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Does active mantle upwelling help drive plate motions?
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bstract

Earth’s lithospheric plates are driven partly by shear tractions exerted on their base by viscous coupling to convective mantle flow.
hile downwelling flow associated with descent of subducted lithosphere has been well established as a driver of plate motions,

he plate-driving role of upwelling flow is more controversial. We used a numerical mantle flow model to predict present-day plate
otions driven by various combinations of upwelling and downwelling flow. We obtain a good fit to observed plate motions using
ow driven only by downgoing mantle slabs, whose densities can be inferred either from the tectonic history of subduction or from
ositive velocity anomalies extracted from mantle tomography. Introducing upwelling flow (driven by negative density anomalies
nferred from slow seismic velocity anomalies) to this slab-driven flow field generally degrades the fit to plate motions, and an
cceptable fit that includes active upwelling requires amplitudes of mantle density heterogeneity that are at the low end of the
ccepted range (tomography to density conversion factor = 0.05 g cm−3 km−1 s). Because such small amplitudes lead to a deficit of
lab material in the mantle, we infer that downwelling flow is a more significant driver of plate motions than upwelling flow. This
onclusion can be reconciled with the presence of low-velocity anomalies in the lower mantle if upwelling flow does not couple

ffectively to plate motions, or if these low-velocity anomalies represent chemical differentiation of the lower mantle and thus do
ot drive upwelling flow.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The motions of Earth’s lithospheric plates are thought
o represent the surface expression of convective flow in
he Earth’s viscous mantle (e.g., Turcotte and Oxburgh,
967). Studies of the force balance on plates (e.g.,

orsyth and Uyeda, 1975; Richter and McKenzie, 1978;
ithgow-Bertelloni and Richards, 1998; Becker and
’Connell, 2001; Conrad and Lithgow-Bertelloni, 2002,
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2004) indicate that tectonic plate motions are driven
primarily by subducting slabs and the downwelling flow
associated with their descent. In fact, the basic patterns
of observed plate motions have been predicted for the
present-day (e.g., Becker and O’Connell, 2001; Conrad
and Lithgow-Bertelloni, 2002) and throughout the
Cenozoic (Conrad and Lithgow-Bertelloni, 2004) using
a model in which lower mantle slabs drive downwelling
flow that exerts tractions on the base of plates (slab
suction) and upper mantle slabs exert a “slab pull” force

directly on subducting plates (e.g., Elsasser, 1969).
Because the upper boundary layer for mantle convection
(the lithosphere) dominates convective flow for an inter-
nally heated system such as the mantle (e.g., Davies,
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1988), it is not surprising that subduction of the litho-
sphere generates the primary driving forces for plates.

There has been some controversy, however, over the
convective source of the basal shear tractions that drive
plate motions. Conrad and Lithgow-Bertelloni (2002)
describe the slab suction force as the integrated shear
tractions that downwelling flow exerts on the base of each
plate. They find that slab suction accounts for approxi-
mately 40% of the driving forces on plates. Because slabs
are typically located beneath subduction zones, slab
descent typically generates a pattern of flow that drives
plates toward subduction zones. Other patterns of mantle
flow, however, are possible. For example, Lithgow-
Bertelloni and Silver (1996) have suggested that viscous
flow driven by warm upwellings could also generate
mantle flow that exerts basal shear tractions on plates.
Such upwelling-induced tractions have not been consid-
ered as a potential driver of plate motions by authors
that use subduction history to infer mantle density het-
erogeneity (e.g., Lithgow-Bertelloni and Richards, 1998;
Conrad and Lithgow-Bertelloni, 2002, 2004). However,
we expect upwelling flow in the mantle associated with
plumes ascending from the lower boundary layer. Such
plumes are likely to excite only small-scale flow because
plume conduits are typically only ∼100 km wide or less
(e.g., Richards et al., 1989). Thus, the influence of rising
plumes is probably not significant for plate-scale flow.
Potentially more important, however, are large, low-
velocity anomalies that are observed beneath Africa and
the South Pacific (Dziewonski and Woodhouse, 1987;
Su et al., 1994; Li and Romanowicz, 1996; Grand et al.,
1997; Ritsema et al., 1999). If these low-velocity anoma-
lies have a thermal origin, then they should represent hot
rising mantle that is 1000s of km across. There is evi-
dence of a thermal origin for the African anomaly in
particular, because radial patterns of seismic anisotropy
surrounding southern Africa suggest the presence of
active upwelling (Behn et al., 2004). Similarly, dynamic
topography produced by active upwelling can explain
the unusually high present-day topography of southern
Africa (Lithgow-Bertelloni and Silver, 1998), as well as
the geologic history of this uplift (Conrad and Gurnis,
2003). If this upwelling mantle flow is present, it should
contribute to the basal shear tractions on plates, and thus
should be added to the balance of forces on plates.

