s Article
" X GEOChemiStry | j Volume 13, Number 1

‘i; Geophysics 1 February 2012

0AKO3, doi:10.1029/2011GC003873
Geosystems J QOAKDS, doi
ISSN: 1525-2027

Published by AGU and the Geochemical Society

The importance of slab pull and a global

asthenosphere to plate motions

Joost van Summeren and Clinton P. Conrad
Department of Geology and Geophysics, University of Hawai't at Manoa, 1680 East-West Road,
Honolulu, Hawaii 96822, USA (summeren@hawai.edu)

Carolina Lithgow-Bertelloni
Department of Earth Sciences, University College London, Gower Street, London WCIE 6BT, UK

[1] Earth’s subducting plates move 3—4 times faster than its overriding plates, but it remains unclear whether
these contrasting plate speeds are caused by additional pull from subducting slabs or by increased viscous
drag on the lithosphere-asthenosphere boundary beneath deeply-protruding continental roots. To investigate
the relative importance of plausible controls, we predicted global patterns of plate motions using numerical
models that incorporate the influence of subducting slabs, convective mantle flow, and continental roots.
From the mantle convection models, we computed a set of dynamically consistent plate velocities by bal-
ancing forces that drive and resist the motion of each plate. When deep continental roots anchor to the
sub-asthenospheric upper mantle, the calculated patterns of plate motions are close to the observations if
only ~20% of (excess) upper mantle slab weight contributes to the slab pull force. However, this small con-
tribution causes plates to move too slowly on average unless mantle viscosity is a factor of ~2 lower than
expected from post-glacial rebound. In contrast, we show that predicted and observed plate motions are
more easily reconciled if even the deepest continental roots are underlain by a low-viscosity layer and at
least half of (excess) upper mantle slab weight contributes to the slab pull force. This preferred scenario
agrees with recent seismological evidence for a global asthenosphere and previously proposed mechanisms
for partial decoupling of slabs from surface plates.
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1. Introduction

[2] The observation that subducting plates move
three to four times faster across Earth’s surface than
overriding plates [Forsyth and Uyeda, 1975] has been
long-recognized as providing a constraint on plate-
tectonic forces and upper mantle structure. Although
the directions of observed plate motions are consis-
tent with plate forces associated with convective flow
in Earth’s mantle [Lithgow-Bertelloni and Richards,
1998], the relative rapidity of oceanic plates requires
an additional mechanism. One plausible mechanism
is the pull of slab weight on subducting plates via
guiding stresses transmitted within the slab [Elsasser,
1969]. Stresses are transmitted more efficiently
within stronger slabs and, hence, slab rheology exerts
an important influence on the slab pull force. By
imposing the weight of slabs as a one-sided edge
force to plate boundaries, Conrad and Lithgow-
Bertelloni [2002] demonstrated that predicted
motions of uniform thickness plates agree best with
observed motions when slab pull and mantle flow
contribute approximately equally to plate driving
forces.

[3] Plate motions may also be modulated by litho-
spheric structure. A variety of geophysical evidence
[Jordan, 1975; Rudnick et al., 1998; Hirth et al.,
2000] suggests that continental roots below old cra-
tons protrude hundreds of km into the mantle. The
influence of these roots on plate motions depends on
their thickness, geometry, and rheology, and addi-
tional coupling between continental plates and man-
tle flow may enhance either plate-driving basal
tractions [4lvarez, 1982] or the viscous mantle drag
that acts to resist plate motion [Forsyth and Uyeda,
1975; Carlson, 1981]. Numerical modeling has
demonstrated that cratons generally reduce conti-
nental plate speeds, particularly if roots protrude
below the low-viscosity asthenosphere and couple
mechanically to the deeper, more viscous part of the
mantle [Zhong, 2001; Becker, 2006].

[4] Despite the potential importance of both slab
pull and continental roots, their relative influence
on global patterns of plate motions has not yet been
determined. To help disentangle the various con-
trols of Earth’s plate motions, we constructed
numerical models that combine (1) lateral viscosity
variations associated with continental roots, (2) a
global parameterization of slab pull edge forces,
and (3) plate-driving forces associated with con-
vective mantle flow inferred from seismic tomog-
raphy images of mantle structure. Unlike previous
numerical work in which plate motions are pre-
scribed a-priori, we computed sets of plate motions

that are consistent with given combinations of slab
pull and basal tractions on plates. For this purpose,
we used the torque balance method of Ricard
and Vigny [1989] and Lithgow-Bertelloni and
Richards [1998] that we have adapted to incorpo-
rate both slab pull forces and enhanced plate-mantle
coupling beneath cratons. By comparing predicted
and observed patterns of plate motions, we place
constraints on the rheology of the upper mantle,
which modulates plate-mantle coupling at the
lithosphere-asthenosphere boundary.

