is governed by different mechanisms including
diffusion creep, dislocation creep, and different forms of plastic deformation which are in
turn controlled by temperature, pressure, crystal size, water content, strain rate, and melt
fraction (1, 2). Understanding the rheology of the solid Earth has relied on experiments,
but imposed strain rates are often many orders of magnitude (~10°) higher than that of
geological processes (3), raising concerns on the applicability of the measured values of
constitutive parameters. Nevertheless, these experiments provide important constraints
on rheological parameters. For example, for the bulk of the high-temperature upper
mantle, the activation energy (,) for dislocation creep of olivine is within the range of
430 to 640 kJ/mol (4), while its stress exponent (#) is usually considered to be within
3.5 £ 0.3 (3, 4). In the localized shear zones and at subducting boundaries, the minerals
can undergo grain size reductions. This favors the predominance of grain-size sensitive
creep (5) in geologically recognized areas with long-term inherited weaknesses (6). The
laboratory flow laws have been incorporated into regional, generic forward geodynamic
models with realistic geophysical outcomes for tectonic plates and subduction zones
(7, 8).

Alternatively, the viscous behavior of lithosphere and mantle can be inferred from
geophysical observations, including those using postglacial (9, 10) and postseismic
rebound (11, 12), plate motions (13-15), the gravitational field (16-19), and other
phenomena as constraints. These studies can obtain the variation in effective viscosity of
the mantle with depth and provide a first-order understanding of the present-day mantle
viscosity. Through inference, ecither through formal inversion or forward models that
match observations, rheologies are simplified, generally using Newtonian constitutive
relations (9, 10, 17-22). However, it is long known that inferred radial variations in
viscosity trade-off with lateral variations (23) and that plate tectonics is strongly governed
by lateral variations in mechanical properties. There are some examples of assuming
nonlinear constitutive relations in forward models that fit plate motion observations and
that attempt to infer nonlinear parameters (24, 25), but there are no formal inversions
with realistic nonlinear constitutive relations on a global scale.
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We advance substantially beyond previous approaches for the
global problem of plate motions and associated mantle flow.
Namely, we construct a model of coupled, plate boundary-
resolving lithosphere-mantle deformation, use gradients based
on forward and adjoint variants of the governing Stokes system
of equations, and take a Bayesian inference approach. We use
rheological parameters based on laboratory experimental results
as prior knowledge, fit global plate motions, and approximate
posterior probability distributions of the rheological parameters
and the covariation between them. Unlike previous inversions,
this work utilizes plate-resolving forward models, efficient inver-
sion methods to obtain estimates of rheological parameters, and
more detailed three-dimensional structure of the lithosphere and
mantle, including the details of the bending oceanic lithosphere

globally.

Global Derivative-Based Inversion Using Plate
Motion

We use a spherical shell Q as domain of the earth’s mantle, and
model its long-time dynamics using viscous non-Newtonian fluid
equations for the conservation of mass and momentum, i.e.,

~Vou=0, -V.o=f, inQ [1]

Here, # is the fluid velocity and 6 = 27é — pl is the viscous stress
tensor, with # being the highly nonlinear, parameter-dependent

viscosity (details below), &€ = %(Vu + VuT) is the strain rate,
and p is the pressure. The gravitational force is f, := —pge;,

where p denotes the density, ¢ the gravitational acceleration, and

A

e, the unit-length radial direction. Eq. 1 is complemented with
free-slip boundary conditions, such that the flow is solely driven
by gravitational force. Any emergence of flow or plate tectonics-
like behavior is a consequence of the interaction of gravity with
the nonlinear viscosity # through the solution of Eq. 1. A typical
solution of Eq. 1 is shown in Fig. 1. Simplified from experimental
flow laws, the nonlinear viscosity is given by

(o} 1=n
n(x, T, &1, m) = fmin + min {—y (x) min {Al/”én”
2éy
E,AT
1—=7)), max f ¢ - 2
< op (L (1=1)) o | 12

Here, #min and #may are lower and upper bounds for the viscosity;
oy is the yield stress; €11 is the square root of second invariant of
the strain rate tensor; A is viscosity scaling, with A4, for upper
mantle and A; for lower mantle; 7 is the stress exponent; £, is the
activation energy; R is the gas constant that equals 8.314 kJ/mol;
AT is the temperature difference between the surface and the
mantle that equals 1,400 K; 7, is the mantle temperature equal to
1,673K; T = (T — T;) /AT is the nondimensional temperature
field where 7; = 273 K is the surface temperature; and w(x) is
the extra weakening along the plate boundaries (Fig. 1C), which
involves parameters @; € R that control the coupling between
individual plates.

