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Absolute plate motions constrained by shear wave splitting
orientations with implications for hot spot motions and mantle flow
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[1] Here, I present a new absolute plate motion model of the Earth’s surface,
determined from the alignment of present-day surface motions with 474 published
shear wave (i.e., SKS) splitting orientations. When limited to oceanic islands and cratons,
splitting orientations are assumed to reflect anisotropy in the asthenosphere caused

by the differential motion between lithosphere and mesosphere. The best fit model
predicts a 0.2065°/Ma counterclockwise net rotation of the lithosphere as a whole, which
revolves around a pole at 57.6°S and 63.2°E. This net rotation is particularly well
constrained by data on cratons and/or in the Indo-Atlantic region. The average

data misfit is 19° and 24° for oceanic and cratonic areas, respectively, but the normalized
root-mean-square misfits are about equal at 5.4 and 5.2. Predicted plate motions are very
consistent with recent hot spot track azimuths (<8° on many plates), except for the slowest
moving plates (Antarctica, Africa, and Eurasia). The difference in hot spot propagation
vectors and plate velocities describes the motion of hot spots (i.e., their underlying
plumes). For most hot spots that move significantly, the motions are considerably smaller
than and antiparallel to the absolute plate velocity. Only when the origin depth of the
plume is considered can the hot spot motions be explained in terms of mantle flow. The
results are largely consistent with independent evidence of subasthenospheric mantle flow

and asthenospheric return flow near spreading ridges. The results suggest that, at least
where hot spots are, the lithosphere is decoupled from the mesosphere, including in

western North America.

Citation: Kreemer, C. (2009), Absolute plate motions constrained by shear wave splitting orientations with implications for hot spot
motions and mantle flow, J. Geophys. Res., 114, B10405, doi:10.1029/2009JB006416.

1. Introduction

[2] The term “absolute plate motion” (APM) is generally
used to indicate the motion of Earth’s surface or lithosphere
relative to the deep (and assumed stable) mantle. APM
models, which describe motions for most or all of the
Earth’s surface, are widely used in modeling and under-
standing mantle flow and anisotropy, plate driving forces,
and the dynamics of subduction zones, among others.
Although APM estimates are key to linking deep Earth
processes with tectonics and surface motions, APM is still
poorly known and current models vary significantly among
each other. Consequently, our understanding of a given
geodynamic process depends on the choice of APM model
[e.g., Kubo and Hiramatsu, 1998; Barruol and Hoffmann,
1999; Simons and van der Hilst, 2003; Becker et al., 2007,
Funiciello et al., 2008]. As a result of the diversity in APM
models, recent studies have started to “rank™ published
APM models by their ability to explain a set of observations
or a chosen geodynamical model [e.g., Lallemand et al.,
2008; Schellart et al., 2008; Long and Silver, 2009].
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[3] There are generally five concepts that underpin APM
models: (1) hot spot plumes have a lower mantle source
[Morgan, 1971]; (2) the lithosphere does not rotate as a
whole with respect to the lower mantle [Lliboutry, 1974;
Solomon and Sleep, 1974]; (3) some plates, such as Africa
or Antarctica, are stationary relative to the lower mantle [Le
Pichon, 1968; Burke and Wilson, 1972; Hamilton, 2003];
(4) the lateral migration of spreading ridges and/or trenches
should be minimized globally [Kaula, 1975; Schellart et al.,
2008]; and (5) motion should be perpendicular to trenches
and ridges [Gordon et al., 1978].

