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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-
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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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Figure 2. (a) Comparison of shear wave splitting orientations (gray bars) with predicted APM
directions (black bars). (b) NRMS of misfit between shear wave splitting orientations and plate motion
directions. Values per plate or per domain are summarized in Table 1.

al., 1994] by, for example, considering the African plate as [19] To align ¥ py, to N observations of ¢gxs, | minimize
two independent plates (Nubia and Somalia). By using the

Kreemer et al. [2006] result, the APM model presented here L ( ong 11 2
implicitly includes velocity predictions for diffuse plate N | Qsgs — tan” ("Apﬁ} V;I{"M)
boundary zones. The latter would be useful for studies that Z ’ M

> (o
investigate the dynamics of plate boundary zones using = ’
seismic anisotropy analysis. Because of the use of GSRM-
NNR-2 as NNR and relative plate motion input, the where V,p),is the sum of the velocity in the NNR frame and
preferred model presented below will be referred to as the velocity corresponding to a rigid body rotation &

GSRM-APM-1. between the NNR frame and APM at the location of the
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Figure 3. Histogram plot of misfit between shear wave
splitting and APM directions for all data (gray bars),
oceanic areas (white bars), and cratonic areas (black bars).

@sks measurement. I solve for & with a nonlinear minimiza-
tion scheme using the Levenberg-Marquardt method [Press
et al., 1992]. I use published standard deviations in @gxg
(0,) (set to 10° when unknown) and ignore uncertainties
in the plate velocities, which are typically much less than
those in @sgxs. To overcome the 180° ambiguity between
o4py and @gxs, all pgrg values were taken closest to the
expected @4pis-

4. Results

[20] Net rotation angular velocity vectors & and misfit
statistics to the @gxg data are summarized in Table 1 for five
different models, each considering a different set of @gxg
values in determining &. In the preferred model, GSRM-
APM-1, all 474 available @gxs estimates are used. In the
first two alternative models (“ocean” and “craton’) only
the 115 or 359 data values for oceanic or cratonic areas,
respectively, are used. In another model (“Sub 1), the data
is limited to the 144 data values that come from only the
Nubian, Somalian, Arabian, and Indian plates and oceanic
portions of the Antarctic and South American plates. The
result associated with this subset of data may provide an
analog to those hot spot APM models that only use data
from the Indo-Atlantic region [e.g., Miiller et al., 1993;
O’Neill et al., 2003]. Moreover, a model based on this
subset of data would address the notion that the litho-
sphere’s net rotation is constrained only by data from the
Indo-Atlantic region. The final model (“‘Sub 2”°) uses only
the 241 data points from the Pacific, Nazca, and North
American plates, and could be considered an opposite
model to Sub 1. A model based on only data from the
Pacific, Nazca, and North American plates would be more
akin to HS3-NUVELI1A, which (except for the orientation
of the Martin Vaz hot spot track in South America) only
uses data from hot spots on those three plates.

[21] For GSRM-APM-1, the best fitting net rotation of
the lithosphere is described by an angular velocity vector
whose x, y, and z components are 0.0499 + 0.0002°/Ma,
0.0988 + 0.0001°/Ma, and —0.1743 + 0.0006°/Ma (uncer-
tainties are one standard deviation), respectively. This
angular velocity corresponds to a counterclockwise rotation
of 0.2065°/Ma around an Euler pole at 57.58°S and
63.20°E. Globally, the average misfit between @gxs and
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Qapy 18 23° (normalized root-mean-square (NRMS) using
published standard deviations is 5.3), and for oceans and
cratons it is 19° and 24° (5.4 and 5.2 NRMS)), respectively
(Table 1). Figure 2 gives a visual depiction of the fit
between data and model. Table 1 summarizes the misfits
for individual plates. A histogram of the global average
misfit (Figure 3) indicates that there is no strong bias in
orientation, although the average misfit is slightly counter-
clockwise from zero (dominated by data from the Colorado
Plateau, as well as the Somalian plate). The misfit for the
North American plate would be smaller than reported here,
if the Colorado Plateau area were considered part of the
North America-Pacific plate boundary in the GSRM. There
is now strong evidence from space geodetic data that the
Plateau actively deforms [Kreemer et al., 2008], and the
area will be included as part of the plate boundary in future
versions of the GSRM. For now, the Colorado Plateau is
considered part of the North American craton [Artemieva
and Mooney, 2002], and @gxs there is consistently ~20°—
50° counterclockwise from ¢ py.

[22] To illustrate that the net rotation of GSRM-APM-1 is
a unique result, I calculate the misfit between @gxs and
@4pp for variable net rotation rates. For this, I keep the
orientation of the net rotation axis similar to the one
obtained, but vary the rotation rate from zero (i.e., NNR)
to 0.5°/Ma (i.e., somewhat more than the 0.436°/Ma implied
by HS3-NUVELI1A) (Figure 4). The net rotation of
0.2065°/Ma clearly minimizes the fit to the data. Data from
oceanic islands may be equally well fit with a slightly larger
net rotation. Globally, the misfit is 13° higher for a NNR
case than for GSRM-APM-1, and 24° higher if one takes
the net rotation of HS3-NUVELI1A (consistent with the
findings of Becker [2008]). The results also clearly show

60 1
50 1
401

30

Ave. Misfit (°)

20 +

0

0.0 0.1 0.1 0.2 0.2 0.3 0.3 0.4 0.4 0.5 0.5
Net-Rotation (°/Myr)

Figure 4. Globally averaged misfit between shear wave
splitting and APM directions versus an assumed variable net
rotation for the lithosphere relative to the mesosphere. Only
the rate of net rotation is varied and the orientation of the
rotation axis is held fixed from the preferred model (which
corresponds to a rate of 0.2065°/Ma). Thick dashed line is
misfit for all data, thin dotted line is misfit for data on
cratons, solid line is misfit for oceanic data, and thick dotted
line is misfit for data from the Pacific plate only.