The constitutive relation adopted (Eq. 2) is simplified, perhaps
most significantly in dropping the dependence on grain size
which acts as a nonlinear term for diffusion creep when grain
size evolves (5). This simplification is likely most significant
within the shear zones between plates; here the shear zones

C

e
ol

weak zone

strainrate_sart_2inv
69620 1e-18 le-17 le-16 le-15 le-14 le-13 1.de-12
—— e—
viscosify
10e+18 1e+19 1e+20 le+2] le+22 1e+23 1.0e+24
— L —

ate depedent ViSCOsity

Fig. 1. Setup of the global forward Stokes solver. (A) Global view of strain rate and plate motion on the surface. (B) Cross-section showing the viscosity field
and the computational mesh along a profile shown in (A). (C) Enlarged view of the subduction zone showing the detailed structure of the bending lithosphere

and the weak zone.
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could be peridotitic mylonites with much reduced grain sizes
with a dominance of diffusion over dislocation creep (26, 27).
Grain evolution and creep processes can be incorporated into
forward, generic models of subduction (28), but these require
that strain evolves forward in time, which cannot be attained in
instantaneous Stokes; consequently, assuming these shear zones
have strain-inherited rheologies, we have approximated them
with a set of local parameters, w;, in addition to the creep
parameters, £, and 7, which act within the entirety of the upper
mantle.

The thermal field 7 is the combination of the lithosphere
defined using the half-space cooling model with magnetic
anomaly-constrained plate ages (29), slabs based on the slab2
model (30), variations in the thickness of continental lithosphere,
and lower mantle structure converted from seismic tomography
(31) (Materials and Methods and SI Appendix, Fig. S1). For the
inversion, the MORVELS56 plate model in the no-net-rotation
(NNR) reference frame (32) is the data used as surface velocity
field; this model was selected because of the inclusion of major
and minor plates allowing us to exploit the strength of the
computational models, which resolve the fine details of plate
margins, including the microplates that display back-arc motion.
As the inversions were computed with data in a NNR frame,
they cannot be used to address the origin of net rotations, as
considered in forward models (22, 33, 34).

When solving Eq. 1, it is essential to use adaptive mesh
refinement to resolve crucial small-scale structures (Fig. 1 B and
C), especially the plate boundaries for different subduction zones.
Using discretizations with local resolution of 1 km is needed to
resolve subduction zone dynamics. Despite the use of locally
highly adapted meshes, discretization of Eq. 1 typically results
in extremely large (i.e., hundreds of millions of unknowns)
nonlinear implicit system, requiring tailored parallel solvers
(35, 36) on large supercomputers (37).

The vector m on the left-hand side of Eq. 2 includes uncertain
parameters from the right-hand side that play a crucial role
for the viscosity: the yield stress ), the stress exponent 7, the
activation energy E, in the upper mantle, the upper and lower
mantle scalings A, and A;, and the weak zone factors w; at major
subduction zones. Each choice of m results in a different surface
flow. The main purpose of this work is to show that it is possible
to use global plate tectonic data to constrain these parameters, and
to study trade-offs between them. Such a systematic parameter
inference approach extends previous studies (38, 39) to global
models, building on related high-resolution forward model
studies (25, 40, 41). We formulate this parameter inference
problem as Bayesian inference for the viscosity parameters m.
Besides the ability to solve Eq. 1, such a study is facilitated
by the availability of derivatives with respect to the parameters
m of the misfit between the model output and present-day
tectonic data. We compute these derivatives efficiently using
adjoint methods (Materials and Methods). This allows us to
compute the maximum a posteriori (MAP) parameters using
gradient-based optimization, and to find covariance matrix
approximations that provide information about the uncertainty
of the estimated parameters. An alternative to gradient-based
inference are Monte Carlo sampling methods, as illustrated with
simpler low-dimensional models (38, 42), which would require a
large number of solves of Eq. 1 for different parameters m. Given
that a single high-resolution solve may require hours on several
thousand central processing unit (CPU) cores, such sampling-
based methods are infeasible.
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Results

The MAP point optimization converges close to observed
plate motions while exhibiting behavior widely found in high-
resolution forward models of subduction zones in 2-D cross-
sections (e.g., 7). The oceanic lithosphere gradually bends within
the hinge zone below the low viscosity megathrust (Fig. 1C)
while the hinge zone itself yields. Throughout the interior of
plates, the strain rates are low and less than about 10717 571
with high values directly above megathrusts. The slabs below the
hinge zone have high viscosities, although limited by an imposed
maximum value, the viscosities still show considerable variation
between subduction zones. The high viscosities allow the slabs to
act as stress guides. The regions around slabs, including within
the mantle wedge are characterized by halos of low viscosities
generated by shear thinning. The values of the viscosities within
hinge zones, slabs, and the upper mantle are determined by the
combination of tectonic plate data and the governing Stokes and
constitutive equations.

