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a b s t r a c t

We present a general framework to generate time-dependent global subduction history models from
kinematic plate reconstructions and explore their associated coupled plate–mantle dynamic behaviour.
Slabs are constructed by advecting material into the mantle by prescribing its radial velocity and follow-
ing the absolute tangential motion of the subducting plate. A simple geodynamic scenario where plates
and slabs define isopycnic and isoviscous regions in an homogeneous or layered mantle was explored
using the boundary element method-based software BEMEarth. The resulting dynamic behaviour was
used to predict the absolute plate motion directions for the present day and a particular mid-cretaceous
(125 Ma) kinematic model. We show how the methodology can be used to compare and revise kinematic
reconstructions based on their effect on the balance of plate driving forces and the resulting Euler poles of
subducting plates. As an example we compare the Farallon plate dynamics at 125 Ma in a global model
with two reconstructions in the context of the evolution of the Western North American Cordillera. Our
results suggest a method to identify episodes of absolute plate motions that are inconsistent with the
expected plate dynamics.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Plate tectonic reconstructions are an essential constraint for
understanding the structure and evolution of the mantle that led
to a key paradigm of geodynamics: subduction history directly
controls fast seismic velocity anomalies within the Earth. In addi-
tion, slabs descending into the mantle are associated with geoid
highs and may be related to long-lived dynamics of large-scale
upwellings associated with low seismic velocity anomalies (Ander-
son, 1982; Chase and Sprowl, 1983; Chase, 1979; Richards and
Engebretson, 1992). The study of mantle flow through geodynamic
models relies on plate reconstructions to set up initial density, vis-
cosity and temperature conditions, and to control their evolution
through boundary and kinematic constraints. Time-dependent
mantle convection models have been constructed by ‘‘steering’’
the lithosphere towards convergent margins (Bunge et al., 1998),
imposing vertical sinking velocities to cold material located at sub-
duction zones from plate reconstructions (Ricard et al., 1993; Lith-
gow-Bertelloni and Richards, 1998), and more recently assimilating
data to refine the structure of the mantle inferred from backward-
advecting present day mantle tomography (Bunge et al., 2003).

By the same token, geodynamic modelling can actively provide
independent constraints to tectonic reconstructions. Present day
tomography has been compared with the output of forward mod-
ll rights reserved.

(L. Quevedo).
els to refine our understanding of the past absolute motions of the
plates (Shephard et al., 2012), suggesting that simple self-consis-
tent models that predict kinematics ab initio could also contribute
to bridge the gap between our increasingly complex tectonic
reconstructions and our lack of knowledge about the history of glo-
bal mantle flow. Pull forces associated with subducting slabs are
considered to be the main driver of large-scale mantle flow and
plate tectonics (Billen, 2008). Since the main factors determining
such forces are the geometry and the density contrast of the slab,
and since the latter is primarily controlled by the thermal history
of oceanic lithosphere, the first-order features of mantle flow as
well as absolute plate motions can be inferred from subduction his-
tory models (Steinberger, 2000). These kind of models have been
successful in predicting plate motions consistent with reconstruc-
tions (Conrad and Lithgow-Bertelloni, 2002; Morra et al., 2012),
true polar wander evolution (Steinberger and Torsvik, 2010),
plate driving forces (Conrad and Lithgow-Bertelloni, 2004), dy-
namic topography and marine inundation patterns of continents
(Gurnis, 1993; Lithgow-Bertelloni and Gurnis, 1997; Lithgow-Ber-
telloni and Richards, 1995). By comparing not only the resulting
mantle structure, but also the predicted kinematics with observa-
tions, we might be able to reduce uncertainties in our
reconstructions.