[4] The idea that there is no net rotation (NNR) of the
entire lithosphere can be (and has been) discounted, because
basal shear beneath stiff continental keels causes a net
rotation [e.g., O’Connell et al., 1991; Ricard et al., 1991;
Zhong, 2001; Becker, 2006]. A certain level of net rotation
can also be deduced from recent mantle flow studies that
aimed to match predicted finite strain orientations with
seismic anisotropy orientations in the mantle [e.g., Behn
et al., 2004; Becker, 2006; Conrad et al., 2007]. The net
rotation is likely to be much smaller (~50%) than that
implied by the recent hot spot model HS3-NUVELIA of
Gripp and Gordon [2002]. However, it is unclear whether
this discrepancy implies an incomplete understanding of
mantle dynamics, uncertainties in hot spot models, or both
[Becker, 2008].
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[s] The most widely used APM models are those using
hot spot track data [e.g., Minster and Jordan, 1978; Gordon
and Jurdy, 1986; Gripp and Gordon, 2002]. Hot-spot-based
APM models typically assume that plumes are fixed in the
lower mantle, and that hot spot tracks record lithospheric
motion over the plume [Wilson, 1963; Morgan, 1971].
However, not all plumes originate in the lower mantle
[e.g., Zhao, 2001; Courtillot et al., 2003; Montelli et al.,
2006; Boschi et al., 2007] or are fixed with respect to each
other [e.g., Molnar and Stock, 1987; Tarduno and Gee,
1995; DiVenere and Kent, 1999; Koppers et al., 2001;
O’Neill et al., 2003]. To accommodate the latter observa-
tion, newer hot-spot-derived APM models consider only
hot spot data in the Pacific domain (e.g., HS3-NUVELI1A)
or the Indo-Atlantic domain [e.g., Miiller et al., 1993].
More recently, some APM models have allowed the hot
spot plumes to move as consistent with mantle flow
predictions [Steinberger et al., 2004; O’Neill et al.,
2005; Torsvik et al., 2008]. Yet another set of studies
have considered only hot spot trends, not velocities [Wang
and Wang, 2001; Morgan and Phipps Morgan, 2007].
Those latter studies found APM rates that were consider-
ably slower than, e.g., HS3-NUVELIA and may suggest
(1) a component of lower-mantle counterflow and (2) a
level of net rotation consistent with that found in the
aforementioned geodynamic studies. However, the studies
by Morgan and Phipps Morgan [2007] and Wang and
Wang [2001] suffer from limited reliable hot spot tracks,
with most located in the fast-moving Pacific basin. Instead,
the strongest constraint on the lithosphere’s net rotation
would come from orientation data in the slow-moving
Atlantic-Indian Ocean area. Data in the Pacific, on the
other hand, is aligned to the net rotation direction for any
rotation rate.

[6] In this study, I present a new present-day APM model
that is not based on hot spot data, but on the orientations of
shear wave splitting observations from oceanic islands and
cratons. The underlying assumption is that those splitting
measurements predominantly indicate asthenospheric an-
isotropy, which in turn reflects the motion between the
lithosphere and subasthenospheric mantle (or mesosphere).
I solve for a rigid body rotation that represents the net
rotation of global lithosphere, and minimizes the global
misfit between anisotropy orientations and velocity azi-
muths of present-day relative plate motions. A full APM
model can then be derived by adding the net rotation to the
known surface motions in a NNR reference frame. Because
the APM model is hot spot independent, I use hot spot track
data as “piercing points” to infer the underlying plume
motion relative to the mesosphere. Using independent
evidence of plume depth, I interpret hot spot motions in
terms of the first-order characteristics of the underlying
mantle flow field.

[7] In contrast to recent studies that compared mantle
flow models with anisotropy orientations and some level
of lithospheric net rotation [Becker, 2006, 2008], this
study is purely kinematic. My primary assumption relies
on a first-order relationship between APM and astheno-
spheric anisotropy. This study is conducted on a global
scale to avoid the effects of regional density-driven
mantle flow on mantle anisotropy [e.g., Behn et al.,
2004]. I use a large number of widely distributed anisot-
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ropy data, so that any second-order regional deviations
are minimized.

2. Seismic Anisotropy and APM

[8] To estimate an APM model using shear wave (i.e.,
mainly SKS) splitting observations, it is assumed that
(1) SKS anisotropy originates in the asthenosphere and
aligns with APM at a sufficient number of global locations
to allow for a robust inversion and (2) finite mantle strain
directions align equally well to present-day plate motions as
to plate motions integrated over time. The appropriateness of
these assumptions is discussed below.