Fit to Plate Motions. Using plate motion as constraints, the
parameters in the viscosity law (Eq. 2) are recovered. Given the
initial guess on them, where 4, = 2.81 X 109 (dimensional
value of 1.7 x 103! Pa”=s), A; = 340 (dimensional value of
3.4 x 10?2 Pa-s), E, = 540 kJ/mol, n = 3.5, oy = 160 MPa, a
forward solve generates surface plate speeds that are substantially
larger than those observed. These initial values are also used as
the mean of the prior in the Bayesian approach. At iteration
3, the plate speeds adjust themselves to be significantly lower
than the observed (Fig. 2A4), but the misfit decreases. The fit
improves gradually with each descent step in the MAP parameter
optimization, so that by iteration 26, the predicted plate motions
generally match that observed both in orientation and magnitude
(Fig. 2B), while also fitting the motions of microplates such as
for the North Fiji and Lau Basins associated with Vanuatu and
Tonga Trench rollback (87 Appendix, Fig. S2). The optimization
is reasonably converged by this iteration, given the slowdown
in reduction to the objective function after iteration 10 and the
reduction of the gradient norm of the objective compared to
the initial value indicating a minimum has been reached (S/
Appendix, Fig. S3). Some misfit exists though, such as for the
Nazca and Australian Plates, and might indicate model errors or
imperfect knowledge on the mantle structure that drives plate
motion in these regions, as discussed later.

The final iteration produces a stress exponent # = 2.43+0.25
(where all uncertainties assigned to the posterior are one SD), a
yield stress o, = 151 & 19 MPa, and an upper mantle activation
energy E, = 648 £ 70 kJ/mol (Fig. 3 A-C). Other calculations
suggest that this is not a local minima but rather a global
one, as considered in the discussion below. A computation that
started with a substantially different initial guess compared to
the prior mean—no strain-rate weakening (7 being 1.0 instead
of 3.5), a much higher yield stress (o, being 320 MPa instead
of 160 MPa) and a higher activation energy (E, being 810
kJ/mol instead of 540 kJ/mol) (SI Appendix, Figs. S3—-S5)—
returns a posterior distribution close to the reference case just
described. In this case, the recovered strain-rate weakening,
yield stress, and activation energy only slightly changed (»
changing from 2.43 + 0.25 t0 2.42 £ 0.26, 0, from 151 £ 19
MPa to 142 £ 17 MPa and E, from 648 + 70 kJ/mol to
661 = 71 kJ/mol). This suggests the robustness of the inversion
results.
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Fig. 2. Plate motions at iteration 3 (A) and 26 (B) of adjoint inversion. Red arrows represent predicted velocities by the geodynamic model, while black arrows
represent the data model MORVELS56 constrained by geophysical observations (43). The background color in (B) shows the inverted weak zone factors, logq (o;),
for major subduction zones. For the rest of subduction zones, the slabs are short and we simply assume they are fully decoupled with a weak zone factor

of 1075,

Inferred Parameters. As the fit to plate motions gradually
improve during optimization, significant differences are found
in the parameter values compared to the initial guesses and the
prior means. Both the upper mantle scaling and the yield stress
drop (Fig. 34 and SI Appendix, Fig. S3B), which can reduce the
viscosity in the mantle and within the slabs, and increase the speed
of plate motions. In contrast, the lower mantle scaling and upper
mantle activation energy increase (Fig. 3 B and C). The change
in E, is complicated because increased values lead to higher slab
viscosities which increase resistance to plate velocities in two
ways. The first is through resistance to bending and second, for
slabs that reach the lower mantle, slabs can act as more effective
stress guides between the hinge zone and the higher viscosity
lower mantle. In contrast, for short slabs that do not reach the
transition zone, the higher E, leads to more slab pull which
could increase plate velocities. These counteracting changes in
parameters indicate the strong nonlinearity of the combined
system of Stokes and constitutive equations. The different effects
balance in order to fit the observed asymmetry of subduction,
that is, the subducting plate velocities for the Pacific, Indian, and
Nazca Plates are much higher than that for overriding plates such
as the Eurasian, North American, and South American plates
(Fig. 2B).