Several studies, however, have suggested a chemical
origin for these low-velocity anomalies based on seis-
mological and geochemical evidence (e.g., Kellogg et

al., 1999; van der Hilst and Karason, 1999; Masters et
al., 2002). In this case, these low-velocity anomalies may
represent compositionally distinct “piles” (e.g., Davaille,
1999; McNamara and Zhong, 2004, 2005) that sit in
d Planetary Interiors 161 (2007) 103–114

the lower mantle but deform in response to mantle-scale
flow. This interpretation would explain several attributes
of these anomalies that cannot be explained by thermal
effects alone (e.g., van der Hilst and Karason, 1999;
Masters et al., 2002; Ni et al., 2002), but would not
produce active upwelling flow.

In this study, we use a tomographic model of man-
tle shear velocity anomalies to construct models for
mantle density heterogeneity that are dominated by
either downwelling slabs (positive shear velocity anoma-
lies), upwelling “superplumes” (negative shear velocity
anomalies), or a combination of both. We then calculate
the viscous mantle flow driven by these density hetero-
geneity models, and determine the shear stresses that this
flow exerts on the base of the plates. By balancing the
forces on each plate, we can predict the plate motions
that each flow pattern would produce. By comparing
these predicted plate motions to observed present-day
plate motions, we attempt to determine whether active
upwelling flow contributes to the forces that drive plate
motions.

2. Mantle density heterogeneity and plate
motions

Ultimately, surface plate motions are driven by the
action of gravity on the mantle’s interior density het-
erogeneity structure. Several studies have used different
models for this density heterogeneity structure to con-
strain various aspects of mantle flow. For example,
Becker and O’Connell (2001) found that a model of
density heterogeneity based on the tectonically con-
strained history of subduction (referred to as the “slab
model” here) (Ricard et al., 1993; Lithgow-Bertelloni
and Richards, 1998; Steinberger, 2000) produces a bet-
ter fit to observed plate motions than does a model
of density heterogeneity based on any one of sev-
eral different seismic tomography models. Conrad and
Lithgow-Bertelloni (2002) were able to produce an even
better fit to plate motions (Fig. 1) by ignoring the vis-
cous flow generated by the descent of upper mantle slabs
and instead imposing the upper mantle slab weight as an
edge force on the subducting boundary of subducting
plates. In particular, the upper mantle slabs must exert a
strong pull force on subducting plates in order to explain
the observation that subducting plates move three to four
times faster than overriding plates.

Tomographic models of mantle density heterogene-

ity use large datasets of seismic travel times to invert
for a three-dimensional model of seismic wave speed
(e.g., Grand et al., 1997; Ritsema et al., 1999, 2004).
Because the seismic wave speed increases with density,
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Fig. 1. Present-day plate motions (A) predicted using the method of Conrad and Lithgow-Bertelloni (2002, 2004), which combines slab pull from
upper mantle slabs and slab suction from lower mantle slabs (slab locations and densities inferred from the slab model of Lithgow-Bertelloni and
Richards (1998)) and (B) observed using rotation poles defined by the NUVEL-1A (no net rotation) model (DeMets et al., 1994). The average misfit
between these two fields is 0.39, which we use as a reference against which to compare plate motions predicted by other models of mantle density
heterogeneity.

Fig. 2. Tomography model S20RTSb (Ritsema et al., 2004), given as a fractional anomaly in shear wave speed, for six mantle depths. Blue regions
exhibit faster than average seismic velocities (positive anomalies), and are generally thought to correspond to dense subducted slabs. Velocities in
red regions are slower than average (negative anomalies), and may or may not correspond to hot, low-density, upwellings. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of the article.)
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fast seismic velocity anomalies are generally interpreted
to be cold, dense, subducted lithosphere (e.g., Becker
and Boschi, 2002). Because seismic tomography should
detect the actual distribution of anomalies associated
with slab subduction, we would expect flow models
driven by tomographically inferred density heterogene-
ity to better predict plate motions than flow models
driven by the assumed distribution in the slab model.
The fact that they do not (Becker and O’Connell, 2001),
can be explained in one of two ways. First, it is pos-
sible that poor data coverage leaves some areas of the
mantle poorly sampled by tomography, thus prevent-
ing a full accounting of the mantle’s slab inventory
by tomography. Alternatively, we note that when den-
sity heterogeneity is inferred from tomography models
in a straightforward way, the slow-velocity anomalies
present in tomography produce positive density anoma-
lies (Fig. 2) that are not present in the slab model.
If low-velocity seismic anomalies represent composi-
tional heterogeneity, rather than regions of hot mantle
as assumed by Becker and O’Connell (2001), then
they might not drive active upwelling flow. The fact
that thermal upwelling flow is included in Becker and
O’Connell’s (2001) tomographically driven flow mod-
els may explain why plate motions driven by these flow
models predict observed plate motions more poorly than
flow models driven by downwelling slabs alone. In this
study, we examine the role of upwelling mantle flow for
driving plate motions by separating the positive and neg-
ative velocity anomalies in a tomographic model, driving
plate motions by assuming a thermal origin for each, and
then comparing the predicted velocity fields to observed
plate motions. In doing so, we find that the presence of
active upwelling associated with slow seismic velocity
anomalies generally degrades the fit to plate motions.