2. Methods

2.1. Torque Balance Method

[s] We predicted a self-consistent set of plate
motions, using the torque balance method [Ricard
and Vigny, 1989]. Mechanical equilibrium of tec-
tonic plates requires a zero net torque on each plate
[Solomon and Sleep, 1974]. Within this no-net
torque requirement, and for a linearized system of
equations, we can solve for the motions of tectonic
plates by dividing the problem into two parts. First,

a “driving torques” vector, 0, contains the forces
associated with slab pull and basal tractions from
mantle flow exerted on plates subject to a no-slip
surface boundary condition (see section 2.3). Vec-

tor Q consists of 3N elements with 3 vector com-
ponents for each of N tectonic plates. Second,
matrix M (dimension 3N x 3N), represents the
resistive forces in the system and contains infor-
mation about plate geometry and viscosity structure.
Diagonal elements of M represent viscous drag
forces exerted on a plate by the mantle over which
that plate moves. Off-diagonal elements represent
the influence that a plate’s motion exerts on other
plates via induced mantle flow. We construct matrix
M by prescribing the plate geometry and rotating
each plate about a pole of rotation with unit carte-
sian coordinates (see section 2.2). Torque balance
implies that, for every individual plate and for all

plates, the driving torques, ¢, must balance the
resistive torques, which are given by the product of
M and the vector & that contains 3 components
of the Euler rotation vector for each of N tectonic
plates. Thus,

—

0 = Ma. (1)

[¢] To predict a set of plate motions that is consistent
with the driving forces, we invert the above matrix-
vector system to solve for rotation vector w, using
singular value decomposition. Within the torque
balance method, plate motions are constrained up
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Figure 1. Lithospheric thickness models and slab pull
plate-driving forces. Blue arrows depict slab pull edge
forces for individual subduction segments. Background
colors show lithospheric thicknesses for a model with
shallow continental roots (i.e. our second model type,
with an asthenospheric channel beneath cratonic roots,
section 2.4). Black contour lines surround regions where,
for our model with deep continental roots (i.e. our third
model type, section 2.4), thick lithosphere reaches the
base of the asthenosphere at 300 km and couples mechan-
ically to the underlying, more viscous upper mantle.

to an arbitrary net rotation of the lithosphere with
respect to a stable lower mantle [Ricard and Vigny,
1989]. Because it is not possible to compute a
unique net rotation from our models, we computed
the unique set of relative plate motions and express
them in a no-net rotation reference frame, for com-
parison to the (no-net rotation) plate motion model
NNR-NUVEL-1A [DeMets et al., 1994]. Further-
more, any possible comparison to absolute plate
motions is hampered by uncertainty of the west-
trending lithospheric rotation magnitude, where
estimates vary from ~1 to ~5 cm yr—! between
different models [Le Pichon, 1968; Morgan, 1971;
Burke and Wilson, 1972; Minster et al., 1974,
DeMets et al., 1990; Gripp and Gordon, 2002]

2.2. Plate-Resistive Forces

[7] Resistive torques are computed by prescribing
the plate geometry and rotating each plate about a
rotation vector with unit cartesian coordinate. The
imposed plate velocity is resisted by viscous mantle
drag and induces a mantle flow that drives the other
plates. To determine individual contributions to the
resisting torques, we integrate the basal shear stres-
ses, 7, associated with unit rotation of a single plate
in one direction (component f), over the lithospheric
base of plate P about another direction (component 7)
[Lithgow-Bertelloni and Richards, 1998]:

Ap

[8] The components of matrix M in equation (1) are
then given by M;; = g,/w;. The lithospheric base is
defined by a viscosity contour that depends on the
specific model, as described in section 2.4.

[*] To minimize the artifact of large stresses near
plate boundaries due to discontinuous plate veloci-
ties, we assign low-viscosity (one tenth times the
reference viscosity) to imposed weak zones within
300 km of plate boundaries. Our weak zone param-
eterization was chosen as the best compromise
between tolerable stress buildup near plate bound-
aries, numerical stability, and a weak sensitivity of
the plate motion patterns (see section 2.5) to weak
zone parameterization. We found that for an increase
of the weak zone viscosity by a factor of 10, the
misfit function and plate speed ratio (see section 2.5)
change by only 10% and 15%, respectively. Chang-
ing the weak zone width to 200 km or 400 km has a
similarly small influence on the results.