6 of 18



B10405

that data on the Pacific plate do not constrain the net
rotation rate. This insensitivity to Pacific data is because
Qsks estimates there are aligned with the net rotation
direction.

[23] An indistinguishable result from GSRM-APM-1 is
obtained if only data from cratons are used (Table 1). A very
similar result to GSRM-APM-1 is also found for the model
based on data in the Indo-Atlantic region (Sub 1), with the
globally averaged misfit only 1° worse than for GSRM-
APM-1. On the other hand, a significantly different net
rotation is obtained if only data from ocean islands or the
Pacific, Nazca, and North American plates (Sub 2) are used.
The average fit between @gxs and @4py, in the latter two
models is, however, not significantly better for the areas or
plates from which the data are used than for any of the other
models, while the globally averaged misfit is significantly
larger (Table 1). When data is limited only to the Pacific,
Nazca, and North American plates, the global misfit (for all
data or only those at cratons or oceanic islands) is the worst.
Instead, when only data from the Indo-Atlantic region are
used, a similar net rotation (and data misfit) is found than
when all data are used, supporting the idea that the net
rotation is constrained by the indicators of ¢p,, in this part
of the world and not by those in the Pacific region.

[24] The data is globally very heterogeneously distributed,
and the models could be biased due to a preferred fit in
regions with high data density. To investigate this effect, an
alternative model was determined that exclude data from the
North America, India and Arabia (the three plates with
highest data density). For this model (which has 257 data
points) the x, y, and z components of the rotation vector are
0.0497 +0.0002°/Ma, 0.0988 = 0.0001°/Ma, and —0.1734 +
0.0007°/Ma. This result is indistinguishably different from
the preferred model, and yields an identical data misfit. I thus
conclude that data density variation does not bias the
inversion and does not warrant a weighted inversion scheme.

[25] The GSRM-APM-1 Euler poles for all plates are
determined by combining the net rotation angular velocity
with those of each plate in the NNR frame [Kreemer et al.,
2006] (values are listed in Table 2). The uncertainty in the
plate rotations is dominated by the uncertainty in the relative
plate motions, which are listed by Kreemer et al. [2006].
Table 2 also lists the average, minimum, and maximum
velocities for each plate, as well as those associated with
the net rotation of the entire lithosphere. Figure 5 shows
the velocities corresponding to the plate rotations, and the
velocities in plate boundary zones. The slowest moving
large plates are Antarctica, Eurasia, and Nubia. All three
plates have large cratonic areas and negligible or no sub-
ducting slab attached to it. Some small oceanic plates that
are not attached to a subducting slab (Caribbean, Scotia,
Okhotsk) move very slowly as well. The motion of all plates
is significantly different than earlier estimates and is gener-
ally between that predicted by HS3-NUVEL1A and those
predicted by models based on hot spot trends alone:
“MPMO07” by Morgan and Phipps Morgan [2007] and
T22A [Wang and Wang, 2001]. For example, GSRM-
APM-1 predicts 85.4 mm/a for Hawaii (Pacific plate),
whereas HS3-NUVELIA predicts 103.3 mm/a, MPMO07
80.0 mm/a, and T22A 83.0 mm/a. For Easter Island (Nazca
Plate), GSRM-APM-1 predicts 42.6 mm/a, HS3-NUVEL1A
32.7 mm/a, MPMO07 61.0 mm/a, and T22A 65.9 mm/a. For
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Yellowstone (North American plate), GSRM-APM-1 pre-
dicts 23.0 mm/a, HS3-NUVEL1A 26.8 mm/a, MPMO07
17.0 mm/a, and T22A 22.1 mm/a.

5. Comparison With Hot Spot Tracks

[26] To test the compatibility of GSRM-APM-1 with hot
spot track data, I use the compilation of recent (e.g., mostly
<5-10 Ma, but for some ~30 Ma) hot spot track parameters
by Morgan and Phipps Morgan [2007]. Their data set
consists of azimuth estimates @5 for 59 hot spots, and full
velocity estimates Vyg for 34 of those. Figure 6 shows the
comparison between @,py, and @pg, and summarizes the
misfit statistics for each plate. The average plate misfit is
<8° for hot spots on the Pacific, Nazca, Australian, South
America, and North American plates (the latter excluding
Iceland and Azores, which are in plate boundaries where
GSRM velocities do not indicate rigid plate motion). But for
hot spots on Antarctica, Eurasia, and Africa (combining
Nubia and Somalia), the average misfits are large and can
vary significantly between hot spots. For example, the
misfit for neighboring Ob-Lena and Crozet hot spots on
the Antarctic plate is <2°, but is >25° for all other Antarctic
hot spots. Similarly the fit is poor for Eifel (65°), but good
for Baikal (5°), the only other hot spot on the stable
Eurasian plate. Despite these variations, there is a clear
global correlation between V,p;, and the goodness of fit
between ¢4pys and @gg (Figure 7).

[27] It is unsurprising to find relatively large misfits for
hot spots on slow-moving plates. First, small motions of the
lower mantle can affect plume motion (see section 6) and
thus hot spot tracks (azimuth and rate) when the plate is
slow. Second, complex interactions between the plume and
lithosphere are more common for slow plates and can
obscure the hot spot track’s reflection of ¢,py,. Third, for
slow plates, @gg is occasionally derived from a relatively
old (~30 Ma) progression of volcanic centers that may not
reflect the most recent ¢,py, if plate motion has changed.
Moreover, the rotation pole of some plates is located inside
the plate (e.g., Antarctica and Nubia), very near to some of
the hot spots, and thus any small uncertainty in the pole
location could significantly change the expected @,py,. This
effect could, for example, partly explain the large misfits for
the Nubian hot spots in the mid-Atlantic.