In this paper we present an original method to produce present
and paleo-models for the global shape of lithosphere given in
terms of 3D boundary element surface meshes, by defining plate
boundaries and advecting material into the mantle following
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reconstructed plate and subduction zone geometries and veloci-
ties. At the present day, models with a prescribed sinking rate
can be directly correlated with regions of anomalous fast seismic
velocity in global tomography. Boundary element based geody-
namic models initialised by these meshes are able to fit the motion
of subducting plates at the present day and are used to predict
those at the mid-cretaceous, suggesting a method to revise kine-
matic reconstructions based on their contrasts with their associ-
ated dynamics.
2. Modelling approach

The success of previous self-consistent subduction history mod-
els in reproducing global plate motion trends (Lithgow-Bertelloni
and Richards, 1998) lead us to propose them as a mean to identify
where mantle dynamics is not consistent with kinematic recon-
structions in the hope of improving them. To overcome the compu-
tational limitations associated with multi-scale global tectonic
simulations (Becker, 2010), our models are based on the assump-
tion that the coupled mantle–lithosphere dynamics can be approx-
imated by a multiphase flow of regions with homogeneous density
and viscosity, disregarding chemical and rheological inhomogene-
ities (Ribe, 2010; Morra et al., 2012). The global mantle flow is as-
sumed to be controlled by the buoyancy contrasts between the
phases (mantle, lithosphere, air and core), the viscous drag contri-
butions to plate motions and the viscous resistance to stretching
and bending.

We follow a top-down approach (Lithgow-Bertelloni and Rich-
ards, 1995) where subducted slabs represent the leading contribu-
tion to internal density heterogeneities that drive tectonics. Plate
motions and mantle flow are calculated using the boundary ele-
ment solution of Stokes multiphase flow as implemented by the
BEMEarth code, focusing on the contribution of the main slabs to
circulation without considering thermal effects that could affect
slab density or viscosity. Such multiphase flow dynamics results
in very coherent plate motion resembling standard laboratory
experiments on viscous slab subduction (Bellahsen et al., 2005),
and is consistent with the classical interpretation of slab pull as
the predominant driver of tectonics (Forsyth and Uyeda, 1975;
Lithgow-Bertelloni and Richards, 1998). Both slab pull and suction
are simultaneously described, leading to the observed velocity
asymmetry between subducting and overriding plates. Slabs in
our models act effectively as barriers restricting the influence of
mantle flow induced by pull on the dynamic of the overriding
plates (see Fig. 1).

Recent numerical studies have shown that more than 90% of en-
ergy dissipation in the coupled mantle–lithosphere system occurs
through creeping mantle flow, implying a direct relation to sinking
velocity resulting from the balance between slab pull and mantle
drag (Capitanio et al., 2007, 2009; Stadler et al., 2010). Sinking
Fig. 1. Schematic diagram of the subducting plate setup as a multiphase flow
bounded by the free surfaces Si . S1 represents the surface of the Earth, S2 the surface
of the subducting plate, and S3 the core–mantle boundary.
velocity and in general the motion of a plate in subduction models
is only mildly influenced by trench motion and plate strength, and
is mainly controlled by their overall geometry (Funiciello et al.,
2003; Capitanio et al., 2007; Stegman et al., 2006; Morra et al.,
2012) which can be inferred from tectonic paleo-reconstructions.
The feedback between geometry and dynamics of plate motion
suggests that the correlation between past plate geometries and
motion can be explored using simple geodynamic models based
on the subduction history. Accordingly, we have estimated the
overall shape of lithospheric plates and slabs, based on the geomet-
rical and kinematic information of paleo-kinematic reconstruc-
tions from which subduction history is inferred.

Although the feedback between orogeny and interplate friction
has been previously considered as a factor contributing to the bal-
ance of plate driving forces (Iaffaldano et al., 2006), mountain belt
growth at convergent margins has been also linked to thickness
heterogeneities in the plates involved (Capitanio et al., 2011). As
the relative importance of interplate friction in the general context
of self-consistent global models remains unclear, the scarcity and
uncertainty of paleo-elevation records does not justify a global
estimation of the topographical load on paleo plates during the
Mesozoic and Cenozoic to be used as an agent of plate motion.
We assume frictionless contacts and consider that shear force gra-
dients from the ensuing plate thickness variations are more impor-
tant for the underlying subduction dynamics.