2.3. Plate-Driving Forces

2.3.1. Slab Pull

[10] Contributions to plate-driving forces from slab
pull (Figure 1, blue arrows) are determined from a
global compilation of 202 subduction zones [Wu
et al., 2008]. For each subduction segment, a one-
sided slab pull boundary force couples directly to
subducting plates and is estimated from (1) the slab
thickness that depends on the plate age at the time
of subduction, (2) the excess density of the slab,
based on an initial 1200 K temperature difference
across the subducting plate, and (3) the vertical
extent of slabs in the upper mantle (z < 670 km),
determined from regional seismic tomography stud-
ies [Lallemand et al., 2005]. Slabs contribute to
lower mantle downwellings in our models, but we
excluded the direct pull of slab material deeper than
670 km because lower mantle slabs are likely
dynamically supported in a lower mantle that is 1-2
orders of magnitude more viscous than the upper
mantle, consistent with a variety of geophysical data
[Hager, 1984; Lambeck and Johnston, 1998; van
der Hilst et al., 1991; Tao and O’Connell, 1993].
Although we include slab pull in our torque balance,
recent high-resolution modeling allows for more
detailed slab geometries and study of back-arc
extension and slab rollback [Stadler et al., 2010].
Study of such regional dynamics is beyond the scope
of this paper.

[11] To account for uncertainty in the ability of
slabs to transmit their entire excess (upper mantle)
weight to the surface plates, we apply a global
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multiplication factor to the parameterized slab pull
forces. We vary this “slab pull fraction” between
Jsp = 0% (no slab pull) and f;, = 100% (pull due
to the slab’s entire excess upper mantle weight). We
compute the associated slab pull torques using the
pull forces shown in Figure 1 (blue arrows). Several
mechanisms can reduce the effective slab pull that
may evolve during progressive stages of subduc-
tion. For example, if the slab is not strong enough to
transmit the entire pull force, slabs may become
decoupled at shallow depths via stretching, tearing,
or detachment [Spakman et al., 1988; Davies and
von Blankenburg, 1995; Gerya et al., 2004; Bilek
et al., 2005]. In addition, part of the slab’s potential
energy may dissipate due to slab bending [Chapple
and Forsyth, 1979], although several recent numer-
ical [Capitanio et al., 2007], laboratory [Schellart,
2004], and analytical [Buffett and Heuret, 2011]
studies indicate that lithospheric bending may not
be a major energy sink. Resistance to subduction
at the fault zone can further reduce the effective
slab pull, but depends on the complex interplay
between the subducting and overriding plates, and
the mantle [Billen, 2008; van Dinther et al., 2010].
At depth, upper mantle slabs can be dynamically
supported by viscous stresses, which may explain
a transition of earthquake focal mechanisms from
down-dip extension to compression in the mid-upper
mantle [Isacks and Molnar, 1971; Alpert et al.,
2010]. Locally, magnification of pull forces is pos-
sible due to compositional effects, for example, in
regions where density increases due to extensive
eclogite formation [Cloos, 1993; van Thienen et al.,
2005]. Because of the uncertain significance of the
above mechanisms, we treat the slab pull fraction
(f5p) as a free parameter in our models.

2.3.2. Mantle Tractions

[12] In addition to slab pull, mantle convective flow
contributes to the plate-driving forces. We compute
this driving torque for each plate by integrating the
tractions associated with mantle flow over the lith-
ospheric base of each plate. The total driving torque

(Q in equation (1)) is the vector sum of the torques
from slab pull and mantle tractions.

[13] Viscous mantle flow is driven by density het-
erogeneity derived from the global seismic tomog-
raphy model S20RTSb [Ritsema et al., 2004]. To
convert shear wave velocity anomalies into density
anomalies, we employed a uniform tomography con-
version factor dp/évg = 0.15 g cm > km~! s, consis-
tent with estimates from mineral physics [Karato
and Karki, 2001] and used in previous studies [e.g.,

Steiner and Conrad, 2007]. We quantified the influ-
ence of Op/Ovg for our results in section 4. We
excluded buoyancy variations above 300 km because
seismic anomalies of compositional origin are likely
prominent in this region [Jordan, 1975], although
we do account for rheological heterogeneity in
this region to investigate the influence of continental
roots (see section 2.4). This choice, while simpli-
fying our models in continental regions, potentially
excludes important heterogeneity beneath oceanic
regions. Convection-related stresses vary relatively
little between different tomography models [Becker
and O’Connell, 2001]. We did not consider mantle
buoyancy of compositional origin that is likely
in the deep lower mantle [Kellogg et al., 1999;
van Summeren, 2008], although doing so may help
improve the fit to plate motions in some areas
[Forte et al., 2009]. It is important to note that slabs
that reach deeper than 300 km contribute to both
slab pull and slab suction in our models (if f;, >
300/670 = 0.45). Although the resolving power of
S20RTSDb is improved due to the inclusion of sur-
face wave overtones [Ritsema et al., 2004], short
wavelength slab signatures are likely underresolved,
and this reduces the influence of double counting
between 300 and 670 km. Indeed, excluding upper
mantle buoyancy entirely, to avoid double counting,
has a minor effect on our results (section 4).