3. Predicting plate motions

We use a spectral method to compute instantaneous
mantle flow (Hagar and O’Connell, 1979; Hager and
O’Connell, 1981) driven by different models of man-
tle density heterogeneity. To compute the plate motions
driven by this flow, we follow the method of Lithgow-
Bertelloni and Richards (1998). In doing so, we calculate
plate-driving torques for each of 13 plates (we use the
boundaries of Lithgow-Bertelloni and Richards’ (1998)
12 plate model, and separate the Indian and Australian
plates using the boundary defined by Bird (2003)) by

integrating the shear tractions that viscous flow exerts
on the base of each plate. Resisting forces are deter-
mined by imposing a unit velocity for each plate in each
Cartesian direction, and measuring the resisting tractions
d Planetary Interiors 161 (2007) 103–114

that viscous drag exerts on each plate. By balancing the
driving and resisting torques for each plate, we invert for
the set of plate motions that will allow the net force on
each plate to be zero. For some models, we include the
slab pull force in the force balance because Conrad and
Lithgow-Bertelloni (2002) showed that it is an impor-
tant driver of plate motions. In these cases, we remove
density heterogeneity in the upper mantle (for densities
inferred from tomography, we only remove the positive
velocity anomalies because negative velocity anomalies
do not correspond to slabs) and instead add an edge force
equal to the weight of upper mantle slabs to subducting
plate boundaries, following the method of Conrad and
Lithgow-Bertelloni (2002, 2004). Using this combina-
tion of slab suction from lower mantle slabs (locations
and densities inferred from the “slab model”) and slab
pull from upper mantle slabs, we reproduce the results
of Conrad and Lithgow-Bertelloni (2002, 2004) for the
present-day (Fig. 1A).

We quantitatively compare different predictions of
plate motions to the NUVEL-1A (DeMets et al., 1994)
observed plate motions (Fig. 1B), using the misfit func-
tion described by Conrad et al. (2004). This misfit
function uses the area-weighted average magnitude (on
a 1◦ × 1◦ grid) of the difference between predicted and
observed plate motion vectors, in a no-net rotation ref-
erence frame. We first scale the magnitude of predicted
plate motions so that the average speed of plates is equal
to that of observed plate motions. This is permissible
(e.g., Lithgow-Bertelloni and Richards, 1998; Conrad
and Lithgow-Bertelloni, 2002) because plate speeds are
inversely related to the absolute mantle viscosity, which
is uncertain by at least a factor of 3. The misfit function is
slightly sensitive to the radial viscosity structure (Conrad
and Lithgow-Bertelloni, 2004); here we use a radially
symmetric viscosity structure that provides a best fit to
the geoid (Lithgow-Bertelloni and Richards, 1998). This
structure includes a lower mantle layer below 670 km and
a lithosphere above 130 km that are 50 and 10 times the
upper mantle viscosity, respectively.

The misfit function is primarily sensitive to differ-
ences between predicted and observed plate motions,
as well as spatial variations in the magnitude of plate
motions. To characterize this sensitivity, we have plot-
ted the misfit function for various discrepancies between
predicted and observed plate motions (Fig. 3). First, we
consider a case in which predicted plate velocity vec-
tors have the correct magnitude, but are oriented in a

direction that differs from the observed direction by an
angle θ. The misfit in this case is given by the expres-
sion (2Av/vavg) sin(θ/2), where v is the average plate
speed over a given areal fraction A of the earth’s sur-
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Fig. 3. The misfit function for hypothetical discrepancies between pre-
dicted and observed plate motions. (A) The misfit if all plates move
with the correct observed speed, but either all plates (solid line), the
subducting plates (dashed line), the overriding plates (dotted line), or
a single “average” plate (dash-dot line) move in a direction that is an
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ngle θ away from the observed direction. (B) The misfit if the ratio
f subducting to non-subducting plate speeds (Vsub/Vovr) differs from
he observed value of 3.5.

ace, and vavg is the global average plate speed. If the
isfit angle is constant over the entire surface of the

arth, the misfit increases from 0 to 2 as the θ increases
rom 0◦ to 180◦ (Fig. 3A, solid line). For small angles
less than ∼60◦), the misfit increase is approximately
inear with θ with a slope of 0.017 per degree. If the
isfit is confined to subducting plates only (the Pacific,

ndian, Australian, Nazca, Cocos, and Philippine plates,
hich cover 38.1% of the earth’s surface and move an

verage of 3.5 times faster than the overriding plates),
he net misfit will be smaller (Fig. 3A, dotted line). A
urther decrease is expected if the misfit is confined to

he overriding plates only (Fig. 3A, dotted line), because
hese plates move more slowly despite covering a larger
rea. Finally, if only a single plate of average velocity
nd average area (1/13th of the global area, which is
d Planetary Interiors 161 (2007) 103–114 107

slightly smaller than the South American plate), moves
in a direction θ away from the observed direction, the cal-
culated misfit will be 1/13th of that for the entire globe
(Fig. 3A, dash-dot line).