[28] To test the consistency between ¢, py, and @y in a
different way, I compare @ p;, predictions of GSRM-APM-1
with 11 recent (i.e.,< 5 Ma) hot spot azimuths used in HS3-
NUVELIA [Gripp and Gordon, 2002]. The average misfit
per plate is smaller for GSRM-APM-1 than HS3-NUVELI1A
for all four plates where Gripp and Gordon [2002] estimated
hot spot azimuths (Pacific, Nazca, North America, and South
America). That is, the misfit for the Pacific hot spots is 6.8°
using @4pas from GSRM-APM-1 versus 7.0° when using
HS3-NUVELIA. The misfits are 19.2° versus 19.9° for
Nazca, 2.6° versus 8.5° for North America, and 5.3° versus
13.7° for South America, respectively. I conclude that
GSRM-APM-1 fits the hot spot tracks of Gripp and Gordon
[2002] better than HS3-NUVELI1A itself, because the ve-
locities in HS3-NUVELI1A were also constrained to match
the rates of the Hawaiian and Society tracks. Those rates are
likely affected by mantle flow (see below), which would
skew the entire model (in rate and direction). As a conse-
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Figure 5. Global velocity field in GSRM-APM-1

reference frame. Euler poles that describe rigid plate

motions are listed in Table 2. Note that GSRM-APM-1 also describes the motions for the (diffuse) plate

boundary zones.

quence, velocities in the HS3-NUVELI1A will increasingly
misfit hot spot track data with distance from the Pacific plate.
In the extreme cases of Eurasia and Nubia, HS3-NUVELIA
velocities are roughly opposite in direction to observed ¢,
as noted earlier by Morgan and Phipps Morgan [2007].

[29] For the 34 hot spots where Vyg is known (here
defined to be oriented from older to younger volcanic
centers) [Morgan and Phipps Morgan, 2007], the motion
of hot spots (i.e., the underlying plume) in the GSRM-
APM-1 frame (V,pme) can be determined by adding Vg to
V4par (Table 3). Figure 8 shows V,,,,,,. for all hot spots where
Vpume 1 outside the 95% uncertainty in V. The large and
anomalously oriented motion of the Comores and Marque-
sas plumes can be traced back to anomalous @5, possibly
indicating complex interaction between a shallow plume
source and the lithosphere [cf., Morgan and Phipps
Morgan, 2007].

[30] For the majority of hot spots with significant plume
velocities, V,m. is typically (much) smaller than V,p,
and, because Vg is larger than V,pys, Vyume 1S antiparallel
to V,pp. Moreover, near spreading ridges, V,jme is typi-
cally oriented toward the ridge. Past comparisons between

previous V,py, estimates and Vyg concluded that the
difference between Vyg and V,p), can be explained by
lower-mantle flow antiparallel to the plate motion [Wang
and Wang, 2001; Wang and Liu, 2006; Morgan and
Phipps Morgan, 2007]. However, any such inference relies
on the assumption that the plume originates in the lower
mantle. Because this is not always the case [e.g., Zhao,
2001; Courtillot et al., 2003; Montelli et al., 2006; Boschi
et al., 2007], T discuss in section 6 various mantle flow
scenarios that could explain V. for different plume
depth origins, and apply these ideas to the observations.

6. Implications for Mantle Flow

[31] Figure 9 summarizes seven simple 2-D scenarios of
horizontal mantle flow, given the observed difference in
V4par and Vg and the depth of the plume. In all these cases,
Y par and Vg are assumed to be generally antiparallel (given
my definition of Vgyg). In case A, vgs > vypy, in case
B, vis = vypar (Within 95% confidence interval of Vyg); and
in case C, vys < v4par. In all cases, V,me equates to mantle
flow at the top of the mesosphere for a hot spot with a deep
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Table 2. Plate Euler Poles and Velocities of GSRM-APM-1?

Latitude Longitude w Vave Vinin Vinax
Plate (°N) (°E) (°’Ma) (mm/a) (mm/a) (mm/a)

Amur 71.0 —99.3 0.097 9.2 83 9.9
Anatolia 33.6 29.5 1.331 15.1 9.3 21.2
Antarctica 77.6 —179.9  0.031 1.6 0.0 2.9
Arabia 33.6 12.6 0472 27.6 17.6 373
Australia 15.6 40.3 0.643 664 43.8 71.5
Capricorn 20.5 41.5 0.672  57.8 47.2 66.4
Caribbean 2.5 —70.7 0.128 34 2.4 5.0
Caroline —60.9 -3.7 1.054 1053 101.3  108.8
Cocos 20.8 —117.0 1335 626 31.2 89.0
Eurasia 42.0 —60.9 0.078 7.0 3.1 8.9
India 329 9.3 0430 42.1 35.6 46.7
Juan de Fuca —41.4 57.7 1.562 17.5 8.6 24.7
Nazca 41.0 —93.1 0426 409 29.1 473
North America —52.4 —53.0 0218  20.6 7.1 243
Nubia 20.8 —39.1 0.123 9.6 0.0 13.7
Okhotsk -56.9 —34.2 0.462 53 0.2 10.9
Pacific —64.1 96.2 0.849 842 41.5 94.4
Philippine Sea  —55.5 —13.5 0981 773 55.1 96.3
Rivera 18.8 —106.6  4.361 15.5 3.8 26.1
Scotia —71.2 —51.1 0.193 5.5 4.1 6.9
Somalia 38.6 —66.7 0.156  15.0 11.0 17.2
South America —89.1 22.1 0203  20.1 11.4 22.6
South China 78.2 —72.5 0.140 145 13.9 14.9
Sunda 272 —72.5 0210 13.1 8.1 17.5
Tarim —30.8 —82.9 0.518 139 10.5 17.3
Lithosphere —57.6 63.2 0.207  18.1 0.0 23.0

“Euler poles describing rotations relative to the subasthenospheric mantle
and the corresponding average, minimum, and maximum velocities of all
plates (and lithosphere as a whole). Relative plate motions are from
Kreemer et al. [2006].

mantle source, if the plume head has reached the surface
(and thus is in steady state) [e.g., Steinberger, 2000;
Steinberger et al., 2004].