[14] We computed instantaneous convective flow
of an incompressible Newtonian fluid by solving
conservation equations for mass, momentum, and
energy using the Boussinesq formulation. The cou-
pled set of convection equations must be solved
using the finite element method, instead of within
the spectral domain, to better account for lateral
viscosity heterogeneity. We use the CitComS-3.1.1
finite element package [Zhong et al., 2000] to cal-
culate flow in 3-dimensional spherical geometry. To
yield a stable numerical solution, we use a finite
element resolution of 0.86° (or 96 km at the surface)
in the lateral direction and we assign 57 nodes in
the radial direction with grid refinement to 17 km
towards the surface boundary.

2.4. Lithospheric and Asthenospheric
Rheology

[15] The key innovation of this study involves
predicting the motions of 13 tectonic plates self-
consistently in the presence of strong lateral viscosity
heterogeneity that results from continental roots.
This distinguishes our work from studies with later-
ally homogeneous rheology [Lithgow-Bertelloni and
Richards, 1998; Conrad and Lithgow-Bertelloni,
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2002]. To account for upper mantle rheological het-
erogeneity, we employed temperature-dependent
viscosities in the top 300 km of the mantle domain,
following the method of Behn et al. [2004]. We
imposed an error-function temperature profile with
characteristic lithospheric thicknesses and assigned
temperature-dependent Arrhenius-type viscosity to
the temperatures, following Conrad and Gurnis
[2003]. To achieve surface plate rigidity, we assign
maximum lithospheric viscosities of 10 times the
upper mantle viscosity, which we use as the reference
value. Our choice of lithospheric viscosity is consis-
tent with studies that compare modeling results to
observed plate motions and the geoid [Ricard et al.,
1989, 1993; Lithgow-Bertelloni and Richards, 1998;
Becker, 2006; Ghosh et al., 2010]. The viscosity
decreases asymptotically to the asthenospheric vis-
cosity, which is taken as 100 times lower than
the lithospheric viscosity. Below 300 km, we assign
the reference viscosity to an upper mantle layer
(300-670 km) and a viscosity 50 times larger for
the lower mantle (670-2870 km). The predicted
global average plate speed varies inversely with the
absolute reference viscosity, which is treated as a
free parameter in our models and adjusted to match
the absolute average NNR-NUVEL-1A plate speed.

[16] We employed three types of models with con-
trasting lithospheric rheology. In a first set of models,
we assigned uniform lithospheric thicknesses of
100 km (or, lithospheric age of 80 Myr). These models
lack lateral viscosity variations, except for plate
boundary weak zones (section 2.2), and are thus sim-
ilar to previous models that employ layered viscosity
structures [Lithgow-Bertelloni and Richards, 1998;
Becker and O’Connell, 2001; Conrad and Lithgow-
Bertelloni, 2002]. However, for consistency with our
other model types, we impose a uniform viscosity
decrease with depth within the lithospheric layer.

[17] A second set of models features “shallow”
continental roots, where plate thickness is not uni-
form but is instead based on lithospheric ages and
seismological data (Figure 1). The characteristic
lithospheric thickness varies with the square-root of
lithospheric age in oceanic settings [Miiller et al.,
1997]. For continental settings, lithospheric thick-
nesses are defined as the maximum depth for which
seismic SV-wave velocity anomalies are consis-
tently greater than +1.5% in the global seismic
tomography model SAW16AN [Gung et al., 2003].
This model accounts for seismic anisotropy to
avoid misinterpretation of flow-related anisotropic
fabric as seismically fast continental roots. To
maintain continuity at ocean-continent boundaries,
we impose maximum and minimum thicknesses

of 100 km for oceanic and continental settings,
respectively. In these models, all continental roots
are underlain by low-viscosity asthenospheric
material, which extends between the lithospheric
base and 300 km depth.

[18] A third model set has “deep” continental roots
(Figure 1, thick dashed contours) that extend to the
base of the asthenosphere, which is at a constant
depth of 300 km in our models. These models are
similar to shallow roots models, except that the part
of the lithosphere in excess of z = 100 km was
thickened such that the edges of cratons are steepened
and the low-viscosity channel is eliminated beneath
cratons, i.e. for the regions enclosed by the black
contours in Figure 1. In these regions, deep roots
protrude into the more viscous sub-asthenospheric
upper mantle (Figure 1, black contours).