Since values of mantle viscosity within observational con-
straints (Mitrovica, 1996) still allow direct fitting of plate speeds
using the known inverse relation between speed and viscosity
(Lithgow-Bertelloni and Richards, 1998), we choose to focus on
the predicted directions instead of the magnitudes of plate motion.
To this aim, we calculate the best fitting Euler pole to the surface
flow of each volume representing a plate and compare the devia-
tions of the resulting rigid velocity field with the kinematic recon-
struction, to characterise how compatible the plate motions are
with the modelled slab pull.

2.1. Model setup

The relevant physical parameters for the multiphase model are
the constant viscosity (density) l0 (q0) of the mantle, the relative
viscosity (differential density) contrast ki ¼ li=l0 (Dqi ¼ qi � q0)
at each of the surfaces (see Fig. 1), and their shape. In contrast
to previous work on global mantle flow (Conrad and Lithgow-
Bertelloni, 2002, 2004), pull and suction forces are a direct conse-
quence of the geometry of subducting slabs and are not imposed
at the boundaries of the plates. Reference values for mantle den-
sity (q0 ¼ 3300 kg m�3) and slab–mantle density contrasts
(Dq ¼ 30 kg m�3) are chosen to be consistent with previous
bounds for young lithosphere (Cloos, 1993). The reference viscosity
(l0 ¼ 1021 Pa s) is chosen in accordance to glacial isostatic adjust-
ment estimates (Mitrovica, 1996), and the slab–mantle viscosity
contrast (kSM ¼ 10—200) is within the range of values usually se-
lected in the literature for which two or three orders of magnitude
ratio are to be found (Funiciello et al., 2003; Bellahsen et al., 2005;
Schellart, 2005; Gerya et al., 2008; Capitanio et al., 2009; Morra
et al., 2012). We explore upper–lower mantle viscosity contrast
in the (kUL ¼ 1—100) range. A summary of the physical parameters
is presented in Table 1.

2.2. Numerical method

The steady low Reynolds number flow governing our approxi-
mation of plate tectonics and mantle dynamics is described by
the Stokes equation r � rþ qb ¼ 0, where rij is the full stress ten-
sor and b represents the (buoyancy) body forces. Using the Green’s
function method, this problem can be solved as an integral



Table 1
Basic model parameters.

Density
Mantle qM 3300 kg m�3

Lithosphere Dq 30 kg m�3

Viscosity
Upper mantle l0 1021 Pa s
Lower mantle lLM ð1;50;100;200Þl0

Lithosphere l ð10;50;100;200Þl0

Gravity g 9.81 m s�2

ig. 2. Top: Map view of local velocity vectors vA and vB of the subducting (A) and
verriding (B) plates, from which convergence rate is inferred by projecting
AB ¼ vA � vB normal to the trench (vn). Bottom: Section showing the tangential vA

nd radial �v s velocity components of a point P that is to be displaced to Q on a
iven time interval.
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equation defined only on the interfaces between isoviscous and
isopycnic regions that are to define the plates, core and Earth sur-
face boundaries. Given the fundamental solutions for the velocity
and traction fields G and T known as the Stokeslet and the Stresslet
solutions (see Pozrikidis, 1992, Section 3), the velocity field vðxÞ of
the multiphase flow can be found at the phase boundaries x 2 Si by
solving

1þ ki

2
vðxÞ �

XN

j

1� kj

8p

Z PV

Sj

n � T � v dS ¼ � 1
8pl0

XN

j

Z
Sj

G � Df dS;

ð1Þ

where Df ¼ Dqðb � xÞn is the stress jump induced by differential
buoyancy between regions, n is the normal to the surface on the
point x, and PV denotes the principal value of the integral. This
equation can be perturbed beyond homogeneous background vis-
cosity to include mantle layering, by following a procedure de-
scribed in Morra et al. (2012, Section A). We use the fast
multipole accelerated boundary element method to solve the linear
system resulting from the discretisation of the Fredholm integral (1)
by means of the BEMEarth code (Morra et al., 2007, 2009, 2010,
2012; Quevedo et al., 2010, 2012). Once the values of the velocity
are known on the nodes defining each surface, BEMEarth uses sec-
ond order Runge–Kutta to update the shape of each surface and im-
poses incompressibility and contact interactions a posteriori.

