
EA44CH06-Muller ARI 17 May 2016 15:11

Ocean Basin Evolution and
Global-Scale Plate
Reorganization Events Since
Pangea Breakup
R. Dietmar Müller,1 Maria Seton,1 Sabin Zahirovic,1

Simon E. Williams,1 Kara J. Matthews,1

Nicky M. Wright,1 Grace E. Shephard,2

Kayla T. Maloney,1 Nicholas Barnett-Moore,1

Maral Hosseinpour,1 Dan J. Bower,3 and John Cannon1

1EarthByte, School of Geosciences, The University of Sydney, Sydney, NSW 2006, Australia;
email: dietmar.muller@sydney.edu.au
2Centre for Earth Evolution and Dynamics, Department of Geosciences, University of Oslo,
Oslo 0316, Norway
3Seismological Laboratory, California Institute of Technology, Pasadena, California 91125

Annu. Rev. Earth Planet. Sci. 2016. 44:107–38

First published online as a Review in Advance on
April 29, 2016

The Annual Review of Earth and Planetary Sciences is
online at earth.annualreviews.org

This article’s doi:
10.1146/annurev-earth-060115-012211

Copyright c© 2016 by Annual Reviews.
All rights reserved

Keywords

plate tectonics, geodynamics, big data analysis, open access, open
educational resources

Abstract

We present a revised global plate motion model with continuously closing
plate boundaries ranging from the Triassic at 230 Ma to the present day, as-
sess differences among alternative absolute plate motion models, and review
global tectonic events. Relatively high mean absolute plate motion rates of
approximately 9–10 cm yr−1 between 140 and 120 Ma may be related to tran-
sient plate motion accelerations driven by the successive emplacement of a
sequence of large igneous provinces during that time. An event at ∼100 Ma
is most clearly expressed in the Indian Ocean and may reflect the initiation
of Andean-style subduction along southern continental Eurasia, whereas an
acceleration at ∼80 Ma of mean rates from 6 to 8 cm yr−1 reflects the initial
northward acceleration of India and simultaneous speedups of plates in the
Pacific. An event at ∼50 Ma expressed in relative, and some absolute, plate
motion changes around the globe and in a reduction of global mean plate
speeds from about 6 to 4–5 cm yr−1 indicates that an increase in collisional
forces (such as the India–Eurasia collision) and ridge subduction events in
the Pacific (such as the Izanagi–Pacific Ridge) play a significant role in mod-
ulating plate velocities.
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INTRODUCTION

Conventional models of global plate motions once took the form of reconstructed map snapshots
through time, often without an accompanying digital rotation model describing the motions of
the plates and without present-day digital plate polygons that clarify which features on Earth’s
surface moved according to which plate. Most importantly, these models lacked a sense of the time-
dependence of plate boundary configurations, prompting the development of a new generation of
global plate motion models that reflect the dynamic nature of the plates themselves through a set
of continuously closing plate polygons (Gurnis et al. 2012). These new topological plate motion
models play a key role in enabling the computation of plate velocities for the entire surface of the
globe through time (Zahirovic et al. 2015), for evaluating the time-dependence of the distribution
of plate sizes (Morra et al. 2013), and for linking alternative plate kinematic models to global
geodynamic models (Shephard et al. 2012). Equally critical is their usefulness in the computation
of plate boundary lengths through time to investigate crustal production along mid-ocean ridges
(Müller et al. 2013).

The ability of the geology and geophysics community to generate the next generation of plate
reconstructions has been dramatically improved by the open-source GPlates software (Boyden
et al. 2011, Cannon et al. 2014) and its associated Geological Information Model (Qin et al. 2012).
GPlates enables the construction of global plate hierarchies and rotation files and allows the testing
of alternative plate motion models. It includes the functionality to construct continuously closing
plate polygons (Gurnis et al. 2012), representing a global network of moving plate boundaries that
can be closed on the fly to form a complete global network of interlocking plate polygons.