[19] To investigate the influence of mechanical
decoupling of an asthenospheric layer of low vis-
cosity, we tested cases with and without an astheno-
sphere for the above three model types. For cases
with an asthenosphere, the viscosity decreases with
depth from the surface to one tenth of the reference
(upper mantle) viscosity. For “no-asthenosphere”
cases, the asthenospheric viscosity is equal to the
reference viscosity. The base of the lithosphere is
defined by a viscosity contour that corresponds to
similar contour depths for cases with and without an
asthenosphere of 0.5 and 2.4 and times the reference
viscosity, respectively.

2.5. Plate Motion Diagnostics

[201 We compared model predictions of plate
motions to observations, using 3 diagnostics. First,
the misfit function [ Conrad and Lithgow-Bertelloni,
2002] is the average magnitude of vector differences
between predicted and observed plate motions,
where predicted plate speeds are first normalized so
that their average speed matches that of observed
plate motions. Thus, a perfect fit (zero misfit) would
require matching both azimuths and relative mag-
nitudes of predicted and observed plate velocities at
all locations. Second, the ratio of (area-weighted)
subducting to overriding plate speeds is compared
to the observed value for Earth of ~3.5 [DeMets
et al., 1994]. Because predicted plate motions are
relative (instead of absolute), they can be compared
directly with the NNR-NUVEL-1A plate motions
within a no-net rotation reference frame. All major
continents are on overriding plates, except Australia,
which is counted as a subducting plate. Third, we
calculated the sub-lithospheric upper mantle (z <
670 km) viscosity for which predicted global average
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plate speed magnitudes (that vary inversely with
the absolute mantle viscosity) match the NNR-
NUVEL-1A average value of 3.7 cm yr '. We
average the viscosity by using strain-rate weighting,
Naver = eézzsth nasthdasth + eim numduma as proposed by
Parmentier et al. [1976], with viscosity 7, strain-rate
e, and layer thickness d. The subscripts “asth”
and “um” refer to the asthenosphere (100-300 km)
and sub-asthenospheric upper mantle (300—670 km),
respectively. We assume continuity of stresses at the
interface (€.4Musth = €umMum) and obtain the follow-
ing expression for average upper mantle viscosity:

n _ dasl‘h/ Nasih T dum/ Mum (3)
aver dasth/ 7]3_;1/1 + dum/ 7712¢m

[21] We compare this predicted viscosity to con-
straints on the viscosity of the sub-lithospheric
upper mantle of n=3-6 x 10?° Pa s, obtained from
post-glacial rebound analysis [Mitrovica, 1996].
Slight differences between upper mantle viscosity
estimates [e.g., Kaufmann and Lambeck, 2000]
make this diagnostic less powerful than our misfit
and plate speed ratio diagnostics.

3. Results

[22] We evaluate our model results by examining
plate driving and resisting tractions (Figure 2), plate
motion diagnostics (Figure 3), and patterns of pre-
dicted plate velocities (Figure 4). We use tractions
from a model with uniform thickness plates above a
low-viscosity asthenosphere (Figures 2a and 2b) to
form a reference model to which we compare other
models (Figures 2c—2h). Note that, in the compar-
ison of tractions, a small difference in the location
of zero crossings can result in locally large magni-
tudes of the normalized tractions. Such fluctuations
are apparent in the Caribbean, near Bolivia, and on
the Antarctic plate south of Africa (Figures 2c—2h),
but are unimportant to the force balance because of
their near-zero absolute values.

3.1. Influence of a Low-Viscosity
Asthenospheric Layer

[23] For the no-asthenosphere cases, mantle flow
drives plates in directions that generally agree with
the NNR-NUVEL-1A data, but a large contribution
of slab pull forces ( f;, ~ 100%) is required to bring
the plate speed ratio (Vyupu/Vion—supa) and plate
motion directions close to the inferred values for
Earth (Figures 3a and 3b (blue curves) and Figures 4a

and 4b). The three models without an asthenosphere
have almost similar plate motion patterns (Figure 3,
blue curves) because the shearing layer over which
the plates move (i.e. the entire sublithospheric upper
mantle if there is no asthenosphere) is similar for all
models. The required slab pull contribution of £, ~
100% is larger than for the reference model with an
asthenosphere ( f;, ~ 50-100%, Figures 3a and 3b,
orange curves) because plate-resisting tractions are
larger by a factor of ~4, while plate driving tractions
are larger by only a factor of ~2.5 (Figures 2c
and 2d). In general, the increase in driving shear
tractions is smaller than the increase of resistive
tractions because (plate-driving) mantle flow can
readjust to reduce strain-rates in regions of strong
plate-mantle coupling, but cannot do so if surface
plate motions are imposed.