The misfit function is also sensitive to the relative
amplitudes of plate speeds. For example, a nonzero mis-
fit results if all plates are moving in the correct direction,
but the ratio of subducting to overriding plate speeds dif-
fers from the observed ratio of 3.5 (Fig. 3B). Of course
actual misfit estimates from model predictions are the
combined result of discrepancies in both plate speed and
direction, and thus are generally larger than the misfits
shown in Fig. 3. However, these end-member examples
of the dependence of misfit on θ or Vsub/Vovr are useful
for calibrating changes in misfits obtained from model
predictions against hypothetical changes in the predicted
plate velocity field. For example, if the direction of a
single plate of average area and speed rotates by 90◦
to match the observed plate motion, the misfit estimate
will decrease by 0.11 (Fig. 3A, dash-dot line). This corre-
sponds to the direction of all plates, subducting plates, or
overriding plates improving by 6.3◦, 9.2◦, or 20◦, respec-
tively (Fig. 3A). Alternatively a decrease in misfit of 0.11
corresponds to a change in the Vsub/Vovr ratio from 2.7
to 4.6 to the observed present-day ratio of 3.5 (Fig. 3B).
All of these scenarios represent a significant improve-
ment in the fit to plate motions. For comparison, Conrad
et al. (2004) found that the introduction of slab pull from
upper mantle slabs improved the misfit function by about
0.11 compared to slab suction operating alone.

We use the S20RTSb tomography model (Ritsema et
al., 2004) to infer mantle density heterogeneity. In order
to convert shear velocity anomalies given by this tomog-
raphy model (Fig. 2) into density anomalies for driving
viscous mantle flow, we employ a constant tomography
conversion factor (TCF) throughout the mantle. Because
our misfit function (described above) is insensitive to
the absolute magnitude of plate speeds, our choice of a
TCF is not important for predictions of plate motions
driven only by flow from tomographically inferred den-
sity heterogeneity. However, if slab pull is also included
in the balance of forces on plates, then the choice of
TCF becomes important because it controls the relative
importance of tomographically inferred mantle densities
and the slab pull force, which is based on the tectonically
constrained weight of upper mantle slabs. In these cases,
we examine a range of values for the TCF approximately
centered around 0.15 g cm−3 km−1 s (corresponding to

d ln(p)/d ln(vs) 0.2 using the terminology of Karato
and Karki (2001)), which has been used by previous
authors (e.g., Thoraval and Richards, 1997; Becker et
al., 2003; Behn et al., 2004) and is within the range
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Fig. 4. Misfit between predicted and observed plate motions as a func-
tion of tomography conversion factor (TCF) for various models of
mantle density heterogeneity. Black lines show misfits for the slab
model (Lithgow-Bertelloni and Richards, 1998) both with (dashed)
and without (solid) slab pull. Blue lines (or red lines) show misfits for
density models in which positive (or negative) velocity anomalies have
been isolated from the S20RTSb tomography model (Ritsema et al.,
2004) and used to create a model for mantle density heterogeneity that
includes only positive (or negative) density anomalies associated with
downgoing slabs (or mantle upwelling). Green lines correspond to the
combination of positive and negative anomalies, and thus represent
a straightforward translation between seismic velocity anomaly and
density heterogeneity. The red-black dashed line shows the misfit for
a density heterogeneity model composed of positive density anoma-
lies associated with the slab model and negative velocity anomalies
extracted from the S20RTSb tomography model. In all cases, dashed
108 S.A. Steiner, C.P. Conrad / Physics of the E

of extreme estimates for TCF that vary from ∼0.05 to
∼0.4 g cm−3 km−1 s, based on geodynamic (e.g., Gurnis
et al., 2002) and laboratory (e.g., Karato and Karki, 2001)
constraints. Although we examine a range of TCF, we
do not investigate the possibility that TCF may vary with
depth (Karato and Karki, 2001).

4. Results: plate motions driven by mantle
density heterogeneity

We test various combinations of density models to
determine if upwelling flow improves the fit to plate
motions. To do this, we separate the negative and positive
velocity anomaly components of the S20RTSb tomog-
raphy model (Ritsema et al., 2004) and use the densities
inferred from these anomalies to drive plate motions.
By determining how the fit to plate motions changes
for different contributions of positive or negative density
anomalies, we can determine the relative importance of
each for driving plate motions.