2.1. Oceanic Mantle

[o] The first assumption made above is generally valid
underneath oceanic lithosphere. There, anisotropy is pre-
dicted (as lattice preferred orientation (LPO)) [e.g., Zhang
and Karato, 1995; Tommasi et al., 1996; Tommasi, 1998;
Podolefsky et al., 2004] and observed [e.g., Montagner and
Tanimoto, 1991; Lévéque et al., 1998; Maggi et al., 2006] to
originate between 100 and 300 km depth in the astheno-
sphere, in response to simple shear induced by the differ-
ential motion between the lithosphere and mesosphere.
Most studies of oceanic SKS splitting find that splitting
orientations @gxg generally align with ¢,p;, predicted by
existing APM models [e.g., Russo and Okal, 1998; Wolfe
and Silver, 1998; Klosko et al., 2001; Fontaine et al., 2007].
Some of the seismic polarization observed at island stations
may originate within the oceanic lithosphere and align with
paleo-spreading directions [Blackman and Kendall, 2002;
Becker et al., 2003; Fontaine et al., 2007]. However, such
lithospheric anisotropy contributes far less to splitting
observations than anisotropy in the asthenosphere [Behn
et al., 2004]. Close to spreading ridges, shear wave polar-
ization may reflect small-scale convection or spreading-
induced flow [e.g., Wolfe and Solomon, 1998; Blackman
and Kendall, 2002; Becker et al., 2003; Harmon et al.,
2004]. However, this flow is typically parallel to APM and
will not invalidate my assumption of @gsxs being aligned to
o4py- In any case, no data within 50-100 km from a
spreading ridge is included in this study.

2.2. Continental Mantle

[10] The assumptions that observed anisotropy originates
within the asthenosphere and that g aligns with ¢4p,, are
only partly true for measurements made on continents. In
many continental areas, @gxs observations deviate signifi-
cantly from ¢,pys, and vary rapidly between stations due to
the presence of lithospheric anisotropy. Lithospheric anisot-
ropy can be attributed to active tectonics, acquired litho-
spheric structure, and/or entrained flow around continental
keels [e.g., Silver, 1996; Fouch and Rondenay, 2006].
Moreover, even if the lithosphere is isotropic, mantle flow
fields beneath tectonically active areas are rarely aligned
with @4py, due to, for example, the complex flow fields
around subduction slabs or the boundary-parallel flow in
transform plate boundaries [e.g., Savage, 1999; Park and
Levin, 2002; Long and Silver, 2008].

[11] A recent global study compared published @gxs
values with predicted LPO orientations from mantle flow
calculations and plate motions. Conrad et al. [2007] con-

2 of 18



B10405

cluded that asthenospheric anisotropy beneath stable con-
tinents contributes to some level to observed splitting.
Those results are consistent with findings that anisotropy
below cratons is aligned to @4p;, (at least for North America
and Australia) when anisotropy in and below the lithosphere
is separated [e.g., Levin et al., 2000; Simons and van der
Hilst, 2003; Marone and Romanowicz, 2007; Deschamps et
al., 2008; Yuan et al., 2008]. Debayle et al. [2005] found
asthenospheric (APM controlled) anisotropy underneath
Australia, but nowhere else. It has been argued [Gung et
al., 2003; Marone and Romanowicz, 2007] that Debayle et
al. [2005] did not find similar results for other continents
than Australia because of a possibly reduced sensitivity of
the surface wave approach.

[12] T limit continental data in my model to cratons/
shields to minimize lithospheric anisotropy on @gxs measure-
ments, and to optimize the likelihood that @gxs on continents
reflects asthenospheric anisotropy. For some cratons (e.g.,
Canadian shield, east-central South America, India), @sks
and @4pys appear to generally align, and APM appears thus to
control observed anisotropy [e.g., Vinnik et al., 1992; Kay et
al., 1999; Bank et al., 2000; Bokelmann, 2002a; Assumpgdo
et al., 2006; Frederiksen et al., 2006; Kumar and Singh,
2008]. For other cratons (e.g., Australia, Greenland, Arabia)
such consistency was not observed [e.g., Heintz and Kennett,
2005; Hansen et al., 2006; Ucisik et al., 2008]. Some of the
discrepancy may be explained by a component of density-
driven flow in the asthenosphere (e.g., underneath Arabia
[Hansen et al., 2006]; see section 2.3), a modification of the
asthenospheric flow field around keels [e.g., Fouch et al.,
2000; Eaton et al., 2004; Heintz and Kennett, 2005; Gao et
al., 2008], and a significant lithospheric contribution (e.g.,
Australia [e.g., Simons and van der Hilst, 2003; Heintz and
Kennett, 2005] and east Antarctica [Reading and Heintz,
2008]). Some other reported discrepancies between ¢gxs and
©4py may have resulted from the large range of published
Q4pyple.g., Heintz et al., 2003; Evans et al., 2006] or from the
use of an inappropriate APM model (e.g., NNR in Antarctica
[Reading and Heintz, 2008], or HS2-NUVELI1A in Africa
[Barruol and Ben Ismail, 2001]).