The marginals of the posterior distributions for the global
theological parameters show well-understood trends. The yield
stress and stress exponent trade-off and are mildly correlated
(Fig. 34). A higher yield stress is needed when the stress exponent

40f 9 https://doi.org/10.1073/pnas.2318706121

increases as both contribute to the nonlinearity in the effective
viscosity. The activation energy and stress exponent are also
positively correlated (Fig. 3B) as a higher stress weakening is
required when the strength of the temperature dependence to
viscosity increases.

The weak zone factors at subduction zones control the strength
of the plate interface and exert an important influence on
plate motion. Besides the globally constant parameters, the
optimization simultaneously adjusts each subduction weak zone
factor, w;, with a prior mean (10_4, Fig. 24). The inferred
weak zone factors vary for different subduction zones, with the
values generally ranging between 107> and 1073 (Fig. 2B). Some
subduction zones have larger weak zone factors, such as the
South American subduction zones in Chile and Peru which are
between 10738 and 10730 (Fig. 3F) while also having some
of the highest tangential stresses along the megathrust (78 MPa,
Table 1). Some have lower weak zone factors, including those
for Mexico and Central America (between 10~%¢ and 10~%)
and with smaller megathrust shear stresses (about 7.9 MPa). For
nearly all weak zone factors, including for those in South and
Central America, as just discussed, there is not a simple trade-off
between nonlinear stress exponent and weak zone factor as weak
zone factors are localized parameters and 7 is global; the same
holds true for margins of weak zone factors versus yield stress
(SI Appendix, Fig. S6) . However, the outcomes for Tonga and
Kermadec (with the label KER) deviate from this assertion. In
this case, we find weak zone factors which are intermediate in
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Fig. 3. Prior and posterior 2D marginal distribution of yield stress (A), activation energy (B), scaling in lower mantle (C), weak zone factors of Vanuatu (D),
Tonga and Kermadec (E), and Southern Chile (F) versus stress exponent. Gray dashed lines present the prior distribution, while the solid purple lines present
the posterior distribution. Each contour indicates one SD of the distribution, with the center point indicating the maximum a posteriori point.

magnitude (10742 t0 10~*!) and with intermediate shear stress
(7.6 to 21 MPa). However, most notable is that the variance on
the logarithm of the weak zone factor (with a value of 0.152) is

Table 1. Mean deviatoric stresses along cross-sections
and in the depth range of 10 to 50 km for different
subduction zones

Name Slab2 Lon(°) Lat(°) log,o(w;) o (MPa)
Central Aleutians ALU —-176.5 50.5 —4.23 19.8
E. Aleutians ALU -155.7 553 —-4.23 16.4
Alaska ALU —-146.2 60 —4.23 13.5
Central America CAM —-88 10.7 —-4.53 7.9
Mexico CAM —-98.9 15.9 —4.53 7.9
Cascadia CAS —-125.6 43.6 -3.47 24.4
Mariana 1ZU 1473 18.7 —-4.06 21.4
Izu-Bonin 1ZU 1427 29.4 —4.06 19.8
N. Tonga KER -173 -16.2 -4.18 7.6
S. Tonga KER —-177.5 -31.2 —4.18 21.0
Honshu KUR 1439 384 -4.10 38.7
Kamchatca KUR 160.8 51.9 —-4.10 28.0
Kuriles KUR 152.2 453 —-4.10 40.3
Nankai/Tokai RYU 138.7 33.8 —4.44 9.8
Ryukyus RYU 131.1 28.9 —4.44 141
Central Chile SAM  -74.1 -35.9 -2.95 78.3
South Peru SAM  -73.1 —17.8 —-3.82 28.9
Columbia-Ecuador SAM  —80.6 1.1 -3.82 22.9
Sumatra SUM 973 -0.7 -4.03 18.3
Vanuatu VAN 167.4 -17.9 -5.52 1.4

Shown in the table are the coupling factors w; and (1), the stress tangential to the plate
interface for various subduction zones.

PNAS 2024 Vol. 121 No. 28 e2318706121

substantially smaller than all other plate boundaries in which we
find a positive trade-off between w; and » (Fig. 3E).