[32] When case A is satisfied for a hot spot whose plume
source is below the asthenosphere, V. indicates subas-
thenospheric counterflow at the top of the mesosphere. In
this scenario, there may be either simple channel flow in the
asthenosphere itself (i.e., the simplest assumption) or as-
thenospheric counterflow (case Al or A2, respectively). For
case A, V. indicates lower-asthenospheric counterflow
(or “return flow”’), when the plume source is the lower
asthenosphere (case A3).

[33] The simplest scenario to explain case B considers a
plume that originates in a static subasthenospheric mantle
(case B1). Case B can also be satisfied if the plume source is
middepth in an asthenosphere undergoing return flow (case
B2). To satisfy case C when the source is deep, an amount
of subasthenospheric mantle flow is required in the direc-
tion of V,py, (case C1). Alternatively, the source could be
within an asthenosphere undergoing simple channel flow
(case C2).

[34] The above examples do not consider the possibility
of asthenospheric or lower mantle flow that is significantly
oblique to ¢@4py, in which case many more models are
possible than the few flow hypotheses discussed here. I do
not consider scenarios for which Vg is parallel (as opposed
to antiparallel) to V,py, which would require V. to be
faster than v ,p,. If the plume source is below the astheno-
sphere, such scenarios would imply that the lower mantle
moves faster than the surface (i.e., mantle “leading” the
lithosphere). I do not observe a case of the mantle leading
the lithosphere in the existing hot spot data set.
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[35] Even now that source depths are relatively well
known [e.g., Zhao, 2001; Courtillot et al., 2003; Montelli
et al., 2006; Boschi et al., 2007; Zhao, 2007], equating
Vpiume to mantle flow is complicated by the possibility of
having various combinations of subasthenospheric and
asthenospheric flow mechanisms. Therefore, I propose a
mantle flow scenario exclusive to hot spots (see below)
where (1) independent flow predictions are known or (2) the
plume originates within the asthenosphere (and is thus
unaffected by flow in the mesosphere).

[36] For Hawaii, there is a significant ¥,,,,, of 12.4 mm/a
toward S1°E. Because the plume originates in the deep
mantle, V.. signifies flow at the top of the mesosphere
(case Al). This estimate is extremely close to that predicted
from one of the density-driven convection models of
Steinberger [2000] (i.e., 13 mm/a toward S36°E, when
using the tomographic model of Su et al. [1994] with the
plume source at 670 km). My estimate of V. is also very
close in magnitude and direction to Hawaiian hot spot
motion during the Cenozoic, as inferred from plate recon-
structions and paleomagnetic investigations [e.g., Molnar
and Stock, 1987; Tarduno et al., 2003]. My result suggests
that the lithosphere is leading the mantle through simple
asthenospheric channel flow, with oblique counterflow at
the top of the mesosphere that is ~1/7 of the magnitude of
Vapar

[37] At St. Helena, ¥V, is 12.0 mm/a toward the Mid
Atlantic Ridge (N79°W). Because its plume appears to
originate in the lower asthenosphere I propose that V..
reflects asthenospheric return flow (case A2). The hypoth-
esis of return flow near the Mid Atlantic Ridge is supported
by V,ume being notably close to —¥,py, in both magnitude
and direction (Vp)s is 10.0 mm/a toward N39°E). It should
be noted, however, that Steinberger’s [2000] predicted
motion of a hypothetical deep plume would be roughly
similar to V,,,. for St. Helena. This correlation suggests
that asthenospheric return flow and subasthenospheric
counterflow may be roughly equal.

[38] For Easter hot spot, which has a deep plume origin,
my model predicts a large V,,,. toward the East Pacific
Rise (53.3 mm/a toward S76°W). This motion is much
larger than the 10 mm/a of predicted flow at the top of the
mesosphere [Steinberger, 2000]. An additional astheno-
spheric return flow component of ~43 mm/a is thus
required to explain ¥,,,. (combination of cases A2 and
A3). This predicted amplitude of asthenospheric return flow
is exactly equal (but antiparallel) to V,py.

[39] There is still debate on the depth of the Galapagos
plume [e.g., Courtillot et al., 2003; Montelli et al., 2006;
Zhao, 2007], but it appears to originate beneath the transi-
tion zone [Hooft et al., 2003]. The inferred V. of
24.3 mm/a toward N74°W is therefore most easily
explained as flow in the upper mesosphere toward the East
Pacific Rise (case Al), and is consistent with the estimates
of Steinberger [2000]. Located >1000 km from the East
Pacific Rise, no asthenospheric return flow is required
underneath Galapagos.

[40] For Kerguelen, which has a deep mantle source,
Vpume 18 insignificant (case B1), consistent with the latest
mantle flow prediction [Steinberger and Antretter, 2006]. At
Réunion island, V. is 30.4 mm/a toward S46°W, roughly
antiparallel to V,p), (5.8 mm/a toward N42°E). The Réunion
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Figure 6. Hot spot propagation azimuths and their 1o uncertainties (gray wedges) from Morgan and
Phipps Morgan [2007] and APM orientations (black bars). The average misfit and NRMS misfit are
shown for each plate with hot spots. For these statistics, misfits for the “plate boundary” hot spots

(Iceland, Azores, and Hainan) are excluded.

plume has a deep origin, but V,,,,. is much larger than
predicted by the models of Steinberger [2000]. Moreover,
Vpmme 18 antiparallel to the more recently predicted small
NNE-directed motion [O’Neill et al., 2003]. In any case,
Vpmme below Réunion can only be explained by astheno-
spheric return flow that is ~5 times faster than v,py,.