[24] Our results for models without an asthenosphere
are consistent with previous results that employ a
layered viscosity structure [Conrad and Lithgow-
Bertelloni, 2002]. Here we demonstrate, however,
that the no-asthenosphere models with £, = 100%
require an upper mantle viscosity that is nearly dou-
ble the upper bound of the post-glacial rebound esti-
mate by Mitrovica [1996] (Figure 3c, blue curves).
Accordingly, by using the inferred upper bound for
upper mantle viscosity from post-glacial rebound
analysis (dark blue star in Figure 3c), the calculated
global average plate speed of V., = 7.1 cm yr '
(Figure 4b) is nearly twice the NNR-NUVEL-1A
value of 3.7 cm yr .

3.2. Shallow Continental Roots

[2s] For shallow continental roots over a low-
viscosity asthenosphere, plate motions (Figure 4c)
are similar to the reference case of uniform plate
thickness plates over an asthenosphere, because
the low-viscosity asthenosphere permits mechanical
plate-mantle decoupling in both models. Relative to
the reference model, shear stresses are larger at thick
continental roots and lower at thin young oceanic
lithosphere, although the differences are modest
(mostly between a factor of ~0.5-2, Figures 2e and
2f). In accord with the results of section 3.1, the
increase of resisting tractions exceeds the increase
of driving tractions. Locally enhanced mantle drag
preferentially slows overriding plates and, as a con-
sequence, plate speed ratios increase by ~10%
(Figure 3b). However, due to the similarity between
uniform models and models with shallow roots, the
optimum values for the slab pull contribution are
Jsp = 50% for both cases (Figures 3a and 3b, red and
orange curves). Although the misfit and plate speed
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Resisting Tractions Driving Tractions
Uniform Thickness Plates With Asthenosphere

Shear Stress
Uniform Thickness, No Asthenosphere

"Shallow" Roots With Asthenosphere

o-

"Deep" Roots With Asthenospher

(h) =7

0 1 2 3 10

Traction Magnitude
Normalized to Reference Model

Figure 2. (a) Plate-resisting tractions for a reference model with uniform lithospheric thickness and an astheno-
sphere. The tractions reflect resistance to NNR-NUVEL-1A plate velocities [DeMets et al., 1994] and are calculated
at the base of the lithosphere. (b) Plate-driving tractions associated with mantle convective flow for the same reference
model as in Figure 2a. (c-h) Plate-resisting (Figure 2, left) and plate-driving (Figure 2, right) tractions for models of
different lithospheric structure compared to the tractions for the reference model shown in Figures 2a and 2b. The
three comparison models are described in section 2.4 and are characterized by having no asthenosphere and uni-
form plate thicknesses (Figures 2¢ and 2d); shallow continental roots that do not protrude below the low-viscosity astheno-
sphere (Figures 2e and 2f); and deep continental roots that protrude to the upper mantle below the asthenosphere
(Figures 2g and 2h).

ratio diagnostics allow weak slab pull contributions  3.3. Deep Continental Roots
(fsp 2 20%), the upper mantle viscosity required to
match observed speeds requires f,, < 60% (Figure 3c,
red and orange curves and stars).

[26] At the base of deep continental roots that pro-
trude below the asthenosphere, shear stresses
increase more strongly (~5 times), compared to the
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Figure 3. Plate tectonic diagnostics and comparison to observations. (a) Misfit function between calculated and NNR-
NUVEL-1A plate motions. (b) Ratio of area-weighted average speed of subducting relative to non-subducting plates
(Vsuba! Vion—supa)- (¢) Sub-lithospheric upper mantle viscosity required to match the average global plate speed with obser-
vations. All diagnostics are plotted as a function of slab pull fraction, f;,,. Different models are described in section 2.4. The
black line in Figure 3b represents the plate speed ratio for the NNR-NUVEL-1A model [DeMets et al., 1994]. The grey
area in Figure 3¢ represents viscosity estimates for the sub-lithospheric upper mantle of 3—6 x 10%° Pa s, obtained from
post-glacial rebound analysis [Mitrovica, 1996]. Stars in Figure 3¢ indicate the viscosities in the post-glacial rebound range
that produce global average plate speeds closest to the observations, and that are employed to produce Figure 4.