The most important of this interactions pertains the free surface
of the Earth which is taken to be impermeable and subject to stres-
ses produced by the underlying lithosphere and mantle. A thin
lubrication layer is interposed at the contact between the surface
of the Earth and the plate (Morra et al., 2007; OzBench et al.,
2008; Ribe, 2010) to reduce shear stresses in favour of normal ones,
restoring isostatic equilibrium while letting the plates slide in any
tangential direction and producing viscous bulging when bending.
This mechanism allows the negative buoyancy of the lithosphere
to induce realistic subduction instead of sinking. Interplate interac-
tions are also affected by a lubrication layer that renders them fric-
tionless. As plates converge, a minimum equilibrium distance
between their surfaces is enforced by effectively deforming the
overriding plates while maintaining the shape of the downgoing
plate (Morra et al., 2012). A hierarchy of surfaces predefines which
particular plates play the role of indentors relative to others.

Since the flow field is completely determined by the geometry
of the interfaces, an expected global surface velocity field can be
derived from plate morphology. Our geodynamic model is charac-
terised by a high degree of plateness as plate deformations are
localised at trenches, however, in order to compare with the rigid
kinematic reconstructions, we calculate the Euler pole that best fits
plate motion in a RMS sense. The location of the Euler pole, and
consequently the direction of the velocity field is assumed to be
more important than the actual magnitude of the motion since
the latter can be fitted by careful selection of the viscosity contrast
between mantle and lithosphere (Conrad and Lithgow-Bertelloni,
2004). Velocities are therefore renormalised to highlight their
orientation.
3. Plate models from subduction history reconstruction

We produced models where slabs sink in the upper mantle with
a radial (vertical) velocity equal to the convergence velocity nor-
mal to the trench, and models with a constant sinking rate. In both
cases, we assume that the tangential (horizontal) motion of the
subducted material follows the absolute Euler rotation of the sub-
ducting plate, and that the thickness of the plates is 90 km. This di-
rectly fixes the pull in the model according to the amount of
material being subducted and produces a continuous slab with
asymmetric suction.

To generate slabs (see Fig. 2) each point P in a convergent mar-
gin is displaced tangentially on the surface according to the veloc-
ity vA of the point on the subducting plate A. This velocity is
obtained by calculating the stage Euler pole t1 Et2

A for the motion
of the plate in the period Dt ¼ t2 � t1 relative to the absolute frame
of the reconstructions. Applying the associated rotation to each
point in the trench one obtains the displacement DrA and therefore
the velocity vA ¼ DrA=Dt. The sinking rate vs is taken to be constant
or calculated from the local convergence velocity vAB of P which is
derived from vA and the velocity vB of the point on the overriding
plate B according to vAB ¼ vA � vB. Projecting vAB in a direction nor-
mal to the trench we obtain vn, the local convergence velocity nor-
mal to the trench. The combination of the tangential rotation and
the radial sinking takes P to the point Q at the given time interval.
In general, the local dip of the slab h would be determined by the
ratio of the sinking rate and the convergence velocity normal to
the trench at the point, according to the expression

h ¼ tan�1 v s

vn

� �
: ð2Þ

If we take the sinking speed to be precisely the convergence rate
normal to the trench, then the dip is fixed to be 45�. Following this
procedure, a trench that is static will not lead to a dip of 90� but one
of 45� if the sinking speed corresponds to the convergence rate nor-
mal to the trench, and a steeper or shallower angle if the sinking
speed exceeds or remains under this value, respectively.
F
o
v
a
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Table 2
Viscosity structure of constant dip models and average angular misfit of Euler poles
for subducting (S) and non-subducting (NS) plates.