[41] For Louisville and Foundation, vy is less than v,py,
(i.e., case C). At the same time, ¥, is highly oblique to
V4par and parallel to the Pacific-Antarctic ridge. Because the
Louisville plume source is deep, I speculate that ridge-
parallel asthenospheric flow (proposed to occur there by
Marks and Stock [1994]) could be responsible for the
anomalous Vy,jme.

[42] For Yellowstone, I find ¥,,,,. to be insignificant.
Because the plume originates within the midasthenosphere
[Christiansen et al., 2002; Yuan and Dueker, 2005; Waite et
al., 2006], asthenospheric counterflow could explain the
correlation of the hot spot propagation vector with the
GSRM-APM-1 velocity prediction (case B2). This result
is consistent with the finding by Becker et al. [2006] that
counterflow is expected at ~300 km depth. Modeling
predictions suggest a significant component of counterflow
at the top of the mesosphere as well [Steinberger, 2000;
Silver and Holt, 2002; Moucha et al., 2008]. The models by
Steinberger [2000] predict an amplitude and direction of
lower-mantle flow close to —V,py,.

[43] Although the depth of the Raton plume is not well
known [Courtillot et al., 2003; Zhao, 2007], and the

underlying flow field can thus not be constrained by my
approach, it should be noted that, like Yellowstone, its Vp,
is of similar amplitude and antiparallel with the model
predictions of Steinberger [2000].

[44] Besides Yellowstone and Raton, Eifel is the only
other continental hot spot for which V,,,,,. can be estimated.
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Figure 7. Absolute misfit between hot spot track azimuths
and APM directions versus APM velocity. The large
misfits are uniquely coming from the slow moving plates
(<15 mm/a).
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Figure 8. For all hot spots with known propagation rates [Morgan and Phipps Morgan, 2007], the
motion of the hot spot (i.e., that of its underlying plume) relative to the mesosphere is determined by
adding the observed hot spot propagation vector (defined from old to new volcanic centers) to the
predicted APM velocity (Table 3). When the hot spot propagation is faster than APM, the plume velocity
is shown as a black vector, and when the hot spot propagation is slower than APM, the plume velocity is
shown as a gray vector. Error ellipses represent 95% confidence interval of the observed track
propagation vectors. When hot spot and APM velocity are equal (within 95% confidence) a triangle

instead of a vector is shown.

Its significant motion of 11 mm/a toward N67°W is almost
perpendicular to V,p, (6.2 mm/a toward N17°E). There is
no evidence that the plume originates below 400 km [Ritter
et al., 2001; Pilidou et al., 2005] and V,,,. would indicate
asthenospheric motion in my simple hypotheses. Mantle
and asthenospheric flow models are, however, particularly
inconclusive on the expected flow in this region. The
predicted flow depends strongly on which tomographic
model is used, and whether a regional or global model is
considered [Steinberger, 2000; Marquart et al., 2007]. This
uncertainty in expected flow, plus the obliquity between
Opiume and @4pyy, make it difficult to place the predicted
Vyomme i the context of mantle flow. The difficulty of
relating V. to mantle flow is compounded by the fact
that there is considerable uncertainty in V. The estimate of
Vs for the Eifel hot spot by Morgan and Phipps Morgan
[2007] is valid for volcanic centers between 17 and 22 Ma.
This old-to-young westward propagation is roughly antipar-
allel to the most recent propagation of volcanic centers
(0.5-2.7 Ma [lllies et al., 1979]). An eastward old-to-young
propagation would be more consistent with that inferred
from the regional @gxs pattern [e.g., Walker et al., 2005]
(not used in this study). However, an opposite Vg would
not, by itself, predict a ¥,,,,. that is more consistent with
flow predictions. Although V,p;, is very different from
previous estimates (and, if wrong, could be the cause of
the anomalous V,,..), independent evidence of shallow,

APM-controlled, tilting of the Eifel plume toward the NNE
[Wiillner et al., 2006] suggests that GSRM-APM-1 properly
describes V,py, in Europe (albeit some mm/a slower than
Wiillner et al. [2006] found).

7. Discussion
7.1. Observed @gsgs Versus Predicted ¢ 4py,

[45] Misfits between @ggs and GSRM-APM-1’s @pys
predictions are generally small for oceanic plates, with
NRMS for individual measurements often <2.0 (Figure 2).
This consistency suggests that anisotropy in the oceanic
asthenosphere can be explained by lithosphere-mesosphere
differential motion, and strongly suggests a causal relation-
ship between absolute plate motion and ¢gxs. The average
misfit for oceanic areas of 19° is larger than the 13° found
by Conrad et al. [2007] in a global comparison of @gxs and
predicted LPO. However, the analysis presented here uses
many more @gxs observations than Conrad et al. [2007],
particularly for slow-moving plates, and does not exclude
any observations in the misfit calculation. Consequently,
most of the difference in the misfits found by me and
Conrad et al. [2007] likely comes from oceanic areas of
slow-moving plates, where density-driven flow has a pro-
portionally larger effect on @ggs. This conclusion is sup-
ported by a comparison with the @gxs values reported by
Behn et al. [2004] for oceanic areas around Africa. There, I
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Table 3. Hot Spot Velocities Ve in APM Frame®