o
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Figure 4. Observed and calculated plate motions. (a) Global pattern of no-net rotation plate motions from model
NNR-NUVEL-1A [DeMets et al., 1994]. Calculated plate motions are shown for models with (b) uniform plate thick-
nesses and no asthenosphere, (c) shallow continental roots with an asthenosphere, and (d) deep continental roots with
an asthenosphere. Black arrows represent plate velocity directions in a no-net rotation frame normalized to the global
average plate velocity for each case. Colors represent absolute magnitudes of plate motions. Indicated for each case are
the assigned slab pull fraction, f;,, the calculated plate speed ratio, Vpa/Vion—supa, and the misfit to the NNR-
NUVEL-1A plate motions. The global average plate speed, V.., is calculated for an upper mantle viscosity that falls
within the estimated range from post-glacial rebound analysis [Mitrovica, 1996] and that is closest to the required vis-
cosity that matches the NNR-NUVEL-1A plate velocity magnitudes, i.e. 6 x 102° Pa s for Figure 4b and 3 x 10?° Pas
for Figures 4c and 4d (see Figure 3c, arrows and stars).
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Figure 5. Plate motion diagnostics for models described in section 4. (a) Misfit function between calculated and
NNR-NUVEL-1A plate motions. (b) Ratio of area-weighted average speed of subducting relative to non-subducting
plates (Vupa!Vion—suba)- The reference model with shallow roots, tomography conversion factor dp/ovg = 0.15 g
cem > km ™ !s, and cutoff depth of mantle density anomalies z,, = 300 km is shown in red, and is the same curve as in
Figure 3. Results are shown for 5 models that differ from the reference case by having dp/évs=0.1 gcm > km ™' s (pink

curve), p/ovs = 0.2 g cm > km ™' s (purple curve), z., =

500 km (light brown curve), and z.,,, = 670 km (dark brown

curve), and ridge push forces calculated from buoyancy anomalies in the top 100 km of oceanic lithosphere (grey curve).

uniform thickness model (Figures 2g and 2h) because
roots mechanically couple to the sub-asthenospheric
mantle. With deep roots, overriding plates become
notably slower than in either the shallow roots or
the uniform thickness case, as reflected by the high
plate speed ratio (Figures 3a and 3b, green curves),
and the relative impact of slab pull on subducting
plates magnifies. However, the presence of anchor-
ing roots by itself (i.e. without slab pull) is insuffi-
cient to bring plate motions into agreement with the
observations (Figures 3a and 3b, green curves at
Jsp = 0%). Instead, plate motions fit the observa-
tions for a narrow range of small slab pull con-
tributions (f;, ~ 20%, Figures 3a and 3b (green
curves) and Figure 4d) and this low value implies
globally weak transmission of slab pull forces to
surface plates. Figure 4d shows that such weak slab
pull contributions result in global average plate
speeds (Ve = 1.4 cm yr_l) below the observed
value (Ve = 3.7 cm yr ') for an upper mantle
viscosity of 3 x 10?° Pa s that corresponds to the
lower bound of the post-glacial rebound study by
Mitrovica [1996] (green star in Figure 3c).

4. Sensitivity Analysis: Influence of Model
Parameterization and Ridge Push

[27] To investigate the sensitivity of our results to
our model parameterization, we tested the influence

of (1) the buoyancy conversion factor 0p/0vg, (2) the
cutoff depth of mantle density anomalies, z,,, and
(3) the forces due to oceanic lithosphere thickening
with age (ridge push). We compare test cases to the
model with an asthenosphere and shallow continental
roots (red curves in Figures 3 and 5 are the same).

[28] We tested velocity-density conversion values
in the range dp/dvs = 0.1 to 0.2 g cm > km ™' s,
which reflects current uncertainty in mineral phys-
ics data and first principles calculations [e.g.,
Karato, 1993; Karato and Karki, 2001; Stixrude
and Lithgow-Bertelloni, 2007]. Increasing Op/0Ovg
by a factor of 2, causes mantle buoyancy forces to
increase by a factor of 2 and corresponding driving
tractions on the lithospheric base increase accord-
ingly. When 0p/0vs and the slab pull fraction f;, are
multiplied by the same factor, the misfit and plate
speed ratios remain unchanged (Figure 5, cf. pink,
red, and purple curves). We verified that a similar
trade-off between 0p/0vs and f;, occurs for the other
model types.

[20] An increase of z.,, from the 300 km reference
value to 500 km and 670 km results in a progres-
sively weaker and more diffuse near-surface stress
field. This decreased contribution of the upper
mantle buoyancy field causes a poorer fit to the
observations, as demonstrated by the progressively
degrading misfit and decreasing plate speed ratio
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(Figure 5, red, light brown, and dark brown curves).
This indicates that mantle flow driven by upper
mantle structure contributes moderately to driving
plate motions, but slab pull edge forces still exert
the largest influence.

[30] The force balance of tectonic plates can also be
affected by ridge-push forces, although these are
likely much less important than slab pull forces
[McKenzie, 1969; Richter, 1975; Lithgow-Bertelloni
and Richards, 1998]. We approximated the influ-
ence of ridge push by including buoyancy in the top
100 km of our model from the same temperature field
that is used for computing lithospheric viscosity
structure from the thicknesses shown in Figure 1 (in
addition to buoyancy below 300 km). Thus, we
incorporate buoyancy variations associated with
thickening of the oceanic lithosphere as it moves
away from spreading ridges. We find that ridge push
introduces additional tractions directed away from
ridges, as expected, but the net effect on the global
force balance is small, as demonstrated by Figure 5
(cf. grey curve to red).