2.3. Density-Driven Mantle Flow

[13] When asthenospheric anisotropy is assumed to align
with @4pys, the APM model velocities V,py, are implicitly
relative to the top of the mesosphere. The mesosphere is
however not completely fixed, and may be affected by large-
scale flow induced by regional density variations [e.g., Forte
and Mitrovica, 2001; Becker et al., 2003; Gaboret et al.,
2003; Behn et al., 2004]. In most cases, mesospheric flow is
small compared to V,p,,, and is generally antiparallel to v 4p;,
(i.e., away from subduction zone downwellings and toward
upwellings) [e.g., Forte and Mitrovica, 2001]. It should be
noted here that mesospheric counterflow is expected in the
absence of any density variations, and may be caused by a
plate moving on top of a very weak asthenosphere [e.g.,
Hager and O’Connell, 1979]. Either way, in most cases, any
counterflow in the mesosphere would not significantly affect
splitting orientations.

[14] Density-driven mantle flow also affects anisotropy
orientations in the asthenosphere. In most cases, particularly
for fast-moving plates, expected and observed anisotropy
orientations are roughly parallel when density-driven flow is
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considered (with or without an APM boundary condition at
the surface) [e.g., Becker et al., 2003; Gaboret et al., 2003;
Conrad et al., 2007]. However, in cases of significant
density-driven flow underneath slow-moving plates, incor-
rect Vpyr could be inferred if @gxs is assumed to mainly
reflect @ 4p)s (even in the case the mesosphere is fixed). For
instance, Behn et al. [2004] showed that pgxs observations
around Africa are best explained by LPO orientations
predicted by a model that includes plate motions and
density-driven flow. However, the effect of density-driven
flow on anisotropy orientations is nonsystematic on a global
scale, and a first-order relationship between ¢py, and @sxs
can be assumed.

2.4. Constancy of Plate Motions

[15] The second assumption made at the beginning of the
section, that present-day plate motions align with past plate
motions and thus with @gkg, is to first order appropriate.
Plate velocities have been nearly constant over at least the
last 3 Ma [e.g., Sella et al., 2002; Kreemer et al., 2003] and
possibly up to 40 Ma for the major plates (particularly when
hot spots are not considered to be fixed) [e.g., Wang and
Liu, 2006]. Given the rate of plate motions, these times are
long enough to align LPO in the asthenosphere to @,py,
[e.g., Zhang and Karato, 1995; Tommasi et al., 1996;
Kaminski and Ribe, 2002]. Some of the most significant
recent plate motion changes are, for example, the deceler-
ations of India between 20 and 11 Ma [e.g., Merkouriev and
DeMets, 2006] and Nazca between 15 Ma and present [e.g.,
Somoza, 1998; Kendrick et al., 2003]. However, these
decelerations generally do not change the direction of plate
motion, and do therefore not affect ¢ py,.

3. Approach

[16] T compiled a data set of ggxg estimates from pub-
lished shear wave splitting measurements. To avoid includ-
ing @gxs measurements affected by active tectonics, I
exclude any data obtained within the (present-day) plate
boundary zones as defined by the Global Strain Rate Map
(GSRM) [Kreemer et al., 2003]. To further avoid including
measurements that reflect lithospheric structure, I limit
continental data to those obtained above cratons. Some
lithospheric anisotropy could still exist, however, and may
be more significant than anisotropy in the underlying
asthenosphere (because subcratonic asthenosphere may be
relatively thin and continents typically move slowly). I will,
however, describe below how the inclusion of cratonic @gxg
observations is justified.