4.1. Slab model

We start with the slab model, which is constructed
using the history of subduction since the mid-Mesozoic
by dropping slabs into the mantle beneath converg-
ing plate boundaries (Lithgow-Bertelloni and Richards,
1998). This model contains only positive density anoma-
lies and has been used by several authors to successfully
predict plate motions. When the slab model is used
to drive mantle flow, the basic direction of motion
is predicted for most plates (e.g., Lithgow-Bertelloni
and Richards, 1998), yielding a misfit of 0.65 (Fig. 4,
solid black line). Conrad and Lithgow-Bertelloni (2002)
showed that allowing upper mantle slabs to drive plate
motions via slab pull improves the prediction of rela-
tive plate speeds. The introduction of slab pull (Fig. 1A)
improves the misfit to 0.39 (Fig. 4, dashed black line).
Conrad et al. (2004) obtained a misfit of 0.51 for this
same model, but used a different set of observed plate
motions (based on poles of rotation from Gordon and
Jurdy (1986) and O’Connor and Le Roex (1992) rather
than the 13 plate NUVEL-1A model (DeMets et al.,
1994)) to calculate their misfit. When upper mantle slab
pull is added to the slab model (Fig. 1A), plates with
attached slabs (subducting plates) move an average of
Vsub/Vovr = 3.8 times faster than plates without attached
slabs (overriding plates) because subducting plates have

the added slab pull force acting on them (Fig. 5, dashed
black line). This ratio is about 3.5 for the NUVEL-1A
(DeMets et al., 1994) observed plate motions (Fig. 5,
solid black line). Thus we confirm Conrad and Lithgow-
and solid lines indicate the presence and absence of slab pull, respec-
tively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of the article.)

Bertelloni’s (2002, 2004) result that the slab model
separated into upper mantle slab pull and lower mantle
slab suction does a good job of predicting plate motions.

4.2. Positive velocity anomalies from tomography

To test whether slabs imaged from tomography also
provide a good prediction of plate motions, we extract
the positive velocity anomalies (primarily correspond-
ing to subducted slabs) from the S20RTSb tomography
model (Ritsema et al., 2004). We find that using only
the positive velocity anomalies to drive plate motions
(Fig. 6A) produces a misfit of 0.61 (Fig. 4, solid blue

line). The misfit, as well as the ratio of Vsub/Vovr (1.80),
remain constant for changing TCF if we do not consider
slab pull. Thus we find that in the absence of slab pull,
plate motions driven by “slabs” inferred from tomogra-
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Fig. 5. The ratio of the area-weighted average speed of subducting
plates (Vsub) compared to that of overriding plates (Vovr), as a func-
tion of tomography conversion factor (TCF), for plate motions driven
by densities inferred from negative (red), positive (blue), and com-
bined negative and positive (green) velocity anomalies. Also shown
is this ratio for the slab model (dashed black line) and observed plate
velocities (solid black line) for the NUVEL-1A (DeMets et al., 1994)
plate velocity model. Subducting plates include the Pacific, Indian,
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ustralian, Nazca, Cocos, and Philippine plates; others are considered
verriding. (For interpretation of the references to colour in this figure
egend, the reader is referred to the web version of the article.)

hy (positive velocity anomalies) predict observed plate
otions slightly better than those driven by the slab
odel (misfit 0.65). This suggests that the mantle inven-

ory of slabs is as well represented by tomography as it
s by the slab model.

If we include the slab pull force, plate motions pre-
icted by positive velocity anomalies from tomography
Fig. 6B) improves the misfit to a best-fitting value
f 0.44 for a TCF of 0.12 g cm−3 km−1 s (Fig. 4, blue
ashed line). This result is nearly as good as we found for
he slab model with upper mantle slab pull (0.39, Fig. 1A,
our dashed black line). Comparing Figs. 1A and 6B,
e see that both models for slab locations offer similar
redictions of plate motions, and that both predictions
losely resemble observed plate motions (Fig. 1B).
n both predicted models, however, the Pacific plate
oves in a more northerly direction than is observed

ue to strong slab pull toward the subduction zones in
he Northeast Pacific (e.g., Conrad et al., 2004). The

urasian plate is predicted to move toward Southeast
sia more strongly than is observed, possibly because of

trong slab suction from the plethora of subducted mate-
ial in this region. Both models appear to produce good
d Planetary Interiors 161 (2007) 103–114 109

predictions for the Indian, Australian, Nazca, African
and North American plates.

The ratio Vsub/Vovr decreases with increasing TCF
(Fig. 5, blue dashed line) because increasing the density
of lower mantle slab material increases the importance
of slab suction, which drives subducting and overrid-
ing plates symmetrically toward subduction zones. The
value of Vsub/Vovr is comparable to the observed value
of 3.5 for a TCF of 0.12 g cm−3 km−1 s (Fig. 5), which
also provides the best fit to plate motions (Fig. 4). The
ratio of Vsub/Vovr decreases in both directions away from
a maximum at about 0.04 g cm−3 km−1 s due to a rever-
sal in the direction of overriding plate motions (from
trenchward to landward) as the importance of slab pull
increases (Conrad and Lithgow-Bertelloni, 2002). Thus,
both the misfit and the Vsub/Vovr ratio are well predicted
by both the slab model and tomographically inferred slab
locations (positive velocity anomalies); both models for
mantle density heterogeneity do a good job of predicting
plate motions through the combination of slab pull and
subduction-induced downwelling.