Longitude Latitude v} viat alon ot
Plate (°E) (°N) (mm/a) (mm/a) (mm/a) (mm/a)
Afar 39.5 7.0 3.1 —-09 4.0 6.9
Arago —150.7 234 235 —147 18.0 8.8
Bowie —134.8 53.0 1.9 8.5 2.6 42
Cameroon 5.1 -20 28 38 2.6 4.2
Canary —18.0 282 213 6.0 4.0 2.8
Caroline 164.4 4.8 417 =57 189 8.9
Cobb —130.1 46.0 -77 —-46 29 24
Comores 433 —-11.5 =213 29.1 8.8 5.5
Crozet 50.2 —46.1 =217 175 12.3 42
Easter —-106.5 —-264 -51.6 —132 5.0 5.0
Eastern Australia 146.0 —40.8 23 1.3 17.4 3.0
Eifel 6.7 502 —10.1 42 2.0 1.7
Foundation -111.1 =377 -6.1 —13.1 5.6 39
Galapagos —91.6 -04 234 6.7 8.0 4.8
Gough —-10.0 —403 —6.8 2.8 2.9 1.6
Guadalupe —114.5 27.7 9.1 —-11.3 93 6.5
Hawaii —155.2 19.0 02 —124 27 4.0
Iceland (Eurasia) —153 64.4 -0.9 3.0 2.9 0.8
Iceland —17.3 64.4 8.0 2.7 4.8 2.5
(North America)

Juan Fernandez —81.8 -339 =342 —-13 199 4.2
Kerguelen 69.0 —-496 —-04 26 1.1 1.3
Louisville —140.6 —53.6 —22.0 —13.7 42 4.1
MacDonald —1403 —=29.0 14.0 0.2 9.5 10.4
Madeira —-17.3 32.6 —8.9 0.2 2.5 1.8
Marquesas —139.0 —-10.5 —-26.8 —36.4 99 8.6
North Austral —1433 256 -16.6 6.2 13.8 59
Pitcairn —1293 -254 -62 58 138 5.9
Raton —104.1 36.8 5.0 35 17.3 10.0
Reunion 55.7 -212 -218 —-159 173 6.8
Samoa —169.1 —145 8.7 16.4 19.3 8.0
Society —1484 —-182 126 -89 9.1 8.6
St. Helena -9.5 -165 —11.8 22 29 1.7
Tasmantid 155.5 —404 -—-12.1 -0.2 5.5 5.0
Yellowstone —110.4 44.5 2.1 2.7 4.1 2.9

“Hot spot velocities v, are determined from adding the APM velocity
of the plate on which hot spot is located v,4p), to the hot spot propagation
vector vyg (the latter defined as oriented from old to young volcanic
centers) given by Morgan and Phipps Morgan [2007]. Figure 7 shows
velocities only for hot spots where v,,,,,, is more than the 95% uncertainty
in vy [Morgan and Phipps Morgan, 2007].

find an average misfit of 24° (when excluding plate bound-
ary sites ASI, HOPE, and CMLA, for which GSRM does
not predict rigid plate motions but boundary motions
instead). This misfit is equal to or better than any of their
reported misfits, except for a model that considers plate-
driven and density-driven flow simultaneously, for which
they found a misfit of 13°.

[46] The average misfit between @gsxs and @ pys is glob-
ally ~5° larger for cratons than for oceans. However,
globally the NRMS is smaller for cratons than oceans due
to the larger uncertainties in @gxg measurements on con-
tinents. NRMS values are particularly small for some
cratons (e.g., India, Arabia, Australia) (Table 1). Still, large
differences between @sxs and @4p,, exist for some cratons
(e.g., Australia, Greenland, eastern Europe). There, ¢gxs
must be either controlled by large anisotropy in the litho-
sphere and/or by significant density-driven flow in the
asthenosphere. For example, Australia falls in the first
category because asthenospheric anisotropy there is aligned
to APM [Simons and van der Hilst, 2003; Debayle et al.,
2005], while anisotropy in the crust and lithosphere is
controlled by frozen fabric [e.g., Clitheroe and van der
Hilst, 1998; Simons and van der Hilst, 2003; Heintz and
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Kennett, 2005]. Given the apparent significance of litho-
spheric anisotropy, it could be argued that no @gs data
on cratons should be used in estimating APM. However,
I show that models based on oceanic data alone lead to
larger misfits at cratons, while not having an improved
data fit at the oceanic stations. Moreover, a model that
only uses data on cratons gives a nearly identical net
rotation to a model that uses all data. Thus, although
possible affected by lithospheric anisotropy, cratonic data
provides important constraints when inferring APM on a
global scale.

7.2. Absolute Plate Motions

[471 GSRM-APM-1 velocities are generally slower than
those predicted by HS3-NUVELI1A. In terms of direction,
the velocities between the two models are similar for the
“Pacific hemisphere,” with motions trending toward sub-
duction zones and away from ridges (Figure 5). These
characteristic motions are expected [Gordon et al., 1978]
for plates controlled by slab-pull and (to lesser extent) ridge-
push [e.g., Forsyth and Uyeda, 1975; Harper, 1975; Solo-
mon et al., 1975]. For the “Indo-Atlantic”” hemisphere,
however, there are significant differences in direction be-
tween the two APM models. Unlike HS3-NUVELIA,
GSRM-APM-1 velocities are directed toward the subduc-
tion/convergence zones north of the Nubian, Arabian, and
Indian plates. In this sense, GSRM-APM-1 is more like the
hot spot models based on tracks in the Indo-Atlantic domain
(particularly if plumes are allowed to move with mantle
flow) [O Neill et al., 2003]. Interestingly, I observe that my
model’s rotation poles for Arabia and India fall within ~3°
of each other in the western Mediterranean. The location
and closeness of the poles suggest that the motion of both
plates is (still) driven by the same process: the subduction
that closed the Tethys Ocean.