The first global plate model with continuously closing plate boundaries was published by
Gurnis et al. (2012) and covered most of the Cretaceous and Cenozoic periods (140 Ma to the
present). It formed the basis for several studies, including a comparison of five alternative global
absolute plate motion models in terms of their predicted subduction and mantle convection history
(Shephard et al. 2012), an analysis of global net rotation of the plates through time (Torsvik et al.
2010), and modeling of lower mantle structure (Bower et al. 2013). This was superseded by the
global plate model of Seton et al. (2012), which covers the entire time period from the breakup of
Pangea to the present and contains a range of regional improvements over the previous models.
Recently, this model was used to generate a detailed analysis of global plate velocities and plate
events since 200 Ma (Zahirovic et al. 2015). Another distinguishing aspect of this new generation
of plate models is that they include complete reconstructions of the age-area distribution of the
ocean floor (Müller et al. 2013, Seton et al. 2012). This in turn facilitates an exploration of the
connection between tectonic events and fluctuations in ocean chemistry (Müller et al. 2013) as
well as global climate events (Huber & Goldner 2012) through time.

METHODS

The development of our global plate model involves four main components: the reconstruction of
relative plate motions, an absolute reference frame, the choice of a timescale, and the construction
of continuously closing plate polygons. The relative plate motion model includes a series of
associated feature data, which either can help constrain relative plate motions or are derived based
on the model itself. These include seafloor spreading isochrons, active and extinct mid-ocean
ridge locations, the boundary between continental and oceanic crust, and an interlocking mosaic
of polygons separating tectonic entities at present day (see below for details) (Figure 1).

Once constructed, our global plate model allows for the computation of some fundamental
datasets (such as grids of the age of the oceanic crust and measures of both relative and absolute

108 Müller et al.



EA44CH06-Muller ARI 17 May 2016 15:11

120˚W 60˚W 0˚ 60˚E 120˚E 180˚

120˚W 60˚W 0˚ 60˚E 120˚E 180˚

90˚S

60˚S

30˚S

0˚

30˚N

60˚N

90˚N

60˚S

30˚S

0˚

30˚N

60˚N

90˚N

−8,000 −6,000 −4,000 −2,000 0 2,000 4,000 6,000 8,000

Elevation (m)

Figure 1
Global elevation model (ETOPO1; Amante & Eakins 2009), with thick black and red lines marking the outlines of present-day plate
boundaries in our static polygon dataset. Seafloor spreading isochrons, shown as thin black lines, are defined as the boundaries in the
oceanic realm. Present-day subduction zones according to our model are marked in red, and thick black lines mark other plate
boundaries. Hammer projection with 30◦E central meridian.

plate velocity magnitudes and directions) that can help elucidate global changes in the plate system
through time.

Relative Plate Motions

The first two ingredients of a global relative plate motion model are a hierarchy of relative plate
motion parameters (typically finite Euler rotations) embedded in an inverted tree-like structure
that expresses the relationships between the plates. The relative plate motion parameters are
derived from magnetic anomaly identifications (e.g., Seton et al. 2014) that are rotated along great
circle arcs (following fracture zones) to compute a pole and magnitude of rotation (e.g., Hellinger
1981, Kirkwood et al. 1999). Africa is commonly used as the anchor plate at the top of the plate
hierarchy due to its central position within Pangea (see Torsvik et al. 2008). The rotation tree
underneath Africa expresses a cascading set of relationships describing the relative motion between
the plates, which when combined with an absolute reference frame can model both relative and
absolute plate motions through time.