4.3. Negative velocity anomalies from tomography

To test the potential influence of upwelling flow for
driving plate motions, we extract the negative veloc-
ity anomalies from the tomography model S20RTSb
(Ritsema et al., 2004). If we assume that these have a
thermal origin, then they should correspond to negative
density anomalies and generate upwelling flow. The plate
motions predicted to result from this flow (Fig. 6C) pro-
duce a misfit of 0.93 (Fig. 4, solid red line). The relatively
poor prediction of plate motions for this model is not sur-
prising because negative velocity anomalies contain no
information about slabs, which we know to be impor-
tant for driving plate motions. Yet, upwelling flow does
drive several plates in directions similar to those that are
observed. For example, several plates are pushed away
from the upwelling beneath the south Pacific. This flow
tends to drive the Pacific and Nazca plates rapidly apart,
as is observed, but it also drives the Australian plate
toward the west, which is not. Upwelling flow beneath
Africa tends to push the African plate northward, the
Indian plate northeastward, and Eurasia southeastward
(Fig. 6C), all of which approximately follow observed
trends (Fig. 1B).

If we add the slab pull forces from upper mantle
slabs to basal tractions driven by upwelling flow, pre-

dicted plate motions (Fig. 6D) provide a better match to
observed plate motions, and the misfit improves to 0.53
(Fig. 4, red dashed line) for TCF ∼0.08 g cm−3 km−1 s.
The ratio of Vsub/Vovr for this value of TCF is nearly 4.5,
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Fig. 6. Plate motions predicted from mantle flow driven by (A and B) positive density anomalies inferred from positive seismic velocity anomalies,
(C and D) negative density anomalies inferred from negative seismic velocity anomalies, and (E and F) the combination of positive and negative

A, C, an
motion

−3 km
anomalies. Slab pull from upper mantle slabs is not included in parts
we show the prediction of plate motions that best fits observed plate
associated tomography conversion factors are 0.12, 0.08, and 0.05 g cm

which is larger than the observed value of 3.5 (Fig. 5).
The set of predicted plate motions for the best-fitting
TCF (Fig. 6D) compares favorably with both observed
plate motions (Fig. 1B), as well as slab driven flow
inferred from the slab model (Fig. 1A) or tomography
(Fig. 6B). This demonstrates that the slab pull force
exerts a significant influence on plate motions, but also
that both upwelling and downwelling flow tend to drive
most plates in similar directions. However, the fact that
a smaller value of TCF is indicated for upwelling flow
suggests that upwelling flow must be deemphasized
compared to the slab pull force in order to achieve the
best fit to plate motions. This confirms the conclusion of

previous researchers (e.g., Becker and O’Connell, 2001)
that the slab signal, either imaged by tomography or pre-
dicted by geodynamic models, is an essential driver of
plate motions.
d E, but is included in parts B, D, and F. When slab pull is included,
s (corresponding to the minima of the relevant curves in Fig. 4). The
−1 s for parts B, D, and F, respectively.

4.4. Combined negative and positive velocity
anomalies from tomography

It is perhaps more reasonable to examine the effect of
upwelling flow when it is combined with slab-induced
downwelling flow, which we have already shown to be
an important driver of plate motions. To test this, we
combine negative velocity anomalies (upwellings) with
the positive velocity anomalies (slabs) and predict plate
motions, first without considering slab pull. The result
(Fig. 6E) is a combination of the patterns we found for
upwelling (Fig. 6A) and downwelling (Fig. 6C) flow,
and produces a misfit of 0.71 (Fig. 4, solid green line).

Adding slab pull (Fig. 6F) improves the misfit to 0.47
(Fig. 4, green dashed line), but only for small values
of TCF near 0.05 g cm−3 km−1 s. The resulting plate
motions (Fig. 6F) yield a good fit to observed plate
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otions (Fig. 1B) for a TCF of 0.05 g cm−3 km−1 s, and
roduce a ratio Vsub/Vovr of about 4, which is slightly
arger than is observed (Fig. 5). The best-fit value of
CF = 0.05 g cm−3 km−1 s is at the very low end of

he range of TCF values generally considered (e.g.,
urnis et al., 2002; Karato and Karki, 2001). Such a

ow value is required for the combination of upwelling
nd downwelling flow because both flow patterns tend
o drive similar patterns of plate motions. Thus, the
ombined effect of both flows will generate tractions
hat overwhelm the slab pull force unless their effect is
iminished by a small value of TCF. Thus, the inclusion
f upwelling flow produced by low-velocity anomalies
ends to degrade the fit to plate motions and requires a
ignificantly smaller value of TCF compared to positive
elocity anomalies alone.