Model l lLM S NS

1 10 1 18� 28�
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Calculating the post-subduction history is done iteratively in
1 Myr time steps. At each step, position of material subducting at
the marging is obtained from the Euler stage pole of the subducting
plate, and sunk radially point by point according to a selected sink-
ing speed.
2 50 100 22� 23�
3 100 1 20� 27�
4 100 50 25� 24�
5 100 100 26� 26�
6 200 1 24� 32�
7 200 50 27� 29�
4. Present day model results

Following the workflow described in Section 3, we have gener-
ated subduction history models of the 13 major plates at the pres-
ent: Africa, Antarctica, Arabia, Australia, Caribbean, Cocos, Eurasia,
Nazca, North America, Pacific, Philippines, Scotia and South Amer-
ica. The models are based on the kinematic reconstruction by Seton
et al. (2012) and are extrapolated into the mantle taking into ac-
count the last 10 Myr of subduction history. Different setups were
tested using a constant sinking rate of 5 cm/yr leading to variable
slab dip in one case, and a 45� dip in the other.

We calculated the time evolution of the present day global
models for viscosity contrasts between lithosphere and mantle
ranging from 10 to 200 and with lower to upper mantle viscosity
contrast ranging from 1 to 100. The system was let to evolve freely
under the influence of gravity until a quasi-steady-state regime
was achieved, in which plate motion was found to be relatively
constant in time. The dips of the models approached 90� asymptot-
ically, and the morphology of the slab profile became very similar
regardless of the initial fixed or variable dip initial condition (see
Fig. 3).
4.1. Modelled and observed velocities

We calculated the best fitting Euler pole associated with the
motion of the nodes in the surface of each of the 13 plates after
1 Myr of evolution for the different parameters and initial dip an-
gle, and found that the maximum angular distance between Euler
poles of plates inferred from models with fixed and variable dip
was of 6� for subducting plates and 15� for overriding ones.

We further calculated the average angular distance between the
modelled and the reconstructed Euler poles during the last 1 Myr,
based on the reconstruction of Seton et al. (2012) for 7 models of
constant dip, and found that the Euler poles of subducting plates
are better correlated to the reconstructions than non-subducting
plates. The viscosity structure and the average angular misfit of
the location of the poles for each model is described in Table 2.
A A’

B’B

AB

Fig. 3. Left: Top view of the initial condition for two models of the present day Nazca pl
Right: Cross sections showing the evolution of a simulation after 0, 100, 150 and 200 ti
The poles are found in the mean mantle no net rotation reference
frame in which they are calculated. The resulting net lithospheric
rotation associated to the models varies between 0.001� Myr�1

and 0.03� Myr�1.
Reducing the degree of mantle layering significantly increased

the spread between subducting and non-subducting plates,
whereas the models with homogeneous mantle consistently pres-
ent better fits for subducting plates. The best overall fit weighting
the plates by their total surface area, is obtained by model 3, shown
in Fig. 4. The net lithospheric rotation for this case is of 0.03� Myr�1

around a pole at 68�S and 120�E.
As expected from a subduction-driven model, present day kine-

matics exhibits good match for subducting plate velocities (Pacific,
Australia, Nazca, Cocos and Philippines) and a poor match for over-
riding plates (South America, North America, Africa, Arabia and the
Caribbean), with the notable exception of Eurasia, which is not far
off its observed rotation. The predicted motion of South America
opposes the observed one, that of North America is oriented to-
wards the Cocos slab and the Caribbean one is directed SE towards
the small slab attached to South America.
5. 125 Ma model results

The 125 Ma model was derived through the same procedure as
the present models, using the 10 Myr of tectonic evolution (from
135 Ma to 125 Ma) of the 10 major plates at the time: Africa, Eur-
asia, India, North America, Phoenix, East Gondwana, Farallon, Izan-
agi, Pacific and South America. Plate thickness was fixed at 90 km
and only a fixed 45� dip was considered. Being completely sur-
rounded by ridges, the Pacific plate was entirely removed from
A’B’

ate with a 45� dip (light grey) and constant sinking rate of 5 cm/yr (dark gray) and.
mesteps.