Discussion

To study if the computed MAP points correspond to global
or just local minima, we use two geographically global 3-D
inversions of the current work, and we discuss these in the
context of a larger number of 2-D inversions (38, 39), where
the smoothness and uniqueness of inverted parameters for the
nonlinear Stokes system were studied. With the geographically
global models, we performed an additional inference experiment
with different initial guesses on 7 (1 versus 3.5), £, (540 kJ/mol
versus 810 kJ/mol), and o, (160 MPa versus 320 MPa). We only
find minor differences in the posterior distributions with these
vastly different initializations. These differences are most likely
caused by numerical errors in the derivative computation, rather
than local minima in the MAP computation.

We can also place these global inversions in the context
of results from 2-D models. One set of two-dimensional
models used cross-sections through the Pacific (39) and the
other Cartesian sections with known rheological parameters
and synthetic data (38). If different initial guesses are chosen
and the same data were used as constraints, the inversion
settles on the same final MAP point: For different values of
n between 2.0 and 3.2, the inversions converge to n = 2.8
for the Pacific cross-sectional models (39). In the case of the
2-D Cartesian models, different guesses to the coupling factors,
®;, were made but with the same prior knowledge with models
converging to the same known values of 7, o), and w; (38).
Equally important, repeated forward solves (of the nonlinear

https://doi.org/10.1073/pnas.2318706121
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Stokes system) were made with a Markov chain Monte Carlo
(MCMC) method allowing the computational approximation
of general posterior distributions without the solution being
approximated by a Gaussian (as done in the current work).
The resulting MAP points and covariance approximations closely
approximated the actual (MCMC-computed) posterior marginal
distributions and no local (or spurious) minima were found.
Overall, the Gaussianity of the MCMC-computed posterior
distributions was qualitatively similar to those found here (Fig. 3).
Significant deviations from a Gaussian were only found when
plate margins were allowed to be more deformable (38) or when
data noise increased (38) that different values of the rheological
parameters were recovered. Consequently, the evidence suggests
that the solutions of the current work converge to global rather
than local minima of the rheological parameters.

This inversion involves several assumptions, including con-
stant grain size through the bulk of the mantle, the exclusion of
high-temperature anomalies in the upper mantle and a simple
conversion coefficient from tomography to density anomalies
(Materials and Methods). The adoption of these assumptions
is a compromise due to our incomplete knowledge of the
mantle structure. However, even with these assumptions, we
find the inversion results are broadly consistent with laboratory
experiments. For example, our methods provide constraints
on the stress exponent of the upper mantle, with a value of
n = 2.43 £ 0.25 (Fig. 34). This stress exponent is notably
smaller than those constrained by laboratory experiments that
suggest values of 3.0 (4), 3.5 £ 0.3 (3), and 3.6 = 0.24 (44) for
wet olivine and values of 3.5 (4) and 3.540.3 (3) for dry olivine.
None of these values is preferred, but neither can they be excluded
as values of 7 up to 3.5 are within three SDs of the recovered
posterior distributions (Fig. 3). Using a statistical framework in
which experimental uncertainties are taken into account suggests
that 7 for dry olivine could be as high as 4.49 & 0.05 or even
more (44). Such large values of 7 lead to extreme degrees of
shear thinning and seem unlikely based on the global inversions.
The recovered values of 7 trade off with the activation energy E,
(Fig. 3B). The inferred activation energy of 648 &= 70 kJ/mol is
higher than those constrained by earlier laboratory experiments
that suggest a value of 430 kJ/mol (4) or 480 & 40 kJ/mol (3) for
wet olivine and a value of 540 k]/mol (4), 530 + 4 kJ/mol (3) for
dry olivine, but overlaps in range with those suggesting a value of
5234100 kJ/mol (44) and 61030 kJ/mol (44), respectively for
wet and dry olivine. Activation energies smaller than 400 k]/mol
are excluded by the global inversion at three SDs. As such, none
of the experimental values for activation energy under dislocation
creep can be excluded.

Broadly speaking the recovered » and E, paint a picture
in which shear thinning is smaller and the influence of the
temperature dependence of viscosity is larger than predicted
experimentally for dislocation creep for either dry or wet olivine.
This suggests a stronger effective temperature dependence (larger
E,/n) than the experimentally determined dislocation creep.
A straightforward explanation is that the mantle is dominated
by a mixture of dislocation and diffusion creep. For this case,
a positively correlated set of outcomes between # and E, is
expected and would seem to be consistent with the positive
correlation found (Fig. 3B). In addition, diffusion creep has a
much larger effective temperature dependence (E,/7) of viscosity
than dislocation creep, as its activation energy is considered
within the range of 200 to 400 kJ/mol (3, 4, 44) and n = 1.
A mixture of dislocation creep with diffusion creep would bring
the effective temperature dependence in between the values for
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diffusion and dislocation creep individually, consistent with the
inferred value of E,/n =~ 269 kJ/mol.