.5. Slab model plus negative velocity anomalies
rom tomography

Observed plate motions are best fit by slab pull and
ownwelling flow driven by positive density anoma-
ies inferred from the slab model (Fig. 4, dashed black
ine). Thus, the slab model provides a good reference
odel against which to test density heterogeneity models

hat also include negative density anomalies. We added
egative density anomalies inferred from negative veloc-
ty anomalies (from the S20RTSb tomography model,
itsema et al. (2004)) to the positive density anomalies
f the slab model, and included slab pull from upper
antle slabs. We varied the TCF to adjust the ampli-

ude of active upwelling relative to slab-driven flow. For
mall TCF < 0.05 g cm−3 km−1 s, the misfit is essentially
nchanged compared to the slab model alone (Fig. 4,
ed and black line). When upwelling flow is further
mplified by increasing the TCF to values larger than
.05 g cm−3 km−1 s, the misfit to observed plate motions
teadily increases. This suggests that active upwelling
rovides at most only a minor contribution to the forces
hat drive plate motions.

. Discussion

Our finding that active upwelling tends to degrade
he fit to plate motions does not necessarily indicate that
ctive upwelling is not present in the mantle. In fact,
he tractions that upwelling flow exerts on plates tend to

rive the plates in directions that are similar to those that
ownwelling flow tends to produce (compare Fig. 6A
nd C). Thus, a reasonably good fit to plate motions
an be obtained by either upwelling flow (Fig. 6B),
d Planetary Interiors 161 (2007) 103–114 111

downwelling flow (Fig. 6D), or the combination of both
(Fig. 6F), if slab pull is included as a boundary force on
subducting plates. However, a good fit to plate motions
is only obtained if the magnitude of flow-driven trac-
tions are such that they properly balance the amplitude
of the slab pull force, which is well constrained by recent
subduction history (Lithgow-Bertelloni and Richards,
1998; Conrad and Lithgow-Bertelloni, 2004). For the
combination of upwelling and downwelling flow (driven
by straightforward conversion of tomographic velocity
anomalies to density anomalies throughout the mantle),
this balance requires the magnitude of tomographically
inferred mantle density heterogeneity to be on the very
low end (TCF = 0.05 g cm−3 km−1 s) of the range con-
strained by laboratory and geodynamic studies (TCF
between 0.05 and 0.4 g cm−3 km−1 s).

Alternatively, a good fit to plate motions can be
obtained if a different conversion between velocity and
density (TCF) applies for positive and negative velocity
anomalies. Because positive density anomalies asso-
ciated with slabs are clearly apparent in tomographic
models (e.g., van der Hilst et al., 1997) while the presence
of negative density anomalies in the mantle is debated
(e.g., Kellogg et al., 1999), one obvious choice is to use
a value of TCF in the middle of a reasonable range (best
fit for TCF ∼ 0.12 g cm−3 km−1 s) for the positive veloc-
ity anomalies and a much smaller (or negligible) value
for upwellings. In this case, plate motions driven by the
combination of slab pull and basal shear tractions asso-
ciated with slab-driven downwelling fit observed plate
motions well (Fig. 6B) while maintaining a conversion
factor between seismic velocity anomaly and density that
is within the center of the reasonable range.

Thus, we can obtain a good fit to plate motions
either with or without active upwelling flow from the
lower mantle. However, we find that mantle flow domi-
nated by slab-induced downwelling flow and the passive
response of seismically slow regions of the mantle
beneath Africa and the South Pacific provides the most
likely explanation for observed plate motions because a
more reasonable value of the conversion between seis-
mic velocity anomalies and density applies. However,
because plate motions respond to the net mantle traction
beneath each plate, oppositely directed tractions acting
on the same plate will not contribute to plate motions.
Some of the major upwellings occur beneath the center
of the African and Pacific plates (Fig. 2), so the radi-
ally directed tractions produced by these upwellings may

not act as efficient drivers of plate motions. As a result,
combinations of observations that are sensitive to the
local flow field, such as seismic anisotropy (e.g., Behn
et al., 2004), the intraplate lithospheric stress field (e.g.,
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Steinberger et al., 2001; Lithgow-Bertelloni and Guynn,
2004), or dynamic topography (e.g., Lithgow-Bertelloni
and Silver, 1998; Conrad and Gurnis, 2003) may be more
sensitive indicators of the presence of upwelling-induced
mantle flow.