Fig. 4. Predicted (red) vs. observed (black) global kinematics for non-layered mantle (Model 3). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 5. Predicted (red) vs. reconstructed (black) global kinematics for non-layered mantle at 125 Ma. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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the geodynamic models since its contribution to a top-down driven
convective mantle flow is marginal.

In this case a single 1 Myr run with the same viscosity contrasts
as model 3 above was performed, and analysed by abstracting the
orientation of the motion through direct scaling of the magnitude
of the velocities to the reconstructed values. The resulting global
comparison of predicted vs. reconstructed is shown in Fig. 5.

The modelled absolute plate motions at 125 Ma show orienta-
tions that are generally well-correlated with the reconstruction,
even for overriding plates. There is clear bias towards subduction
zones as expected from a top down model. The India and Izanagi
plates follow a symmetric and opposite rotation around their poles
which might be evidence of interaction through mantle flow (Mor-
ra et al., 2012). However, the predicted kinematics of the Farallon
plate is clearly at odds with the reconstructions, which are based
on a combination of the hotspot track-based absolute plate motion
by Wessel and Kroenke (2008) combined with a relative plate mo-
tion model described by Seton et al. (2012). This kinematic model
results in transform motion along the western margin of North
America, which is unlikely given that geological data suggest sub-
duction at that time (DeCelles, 2004).
6. Discussion

6.1. Present day modelled and observed velocities

The modelled velocities are less sensitive to the initial dip than
to their overall geometry in accordance with previous studies
(Ribe, 2010; Morra et al., 2012). We were able to reproduce the
general directions of motion of the subducting plates and to some
extent the tendency of overriding plates to move towards subduc-
tion trenches. The velocity patterns result from the flow induced by
the pull and suction of slabs in the upper mantle, that is, without
tracing the slabs down to the lower mantle and without decou-
pling them from the plates to fit the balance between slab pull
and slab suction (Conrad and Lithgow-Bertelloni, 2004). Previous
analysis correlating the viscosity structure and the dynamics of
plates (Lithgow-Bertelloni and Richards, 1998) suggest that the rel-
ative strength of the lithosphere has more effect on plate speed
than on motion direction, whereas the upper/lower mantle heter-
ogeneity has more effect on the directions than on speed. Our re-
sults suggests that by tuning the mantle viscosity structure, the
self-consistent pull and suction induced by coherent slabs could
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alone lead to a good fit with observed plate kinematics, regardless
of the particular mantle flow control of the interactions responsible
for the alterations of the balance of plate driving forces. This is also
consistent with the conclusions of a parameter space study in-
cluded in Morra et al. (2012), where a homogeneous mantle was
shown to result in increased plateness and plate behaviour mainly
controlled by pull.

The slight convergence between South America and Africa (both
non-subducting plates) is caused by the intraplate interaction in-
duced by the Nazca plate acting as an indentor to South America,
which is then viscously deformed. This deformation reduces plate-
ness and introduces additional uncertainties in the determination
of the best fitting Euler pole for this plate. The deviation of the Aus-
tralian rotation pole with respect to the observed one is explained
by the bias towards the New Hebrides–Fiji and Tonga–Kermadec
subduction zones. On the other hand, the motion of the African
and Arabic plates does not correspond well with the observed
absolute motions due to the absence of a slab corresponding to
the Tethys subduction in our model (which considers only the last
10 Myr of history). Considering a longer period of subduction to
generate a better model may alleviate these mismatches.

It is known that radial mantle viscosity layering reduces the
sinking velocity of the plate (Morra et al., 2010), when modelling
its dynamic behaviour from first principles. This suggests that a
simple improvement of our slab position estimation could be
achieved by introducing a radially weighted sinking velocity pro-
file in a similar fashion as in (Lithgow-Bertelloni and Richards,
1998, Fig. 5), to represent how flow crossing layers of increased
viscosity and density is retarded without explicitly modelling by
studying its dynamics. Such approximation might lead to a reason-
able estimate for the amount of material accumulating on top of
the 660 km boundary, allow a more realistic description of dynam-
ical properties and fields like the geoid, and may be useful in the
study of true polar wander as a consequence of the time-depen-
dence of plate motions and subduction.