[48] In GSRM-APM-1, the slowest plate is Antarctica,
whose velocity does not exceed 3 mm/a (Table 2). The
Antarctic plate is expected to be near stationary, because it
is almost entirely surrounded by spreading ridges that leads
to a unique geometry of boundary forces. There is, however,
a short subduction zone south of the Chile Ridge, where the
Antarctic plate subducts underneath South America. The
fact that GSRM-APM-1 predicts Antarctic motion toward
this subduction zone (Figure 5), may suggest that the slab-
pull force there is responsible for the plate’s motion, similar
to the mechanism for fast-moving plates. GSRM-APM-1
confirms recent arguments [Hamilton, 2003, 2007] that
most geodynamical processes (e.g., subduction hinge roll-
back, plate motion toward subduction zones, migrating
ridges) are best explained when V,p,, is approximated by
a fixed Antarctic plate reference frame. Schellart et al.
[2008] confirmed that the number of retreating trenches is
largest in an Antarctic-fixed reference frame, but discarded
the appropriateness of this frame because it does not well in
minimizing trench migration velocities and toroidal mantle
flux caused by slab migration. Although close to an Ant-
arctic-fixed reference frame, GSRM-APM-1 is different
from any of the frames tested by Schellart et al. [2008]
(as well as by Funiciello et al. [2008] and Lallemand et al.
[2008]) and further study is required to test GSRM-APM-1
in light of expected subduction dynamics.
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Figure 9. Illustration of simple cases that can explain inferred plume motions V,,,. in terms of
asthenospheric or subasthenospheric flow depending on the depth origin of the plume. Cases are divided
as vys > vapu (case A), vys = vypas (Within uncertainty) (case B), or vyg < vpys (case C). Black arrow is
Vapm, gray arrow is Vs, and white vector is V.. The latter is interpreted as the velocity of a plume
(white ellipses) relative to a point at or below the base of asthenosphere (thumbnail). Open star is plume
location after deviation from original position (black star) due to subasthenospheric flow. For simplicity
the cases considered are restricted to 2-D flow, and V,p), and Vyg are assumed to be antiparallel. It is
assumed that although simple asthenospheric shear flow may deflect a plume (not shown), it does not
alter the horizontal plume velocity acquired at depth [e.g., Steinberger, 2000; Steinberger et al., 2004].

Cases are discussed in the text and examples are given.

7.3. Net Rotation rotation rate is 47% of HS3-NUVELI1A. Becker [2008]

[49] The net rotation of GSRM-APM-1 is 0.2065°/Ma concluded that ~50% of HS3-NUVELIA is required to
counterclockwise around a pole in the southern Indian Ocean, ~ match global azimuthal anisotropy observations with mantle
corresponding to a maximum velocity of 23.0 mm/a. The flow models that include strong continental keels. The
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consistency between my result and Becker’s suggests that my
approach can validly constrain the lithosphere’s net rota-
tion, even when no mantle flow is considered (other than
the asthenospheric simple shear flow that accommodates
lithosphere-mesosphere differential motion).

[s0] Studies that consider both density-driven and plate-
driven flow find that an asthenospheric viscosity of about
3.5-5 x 10" Pa s is required to match @gxg observations
[Behn et al., 2004; Conrad et al., 2007]. 1 therefore argue
that these viscosity levels (which are constrained to be 0.1
times that of the upper mantle) are needed to match the rate
of net rotation reported here (i.e., 0.2065°/Ma). Astheno-
spheric viscosity levels of 3.5-5 x 10'° Pa s are very near
those found, for example, to match postglacial uplift obser-
vations [e.g., Cathles, 1975; Fjeldskaar, 1994].

[s1] It is important to emphasize that the net rotation
discussed here does not imply that all of the Earth’s surface
moves westward, as was originally advocated by Doglioni
[1990]. Not only would the net rotation of such a model
(1.4901°/Ma [Cuffaro and Doglioni, 2007]) imply a very
large misfit with the global @gxs database, the required
viscosity (~5 x 10'7 Pa s [e.g., Doglioni et al., 2005;
Scoppola et al., 2006]) would have to be 2—3 orders of
magnitude lower than the typical values reported above.
Moreover, to match Vg observations, a model of very fast
net rotation requires hot spot plumes to originate in the
midasthenosphere (with simple channel flow). A good
portion of hot spot plumes originate, however, below the
asthenosphere [e.g., Courtillot et al., 2003; Montelli et al.,
2006; Boschi et al., 2007; Zhao, 2007].

7.4. Mantle Flow and Plate Driving Forces

[52] T obtain estimates of asthenospheric and subastheno-
spheric mantle flow by combining GSRM-APM-1 plate
motion predictions, hot spot propagation vectors, new depth
estimates of plume sources, and constraints on mantle flow
from dynamical models. Through this combination, the hot
spots are essentially used as piercing points to image mantle
flow.

[53] A consistent picture appears for mantle flow under-
neath oceans. Far away (>1000 km) from ridges and
subduction zones, simple asthenospheric shear flow per-
sists, with subasthenospheric flow velocities relatively small
and roughly antiparallel to V,pj,. This counterflow is
predicted for fast-moving plates when plate motion is
decoupled from the mesosphere by a low-viscosity astheno-
sphere [Hager and O’Connell, 1979]. The counterflow
beneath Hawaii is fairly oblique to plate motions and may
indicate that lower-mantle flow is actually controlled by
density flow toward the large mantle upwelling in the
southern Pacific. My results indicate that asthenospheric
return flow exists underneath oceanic lithosphere within
<1000 km of spreading ridges, and that the return flow
velocity is of equal magnitude to the surface motion. An
additional counterflow component in the subasthenospheric
mantle may be present as well.