5. Discussion

[31] In our preferred scenario of a globally-extending
asthenosphere, continental roots do not protrude
below a low-viscosity asthenosphere. We find that
the influence of continental roots on calculated plate
motions is not significant if a low-viscosity astheno-
sphere is present below even the deepest roots. Our
results are consistent with, and expand upon, 3-D
numerical modeling studies that did not include the
influence of slab pull edge forces [Zhong, 2001;
Becker, 2006; Ghosh et al., 2010]. Previous geody-
namic modeling studies of Zhong [2001], Becker
[2006], and M. Gerault et al. (The role of slabs and
oceanic plate geometry for the net rotation of the
lithosphere, trench motions, and slab return flow,
submitted to Geochemistry, Geophysics, Geosys-
tems, 2011) show that strong continental roots cause
a sense of lithospheric net rotation that is consistent
with hotspot reference frame models. This could
suggest the presence of continental roots, indepen-
dent of other geophysical evidence, although such
comparisons are hampered by uncertainty of hotspot
motion relative to the stable lower mantle, e.g., due
to distortion by global mantle flow [Steinberger
et al., 2004]. Our preferred scenario of a globally-
extending asthenosphere is consistent with the
recent discovery of flow-induced seismic anisot-
ropy beneath continental roots [Gung et al., 2003;
Debayle and Kennett, 2005; Yuan and Romanowicz,
2010] that extend no deeper than ~200-250 km

[Dalton et al., 2009]. Coupling of ~50-100% of
excess upper mantle slab weights to the surface
plates, as suggested by our results, allows for a
substantial effect of decoupling mechanisms, for
example due to bending resistance [Chapple and
Forsyth, 1979], slab detachment [Spakman et al.,
1988], fault zone resistance, or viscous support of
slabs. It is possible that the suggested slab-plate
coupling represents a global average of subduc-
tion zones with more diverse degrees of coupling.
Decoupling mechanisms are difficult to constrain,
but local variations could bring the calculated plate
motions even closer to the observations.

[32] For our preferred models, predicted plate
motions are close to observations for the Pacific,
North and South American, Eurasian, Philippine,
Australian, and Antarctic plates. Small plates con-
tribute relatively little to the total misfit, but they are
also more susceptible to model parameterization
(e.g., slab pull, weak zones, lithospheric thickness).
This can explain the relatively large deviations from
observed motions for the Cocos, Caribbean, and
Arabian plates. Two plates that contribute signifi-
cantly to the residual misfit in our models are the
Indian and Nazca plate. India is moving east in our
models rather than in the observed north-east direc-
tion, which reflects ongoing India-Eurasia continen-
tal collision [Molnar and Tapponnier, 1975]. This
collision is possibly related to ongoing subduction of
Indian lithosphere, as suggested by recent regional
tomographic data [Li et al., 2008], or plate-driving
forces due to active mantle upwelling below the Indian
ocean [Becker and Faccenna, 2011]. The Nazca plate
is moving too fast in the observed eastward direction
which suggests that subduction below the Andes
may be slowed by slab flattening [A/lmendinger et al.,
1997] or resisting forces associated with Andean
topography [Husson and Ricard, 2004; Meade and
Conrad, 2008].

6. Conclusions

[33] We included lateral variations in rheology in
calculations of global plate motions that are dynam-
ically consistent with driving forces associated with
subducting slabs and convective mantle flow. Based
on our numerical modeling results, we conclude
that calculated plate motions can be reconciled with
observed plate motions if even the deepest continen-
tal roots are underlain by a low viscosity astheno-
sphere. For such models with a globally extending
asthenosphere, an optimum range of f;,, ~ 50-100%
shows that only about half of the excess upper mantle
slab weights need to contribute to pull forces.
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Continental roots have a negligible influence on cal-
culated plate motions provided that the roots are
underlain by a low-viscosity asthenosphere. Calcu-
lated patterns of plate motions are also close to
observed patterns if continental roots anchor directly
to the upper mantle below a low-viscosity astheno-
spheric layer and slab-plate coupling is relatively
weak (fg, ~ 20%), or for models without an
asthenosphere and strong slab-plate coupling ( f;, ~
100%). However, both these scenarios are more dif-
ficult to reconcile with upper mantle viscosity esti-
mates from post-glacial rebound analysis [Mitrovica,
1996]. Our model results that suggest a globally-
extending asthenosphere are consistent with recent
seismological evidence for flow-induced seismic
anisotropy beneath continental roots, and allow for
substantial decoupling of slabs of former lithosphere
from subducting plates.
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