Our results do not eliminate the possibility that the
seismically slow regions of the mantle could repre-
sent active upwelling flow, but that this upwelling flow
does not drive plate motions as effectively as does
downwelling flow. This would be the case if plate-
driving tractions generated by active upwelling occur in
regions of poor plate-mantle coupling. These tractions
will be largest some distance away from the location of
upwelling as the flow spreads out radially beneath the
lithosphere (Behn et al., 2004). If the viscosity of the
sub-lithospheric mantle is diminished in these regions
by the hot temperatures associated with the upwelling
itself, the plate-driving potential of the upwelling will
be diminished. In addition, because African and South
Pacific upwellings rise beneath the center of plates, the
largest plate-driving tractions generated by upwelling
will occur away from the mid-plate regions and closer to
plate boundaries. Conrad and Lithgow-Bertelloni (2006)
showed that plate-driving tractions are diminished in
regions of thin lithosphere, so the positioning of the
largest tractions beneath the thin lithosphere of ridges
(circum-African ridges and east Pacific rise for the
African and South Pacific upwellings) may diminish
the plate-driving potential of upwellings. By contrast,
downwellings tend to occur beneath subducting plate
boundaries, and thus should tend to generate tractions
beneath old oceanic or continental lithosphere, where
thicker lithosphere will allow for the transmission of
larger tractions. Because we use a radial viscosity struc-
ture in this work, we cannot rule out the possibility
that the addition of temperature-dependent viscosity or
lateral variations in lithospheric thickness will tend to
diminish the plate-driving potential of upwelling flow.

It is possible that incomplete ray coverage of the
mantle by tomography, particularly systematic differ-
ences between positive and negative seismic velocity
anomalies, may influence our results. However, we
have shown that slab densities inferred from tomog-
raphy produce a good fit to plate motions, suggesting
adequate resolution of slab material by the S20RTSb
tomography model. We have no reason to suspect that
negative velocity anomalies are more poorly resolved
in this tomography model. In addition, unmodeled

factors such as plate bending at subduction zones
(Conrad and Hagar, 1999), normal tractions across
transform faults or continental collisions (Richards and
Lithgow-Bertelloni, 1996), non-Newtonian mantle vis-
d Planetary Interiors 161 (2007) 103–114

cosity (Becker, 2006), variations in the slab pull force due
to slab detachment (Conrad et al., 2004), and amplified
plate-mantle coupling beneath continental roots (Conrad
and Lithgow-Bertelloni, 2006) may affect the force bal-
ance on plates. As a result, future studies may find
that one or more of these influences, when combined
with upwelling flow, produces an improved fit to plate
motions.

6. Conclusions

Our results suggest that active upwelling flow in the
mantle does not contribute significantly to the forces
that drive plate motions. Instead, we found that down-
welling flow associated with slab descent (slab pull in
the upper mantle and slab suction in the lower mantle
(Conrad and Lithgow-Bertelloni, 2002, 2004)) is sig-
nificantly more important for driving plate motions. In
nearly every case, we have found that the addition of
active mantle upwelling to slab-induced downwelling
flow degrades the overall fit to plate motions. The one sit-
uation in which active upwelling and downwelling flow
can coexist in the mantle to produce a good fit to plate
motions occurs if the magnitude of mantle density het-
erogeneity is small enough so that the resulting flow does
not overwhelm the slab pull force. This can be achieved
only if the conversion factor between tomographic seis-
mic velocity anomaly and density is at the low end of the
expected range (TCF ∼ 0.05 g cm−3 km−1 s). However,
this solution yields a volume of mantle slab material that
is significantly smaller than the expected volume based
on plate reconstructions. Thus, we favor a solution in
which upwelling flow originating in the lower mantle
does not act as a significant driver of plate motions.

If upwelling flow in the lower mantle is not a signif-
icant driver of plate motions, then we need to explain
the dynamics of large, seismically slow anomalies in the
lower mantle beneath Africa and the South Pacific. One
possibility is that these regions do represent hot thermal
upwellings, but that the flow induced by these upwellings
is decoupled from the surface plates. This decoupling
could result from low sub-lithospheric viscosities asso-
ciated with the thermal anomaly or the positioning of
upwellings beneath the center of plates. If this is the
case, then the introduction temperature-dependent vis-
cosity or lithospheric thickness variations may decrease
the sensitivity of surface plate motions to upwelling flow.
Alternatively, the absence of upwelling flow as a plate-

driving force may indicate that the lower mantle negative
velocity anomalies are not thermal in origin, and thus
do not drive upwelling flow. In this case, the use of
tomographic images to infer mantle density heterogene-
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ty must be called into question, particularly for slow
elocity anomalies in the lower mantle, This conclusion
grees with geodynamic and seismic evidence for chem-
cal reservoirs of compositionally distinct “piles” of fluid
n the lower mantle that are associated with lower man-
le negative seismic velocity anomalies (e.g., Kellogg
t al., 1999; van der Hilst and Karason, 1999; Masters
t al., 2002; Ni et al., 2002) that do not participate in
antle-scale flow (e.g., Davaille, 1999; McNamara and
hong, 2004, 2005). In this case, the tomographically

maged low velocity anomalies beneath Africa and the
outh Pacific do not represent active upwelling because

hey are dynamically passive structures associated with
hemically distinct and temporally stable reservoirs in
he lower mantle (e.g., van Thienen et al., 2005).
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