[s4] The lack of continental hot spots with deep plumes
prevents me from placing direct constraints on the subas-
thenospheric flow field underneath continents. Neverthe-
less, some inferences on the plate driving forces for
continents can still be made when combining my results
with other studies’ conclusions on the mantle flow field and
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the characteristics of the GSRM-APM-1 velocity field. The
fastest moving continent is Australia. The Australian plate
has a relatively large portion of oceanic lithosphere and a
long significant subduction zone controlling its fast north-
ward motion. The continent-oceanic make-up of the Nubian
plate is quite similar to Australia except that active subduc-
tion of Nubia underneath Eurasia is limited to the short
Hellenic trench, explaining Nubia’s relatively slow present-
day motion. The westward motion of South and North
America at ~2 cm/a cannot solely be controlled by slab
pull along short subduction segments in the Caribbean. The
question of which other forces drive these plates has been
much debated [e.g., Stefanick and Jurdy, 1992; Bokelmann,
2002b; Liu and Bird, 2002; Humphreys and Coblentz,
2007]. The results reported here support asthenospheric
counterflow in western North America. The origin of this
flow field must be found in the eastward flow of the
mesosphere [Steinberger, 2000; Silver and Holt, 2002;
Becker et al., 2006; Moucha et al., 2008], which opposes
plate motion and requires a complete decoupling in the
asthenosphere. It has been proposed that this eastward flow
(at ~2-3 cm/a) is induced by the downwelling of the old
Farallon slab underneath eastern North America [e.g.,
Becker et al., 2006; Forte et al., 2007]. An opposite
westward flow of ~2 cm/a is predicted east of this down-
welling [Conrad et al., 2004; Forte et al., 2007], very close
in direction and speed to the plate motion estimate of
GSRM-APM-1. The motion of North America can thus
be explained through mantle flow below (north-) eastern
North America at APM speed (or probably slightly higher),
that is strongly coupled to the lithosphere. Bokelmann
[2002a, 2002b] arrived at a similar driving mechanism
scenario based on the westward dip direction of fast seismic
orientations in (north-) eastern North America (as opposed
to eastward dipping fast axes in western North America). In
this dynamic model, the mantle would be leading the
lithosphere in eastern North America. Unfortunately there
is no recent hot spot track there associated with a deep
plume to confirm this. However, a correlation analysis
between the locations of Cretaceous igneous rocks in New
England with a low-velocity anomaly in the craton beneath
the Great Lakes (proposed to be caused by the Great Meteor
hot spot plume) suggested ~ 4 mm/a of westward motion of
the bottom of the lithosphere relative to the surface [Eaton
and Frederiksen, 2007]. These findings could most simply
be explained by mantle flow that is strongly coupled to the
lithosphere and moving only slightly faster than the surface.
Liu and Bird [2002] found that surface kinematics and stress
observations can be explained when the mantle leads the
lithosphere up to 3 mm/a.

[s5s] Westward forward drag is thought to be the main
driving force of the North American plate (as well as other
plates) [e.g., Bird, 1998; Bird et al., 2008; Lithgow-Bertel-
loni and Guynn, 2004; Ghosh et al., 2008]. However, this
process can only occur for the eastern part of the continent,
because of the inferred mantle-lithosphere decoupling in
western North America. In western North America, the
deformation must therefore be controlled by plate boundary
and lithospheric buoyancy forces [e.g., Flesch et al., 2000,
2007; Humphreys and Coblentz, 2007]. Moreover, the
decoupling in western North America explains why no
vertically coherent deformation between mantle and litho-
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sphere is observed [e.g., Savage and Sheehan, 2000]. The
North American plate may be a good example of how
mantle density anomalies (other than those associated with
attached slabs) can drive continental plates through convec-
tion-controlled forward basal drag. No such an anomaly is
present underneath a plate like Eurasia, which as a result is
nearly stationary.

8. Conclusions

[s6] Velocities in the GSRM-APM-1 frame at every 0.5°
for the entire Earth’s surface can be found here: http://
earthref.org/cgi-bin/er.cgi?s=erda.cgi’n=972. GSRM-
APM-1 may be the first APM model to provide a self-
consistent framework for explaining relative surface
motions, mantle anisotropy, and hot spot motions in the
context of mantle dynamics. This conclusion is confirmed
by the pattern of surface motions away from ridges and
toward trenches in GSRM-APM-1 (even for slow plates).
Moreover, I find that GSRM-APM-1’s prediction of litho-
spheric net rotation relative to the mesosphere is consistent
with the expected net rotation in recent studies that consid-
ered mantle flow.

[57] T find that observed anisotropy orientations are to
first order controlled by plate motions, as supported by ¢sxs
observations which fit equally well for most cratons and
oceans. Effects from mantle flow and lithospheric anisotro-
Py on @gxs can be considered minor on a global scale. Most
of the @gxs values used in this study are based on the
assumption that anisotropy originates in a single layer. APM
models based on ¢gxs could be improved when future @gxg
estimates are more conclusively ascribed to asthenospheric
anisotropy alone. This may soon be possible due to the
mounting evidence that different lithospheric and astheno-
spheric anisotropy can be identified, and that asthenospheric
anisotropy aligns to ¢4py,. However, given the robustness of
GSRM-APM-1, future APM models based on ¢gxs obser-
vations may not change much. Instead, ¢ 4p,, estimates from
GSRM-APM-1 may be used as an aid in separating ob-
served seismic anisotropy parameters into the proper as-
thenospheric and lithospheric contributions. Once splitting
parameters can be uniquely related to asthenospheric an-
isotropy, a comparison between splitting delay times, ds,
and v,py, may yield new insight into shear-induced LPO.
With the current database of splitting parameters, I find no
correlation between ds and v p,.
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