Considering varying continental lithospheric thickness has a
marginal effect on subduction dynamics (Butterworth et al.,
2012) and is more relevant to small scale convection in the upper
mantle (King and Ritsema, 2000) than to the global pattern of flow.
Nevertheless its implementation is particularly simple and does
not increase computational complexity. The surface mesh tailored
for FastBEM applications may be rendered into full 3D volumetric
models by applying smoothing density/viscosity factors around
them as done in (Stadler et al., 2010, Section 2.2). Additional infor-
mation like changes in material properties in the transition from
continental to oceanic lithosphere can be inferred from the geolog-
ical features of reconstructions and assigned as attributes to the
points using the continuously closing plate polygons algorithm
(Gurnis et al., 2012) implemented on GPlates. Initial boundary con-
ditions for finite-element-based geodynamic modelling software
like CitcomS or Terra can be generated in this way.

6.2. 125 Ma modelled and reconstructed velocities

The most remarkable result is that considering the worst misfit
inferred from the present day models, the predicted motion of the
Farallon plate in the 125 Ma model is more consistent with the his-
tory of subduction inferred from regional geology (DeCelles, 2004)
than with plate kinematic reconstructions at the particular time.
This is particularly significant given the negligible difference be-
tween the modelled and reconstructed motion of North America.

Plate kinematic models against which we compare our results
are subject to great uncertainties, particularly in the determination
of absolute motions. There is very little data to constrain absolute
plate motions of the Pacific Plate for the period from 120 to
140 Ma. This concerns both a paucity of hotspot tracks as well as
age dates. The absolute plate motion model with which we com-
pare our dynamic model during this period, mainly depends on
the current knowledge of the geometry and age of the Mid-Pacific
Mountains and the Shatsky Rise (Wessel and Kroenke, 2008). Even
if we were to obtain more detailed maps and more precise isotope
age dates for these features, sparse data from a small Early Creta-
ceous part of the Pacific Plate would be insufficient to determine
absolute plate motions for the plates in the ocean basin surround-
ing it. Yet at 125 Ma, the qualitative agreement between the recon-
structed and the predicted motion of Izanagi and Phoenix away
from ridges and towards subduction zones strengthens our confi-
dence in these features of the reconstruction; in contrast, the dis-
crepancy between kinematics and simulated dynamics in the
case of the Farallon plate weakens it. A similar reasoning applied
to the Farallon plate motion as described by the reconstruction
of Torsvik et al. (2010), which is based on the absolute plate motion
model of Duncan and Hague (1985) leads to a better fit.

For similar cases where the mismatch of the predicted and
reconstructed absolute motions is specially important in a region
where the errors are big and observations scarce, geodynamic
models based on subduction history seem to be unique in helping
constrain plate kinematics. In a more general context, the fact that
the expected kinematic convergence behaviour, considering geo-
logical observations, can be inferred from the history of subduction
even when the particular kinematic model at the time is at odds
with it, is an indication that our slab history model is very robust
and less sensitive to short term transient regimes. Such robustness
opens the possibility of assessing the consistency of kinematic
reconstructions, and would provide a tool to revise reconstruction
models by locating where and when reconstructed kinematics is
inconsistent with the dynamics expected from plate geometry
and subduction history.
7. Conclusions

We show that a subduction history model based on the advec-
tion of slab material into the mantle following reconstructed kine-
matic constraints captures the main dynamic features of upper
mantle heterogeneities.

The modelled mantle structure represents an average behaviour
integrated over time that is robust and stable against transient re-
gimes and local regional variations. These attributes make these
models suitable as initial conditions for geodynamic simulation
codes that assume a relatively simple compositional and rheologi-
cal complexity. This is particularly important when inferring dy-
namic properties associated to a particular plate tectonic
reconstruction, since it allows to isolate the effect of a smaller
number of physical parameters. The workflow developed is tai-
lored for Boundary Element based applications like BEMEarth
where the input is parametrized by 3D surface data, however, vol-
ume 3D meshes for Finite Element Method based geodynamic soft-
ware like CitcomS (Zhong et al., 2000; Tan et al., 2006) or Terra
(Bunge and Baumgardner, 1995) would be easy to build.