This trade-off between E, and # raises the question whether
it is the same as found in thermal convection with realistic
theological laws (45). In fully developed thermal convection
(e.g., through the coupling of energy and Stokes equations)
with only temperature-dependent viscosity, the upper boundary
tends to stagnate and the convective velocities and strain rates
decrease within the cold regions (46); when shear thinning is
added to the 7'—dependence, those viscosity variations tend to
be homogenized and the range of viscosity variations decreases
(45). Qualitatively similar behavior was found with the trade-off
between E, and 7 in the current inversion (combining nonlinear
instantaneous Stokes and present-day velocity data), but it does
not represent the full convection problem. Finding £, and »
and their trade-offs from an inversion against the evolution
of the earth (including the history of plate kinematics) would
represent such a full convection approach but also a formidable
computational challenge using current technology (47).

The inferred yield stress of 151 £ 19 MPa is substantially
smaller than values found from experiments on rocks when
considering Byerlee’s law (48, 49). It is important to emphasize
that in comparison with other global models, e.g., refs. 50-53,
our computations are sufficiently well-resolved that the bending
slab is distinguished from sliding between the two plates within
the megathrust (e.g., Fig. 1 C). Consequently, the conclusion that
the low yield stress reflects what is occurring within the hinge
zone would seem to be a quite conservative one. The low yield
stresses are required for slabs to bend and subduct, confirming
earlier computational models of spherical convection with plates
with yield stresses lower than expected by Byerlee’s law (51, 52).
The discrepancy between geophysical inversion and laboratory
experiments on the yield stress can be explained by extra softening
of the bending slab, including mantle serpentinization through
water percolation along normal faults at the outer rise (54, 55)
or grain size damage as the slab bends (28). Although slab
softening mechanisms cannot be included in our global-scale
instantaneous models, the inversion result of a low yield stress
indicates that a low effective viscosity (on the order of 1022
Pa-s or less) for the slab hinge is required to fit plate motion
(81 Appendix, Fig. S7).

One important contribution of this study is the inversion of
the 3D mantle viscosity, especially the fine structures within
subduction zones (Fig. 1B). There is considerable uncertainty
regarding the strength of slabs once they pass through the hinge
zone (15). The effective viscosity of slabs is a balance between
strengthening through temperature dependence of viscosity (i.e.,
E,) and weakening through dislocation creep and yielding (i.e., #
and ;) butall three of these parameters trade off with one another
to maximize the fit to plate motions. The effective viscosity of
each subducted slab adjusts during the optimization and we find
considerable variation in effective viscosity and strain both be-
tween subduction zones and with depth (S7 Appendix, Fig. S7). In
the hinge zone, initially as the plate begins to bend (and just below
the outward tip of the megathrust), we find the most variations
in effective viscosity, from Vanuatu and Tonga and Kermadec
on the low end with values of about 10%! Pa-s, through values of
1022 Pa-s for most subduction zones, to nearly the highest value
of about 8 x 10?2 for southern Chile. In contrast, the deeper
part of the slabs, including for slabs that dangle in the upper
mantle, like Vanuatu and Central America, or for slabs which are
embedded into the transition zones, like Honshu, we find more
uniform higher slab effective viscosities with values being about
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10%4 Pa-s. The high values for Honshu are interesting because
we find some trade-off in the posterior distribution between the
pre-exponent of the lower mantle viscosity and the activation
energy, with slightly smaller values of the pre-exponent with
high E,, reinforcing the hypothesis that the viscosity of the lower
mantle is an important regulator of plate velocities in the limit
of high viscosity slabs which act as stress guides. Estimates of the
relative viscosity of slabs with respect to surrounding mantle vary
widely: 1 X 7, (56), 100 to 300 X #ym, (57), 300 X Hym (15),
500 to 2,000 X #,, (58), and even higher (7) (where #,,,
and 7, are the average viscosities in the upper mantle and
transition zone). The lowest estimates are from time-dependent
flow models that match the shape of seismically resolved Farallon
Plate fragments (56), while the others are mostly from time-
independent arguments. The inverse, global flow models have
viscosity contrasts on the high end of this range, >1,000 X
Num> and with high absolute values for the effective viscosity of
slabs, 1024 Pa-s.