[17] T restrict data to the cratonic parts of continents by
using craton outlines of Artemieva and Mooney [2002],
supplemented with an Antarctic shield outline based on the
tomographic results of Ritzwoller et al. [2001]. In general,
@sks is taken from studies assuming single-layer anisotropy.
If only two-layer results are given, the pgx that corresponds
to the lower layer (presumably the asthenosphere) is used.
The 474 @sxs measurements (at 413 locations) used in this
study are summarized in the auxiliary material and shown in
Figure 1.'

'Auxiliary materials are available in the HTML. doi:10.1029/
2009JB006416.
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Compilation of shear wave splitting orientations for oceanic and cratonic areas (gray and

black bars, respectively). Data is summarized in the auxiliary material. No data are used from plate
boundary zones (light gray areas [Kreemer et al., 2003]). For continents, data are only used from cratons
(dark gray areas [Artemieva and Mooney, 2002; Ritzwoller et al., 2001]).

[18] To obtain an APM model using the @grg data, a
model of relative plate motions is required. It is most
intuitive (but not necessary) to have the input velocities
expressed in an NNR frame, because then I can directly
invert for the net rotation of the lithosphere that best fits the
@sks data. 1 therefore use the plate motions predicted by the
NNR model of Kreemer et al. [2006] (GSRM-NNR-2),
which is mainly based on geodetic velocities of relative
present-day plate motions, but has the motions of a few

small oceanic plates constrained by published estimates
based on seafloor data. (None of the SKS data is on those
small plates.) The most important reason for using GSRM-
NNR-2 is that its NNR frame was estimated better than in
earlier studies by taking into account the velocity gradient
field in plate boundary zones [see also Kreemer and Holt,
2001]. In addition, GSRM-NNR-2 provides a better de-
scription of actual surface motions than geological models
such as NUVEL-1A [Argus and Gordon, 1991; DeMets et

Table 1. Net Rotation of Entire Lithosphere Relative to Lower Mantle, and Data Misfit, for Models Using Different Data Input

Rotation Vector” (°/Ma)

NRMS/Average Misfit” (°)

Data Wy wy w, all oc cr an ar au eu in na nu nz pa sa S0
All 0.0499 0.0988 —0.1743 5323 54 5224 7225 25 45 61 35 43 56 61 63 73 28
(0.0002)  (0.0001)  (0.0006) 19 29 34 53 25 23 20 19 19 21 19

Ocean 0.0937 0.1032 —0.1351 7424 54 8026 22.1 26 44 58 36 50 65 59 62 82 30
(0.0041)  (0.0039)  (0.0034) 20 56 31 34 50 260 22 15 22 19 25 20

Craton 0.0499 0.0988 —0.1743 5323 54 5224 7225 25 45 61 35 43 56 61 63 73 28
(0.0002)  (0.0001)  (0.0007) 19 29 34 53 25 23 20 19 19 21 19

Sub 1° 0.0618 0.1201 —0.1768 6224 54 6426 16.3 24 46 57 33 43 50 60 63 74 28
(0.0022)  (0.0015)  (0.0011) 19 59 27 34 50 25 22 17 20 19 22 19

Sub2¢  0.1018 0.0654 —0.2717 11.4 7.1 12.4 37.2 27 56 57 27 42 172 58 61 72 67
(0.0040)  (0.0110)  (0.0136) 30 30 30 94 23 38 47 23 22 52 28 19 21 38

“Values in parenthesis are 1 standard deviation.

Data misfit are shown for all data (all), only oceans (oc) or cratons (cr) and for each plate individually (an, Antarctica; ar, Arabia; au, Australia; eu,
Eurasia; in, India; na, North America; nu, Nubia; nz, Nazca; pa, Pacific; sa, South America; so, Somalia).

“Only data used on Nubian, Somalian, Arabian, Indian, and oceanic parts of Antarctic and South American plates to constrain rotation.

ClOnly data on Pacific, Nazca, and North American plates to constrain rotation.
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