Kinematically constrained simulations would benefit from a
simpler initial guess for the mantle structure which would trans-
late into significant increase in speed up and accuracy, specially
by avoiding dealing with complex compositional variations at
lithospheric depth. It also opens the door to data assimilation from
a paleo-model instead of present day data that could push the
analysis further back in time. For self-consistent simulations, the
workflow developed could provide a computationally efficient
way to compare and contrast kinematic reconstructions. In the
Cenozoic and present day by directly matching with tomographical
and geodetic observations, and in general, by analysing the corre-
lations between observed and predicted dynamic properties like



Fig. A2. Three different stages of mesh generation for the present-day Nazca plate.
Top: original point cloud from subduction history reconstruction. Middle: initial a-
shape. Bottom: smooth surface mesh.
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plate motions, the associated dynamic topography, and potentially
the geoid.

This workflow is useful as a straightforward quality metric for
different reconstructions based on their dynamic properties and
could be used to improve absolute plate reconstruction models
and reference frames (Shephard et al., 2012; van der Meer et al.,
2010), by improving their consistency with their associated
dynamical effects. The prediction of subducting plate motion ori-
entation and the reproduction of the tendency of overriding plates
to move towards trenches following the influence of suction and
ridge push, and using a homogeneous mantle, leaves enough free-
dom in the parameter space of the simulations to fit reconstructed
plate kinematics precisely.
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Appendix A. Surface mesh generation

Subduction history reconstruction is estimated from data sam-
pled with user controlled resolution resulting in a set of points
with low noise and high degree of regularity. This suggests the di-
rect use of a-shape sculpting methods (Bernardini and Bajaj, 1997;
Edelsbrunner and Mücke, 1992; Edelsbrunner et al., 1983) above
other techniques as the implicit function (Kazhdan et al., 2006;
Hoppe et al., 1992), Moving Least Squares (Alexa et al., 2003), Del-
aunay-based (Boissonnat, 1984; Amenta and Bern, 1999) and ball-
pivoting (Bernardini et al., 2002) methods, to produce the triangu-
lated surface mesh defining the viscosity contrast layer that de-
scribes the lithosphere in our models. a-Shapes are one of the
simplest constructions that provide a clear definition of the
‘‘shape’’ formed by an unorganised set of points. The frontier of
an a-shape is a linear approximation of the original shape that is
constructed by carving the space around and between points by
balls of radius a (see Fig. A1). A simple intuitive description may
be given in the form of a chocolate chip ice cream: Scooping the
ice without taking any chocolate chips will essentially result in
an a-shape, where a is the radius of the scoop (carving holes on
the inside is allowed). The resulting shape is not necessarily convex
or simply connected. Changing a has an effect on the topology of
the resulting object: for a smaller than the smallest inter-particle
distance we recover the original point cloud, whereas in the limit
α
α-shape

Fig. A1. a-Shape construction.
a!1we obtain its convex hull. We tune a until we find the shape
that produces a single tectonic plate out of the points surrounding
its geometry.

The resulting mesh is optimised for finite or boundary element
methods by cutting out overlappings, smoothing, and subdivid-
ing(simplifying) up(down) to a particular number of elements.
We have found that the strategy of alternating subdivision and
simplification algorithms is a fast and robust substitute to more in-
volved remeshing, and handles well the appearance of vertices
with excessive number of edges (see Fig. A2). The mesh generation
and processing steps were implemented using the Computational
Geometry Algorithms Library (CGAL) which provides Nef polyhe-
dra operations, a-shape generation, surface simplification and sub-
division algorithms (Granados et al., 2003; Garland and Heckbert,
1997; Shiue, 2005).
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