There is a tendency for those subduction zones with more
rapid back-arc basin extension, like Vanuatu and Tonga, to have
slabs with lower effective viscosity in hinge zones. However, this is
not found everywhere as the Marianas has a more nominal hinge
zone viscosity of 1022 Pa-s. This lower degree of weakening could
be caused by smaller amount of trench rollback on the Marianas
compared to Tonga; although the Marianas has substantial back
arc extension, this is primarily caused by the westward pulling of
the West Philippine Sea (59).

Of all of the plate boundaries, the variance on the inferred
weak zone factor, w;, for Tonga and Kermadec is about an order
of magnitude lower than all others. Instead of a variance of more
than one magnitude we find a value of about two with a small
positive trade off between w; and 7. The kinematic constraints on
Tonga are much tighter than nearly all other subduction zones.
For Tonga (with fits to the local kinematics shown in ST Appendix,
Fig. S2), the rapid rollback velocity for these systems places a
direct constrain on the rate at which the plate bends in the hinge
zone. So, we have very good constraints placed on the viscosity of
this plate boundary that are not obtained when only kinematics
of the largest plates are used as constraints on the viscosity of the
hinge zone (e.g., ref. 60).

Trade-offs may exist between the input mante density
structure and the inverted viscosity parameters. For example, we
assume a constant conversion coefficient from seismic velocity
to density anomalies, despite that this coefficient may vary
with depth and is subject to large uncertainties (61). This
conversion coefficient is expected to trade off with the lower
mantle viscosity. While we had to limit the systematic exploration
of these uncertainties because of the features of the current
inversion scheme and computational cost, we have examined
some of these uncertainties using forward models. For example,
we replace the lower mantle structure converted from the P-
wave seismic tomography LLNL-G3Dv3 (31) with that from
the S-wave tomography S40RTS (62) assuming a conversion
coefficient of dinp/dinV; = 0.2 as widely adopted in geodynamic
models (e.g., ref. 63). The predicted surface plate motion fits
the observation equally well, as compared to the inversion
(81 Appendix, Fig. S8). This suggests that the inverted viscosity
parameters are compatible with both mantle structures.

There is also a considerable debate on whether the low seismic
velocity anomalies in the upper mantle are thermal or thermo-
chemical in origin. We have omitted these anomalies when
constructing the upper mantle density structure. Therefore, the
inverse model here can be taken as an end-member case where
these anomalies are treated to be neutrally buoyant. However,
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we have examined the influence of these upper mantle anomalies
using two forward models (S Appendix, Fig. S9). The predicted
plate motion with the high-temperature anomalies converted
from these low seismic velocity anomalies remains largely similar
to the prediction without these hot anomalies, except that the
Pacific Plate mildly speeds up. This is because large amounts of
slow anomalies exist in South Pacific (64). This suggests that the
buoyancy effect of these anomalies may not dramatically distort
the inversion results, given the small change in plate motion with
a nonlinear rheology. However, trade-offs may exist between
the viscous effect of these low seismic velocity anomalies and
the strain-rate dependency of viscosity, as they have a similar
influence in reducing the effective viscosity beneath ocean basins.
Given the uncertainties in the nature of these anomalies, we will
rely on future studies to investigate this trade-off.

Some misfits in the mean plate motion remain even though
convergence is reached for the inversion, for example within the
Nazca and Australian Plates. They may reflect inadequacy of
the governing equation model, or imperfect knowledge in the
subduction zone structure (Fig. 2B). For the Australian plate,
the weak zone factor of the Himalaya-Tibet collision zone has
not been inverted for because the underlying slab structure is not
well constrained, as suggested by the large inconsistency among
tomography models (65-68) and with the Slab2 model (30). We
used a weak zone factor with 1073 in order to induce a strong
resistance for continental collision, but this resistance force might
be exaggerated such that it slows the Australian Plate toward the
north. The misfit in the Nazca Plate remains puzzling. When the
two weak zone factors for the South American subduction zone
are manually adjusted in forward models, the fit in Nazca Plate
is improved, but fit to the Andes and the South American Plate
kinematics worsens. This could be caused by the poorly resolved
slab structure in southern Chile in the Slab2 model. A longer
slab may exist in this region that could increase the slab pull on
the Nazca Plate in the southern part and improve the fit with the
Nazca Plate (Fig. 2B).

Materials and Methods

Temperature Field and Viscosity. The datafield Tin Eq. 2 is defined using the
half-space cooling model that takes the normal age of the oceanic lithosphere
(29)and assumes an age of 75 Ma near the subduction zones, an age of 300 Ma
forthe cratons, and an age of 125 Ma for the remaining continental lithosphere.
We construct the upper mantle slabs based on the slab2 model (30) and the
lower mantle density structure converted from the Lawrence Livermore National
Laboratory seismic tomography (31) using a constant conversion coefficient
of dinp/dinVp = 0.5 which is an approximation of the results from ref. 61.
The weakening factors w(x) in Eq. 2 along the plate boundaries (Fig. 1C) are
defined as

o(x) = H1 — (1= ) xi(x), (3]

. ) _ 2
with y;(x) = exp(—%),wherewi € (0, 1]isthe weak zone

factor for subduction zone i, dist(z;, x) defines the minimal distance between
x and the center surface of the weak zone z;, d is the width of the zone of full
weakening, and b is the length-scale of smoothing. With the definition Eq. 2 as
viscosity, we ensure that the slab forms a coherent structure that can transmit
stress from the deep mantle to the plate on the surface, and can easily bend due
to plastic yielding at the hinge zone.

Bayesian Inference Formulation. The observational data dp, are plate
velocities at the top surface of the mantle, given by Euler poles (43). We compare
the corresponding plate velocity data with velocities obtained from solving Eq. 1
inregions sufficiently far away from plate boundaries. We do notinclude velocity
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near margins, including in the vicinity of oceanic trenches, because there the
plates bend and deform, which is not captured by Euler poles. The Bayesian
inference formulation incorporates a prior distribution for the parameters m and
adistribution of the data misfitf(m) — d .. Here, f is the map from parameters
m to the predicted observation data. Each evaluation of f requires solution of the
nonlinear Stokes equations Eq. 1. The prior and error distribution are chosen as
multivariate Gaussians with means mg and 0 and covariance matrices Cprior and
Cdata: respectively. In our inversions, these covariance matrices are diagonal,
i.€., Cprior Contains the parameter variances on the diagonals, and Cy,q, the data
error variances. The data error variances are either chosen to scale as reciprocals
of the plate area, or the square root of plate area. The latter choice gives smaller
plates a comparably stronger influence on the inferred rheological parameters
(39), but it apparently does not influence the relative rankings of the means of
wj substantially (S/ Appendix, Fig. S10). For the inversions presented here, this
latter weighting is used.
The posterior distribution of m given d, is then given by

mpost(M) o< exp(—J(m)), [4]

where "oc" means equal up to a multiplicative normalization constant, and J(m)
is defined as

1
J(m) 1= 5 (dops — F(m)) . (Ao — F(m)
1 _
+ 5 (m —mg) i, (m — mp). [5]

Since evaluation of f requires the computationally expensive solution of Eq. 1,
itis not feasible to fully explore the posterior distribution. We thus approximate
the posterior distribution with a Gaussian, by linearizing f at the MAP point
Mmap, i.€., the parameter vector minimizes J(m). The resulting Gaussian has
the mean mmap and a covariance matrix (FC(;]:aF + C&ilr)*1, which is the
inverse of the Hessian of J, where F is the linearization of f. Even for diagonal
Cdatar Cprior, the posterior covariance is in general not diagonal as the physics

leads to correlation between the parameters m.
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Adjoint-Based Derivative Computation. We use an adjoint method to
compute gradients of J, which are needed to iteratively compute mpgp as the
minimizer of Eq. 5. With this adjoint method, the gradient of J is computed as

dmJ(m) = Cr;il)r(m —mg) + /Q Zwé}(u):é(v)dx’ (6]

where 7 is the viscosity from Eq. 2 that depends on x, the temperature T, the
second invariant of the strain rate & and the present parameters m. Moreover,
u is the solution of Eq. 1 and v the adjoint velocity, which is computed as
solution to an adjoint Stokes system. For derivation and details, we refer to refs.
38 and 39. The maximum a posterior mmap is computed using a Newton-type
method with the adjoint-based gradient Eq. 6 and the Hessian approximated
by the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm (69). The Hessian
at the MAP point, whose inverse is used as a covariance approximation needs
to be of higher accuracy than a BFGS approximation. Therefore, it is computed
column-by-column using second-order sensitivity analysis.
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