The organization of the rotation tree is not unique, and choices are made for how to build
connections between plate pairs, largely based on the presence of a continental rift or seafloor
spreading margin where relative motions can be derived. In the absence of continental rifting
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or seafloor spreading histories, plates are typically paired to a neighboring large plate. An exam-
ple is the Philippine Sea Plate, which is almost isolated from the plate circuit by a network of
subduction zones (Bird 2003), and so its motion is defined relative to the neighboring Eurasian
or Pacific plates (e.g., Seton et al. 2012, Zahirovic et al. 2014). Relative motions between plates
that are determined by marine magnetic anomalies and fracture zones on preserved ocean crust
are considered the best-constrained parts of the plate circuit hierarchy. However, the construc-
tion of a global plate model requires reconstructing many complex, deforming regions—such
as the Caribbean or Southeast Asia—where a variety of geological and geophysical constraints
need to be combined. These may include structural, petrological, paleontological, stratigraphic,
and age constraints from regional geology; geophysical data constraints, such as magnetic and
gravity anomalies, and seismic data; and constraints on the past location of subduction zones
through images of mantle seismic tomography. Paleomagnetic data may offer useful additional
paleolatitudinal and block rotation constraints, but their variably large uncertainties mean that
they are usually useful only when combined with other geological constraints or for times when
few other constraints exist.

Seafloor Spreading Isochrons

In building our relative plate motion model, we combine published magnetic anomaly identifi-
cations (Seton et al. 2014) with the most recent interpretation of global fracture zones (Wessel
et al. 2015) and derive a global set of seafloor spreading isochrons (Figure 1). The computation of
finite rotations and construction of seafloor spreading isochrons is relatively straightforward for
areas where both flanks of a spreading system are preserved, but becomes more problematic when
portions of a spreading system are missing due to subduction or volcanic overprinting. When only
one flank of a spreading system is preserved (e.g., Pacific–Farallon, Pacific–Kula, Pacific–Izanagi,
Pacific–Phoenix), we compute half-stage rotations (stage rotation between adjacent isochrons on
one flank) and double the half-stage angle (i.e., assuming that spreading was symmetrical) to create
a full stage rotation. We evaluate this assumption by assessing the potential effect of spreading
asymmetries on a given model (Wright et al. 2016). In instances where crust from both flanks has
been subducted, we rely on the onshore geological record (e.g., mapping of major sutures, ter-
rane boundaries, and active and ancient magmatic arcs) to help define the locations of paleo-plate
boundaries and use inferences from younger, preserved crust to estimate earlier spreading direc-
tions and rates. Where continental terranes have crossed ocean basins (e.g., the Tethys Ocean),
we model the history of mid-ocean ridge evolution assuming spreading symmetry, as spreading
asymmetry is typically not larger than 10% for the post-Pangea seafloor spreading record (Müller
et al. 1998), and ensure triple junction closure. The inferred spreading history of such a synthetic
ocean basin results in a predicted subduction history, relative to the motion of the overriding plate
on the side of the ocean basin where convergence occurs. Double subduction—where an ocean
basin is consumed along both margins, as has recently been suggested for the Jurassic Mongol-
Okhotsk Ocean (Van der Voo et al. 2015)—is rare and controversial, and it is only implemented
in the plate model where the subduction histories are well documented on both active margins
(e.g., Molucca Sea Plate in Southeast Asia).

The uncertainties in reconstructing mid-ocean ridges and flanks grow when moving progres-
sively back through time as more and more mid-ocean ridge flanks that are now subducted need
to be recreated in the plate model. Despite the destruction of information constraining now-
subducted mid-ocean ridges, reasonable and conservative estimates as to their past geometries
and locations can be made, applying Occam’s razor to the application of the rules of plate tecton-
ics (Cox & Hart 1986) in conjunction with available geophysical and geological data. It is relatively
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simple to reconstruct seafloor spreading isochrons and the past age-area distribution of ocean floor
in the Atlantic and Indian Oceans, where conjugate mid-ocean ridge flanks are preserved. Recon-
structing the now largely destroyed Tethys Ocean basin through its various stages of opening and
closing (i.e., Paleo-, Meso- and Neo-Tethys) is considerably more challenging and requires an
assimilation of a diversity of geological and geophysical data. By using combined evidence from
preserved magnetic lineations, geological data from accreted terranes such as “Argoland” (Gibbons
et al. 2015), and the rules of plate tectonics (Cox & Hart 1986), it is possible to constrain the overall
geometries of Tethys mid-ocean ridges. For the Tethys, we rely on the models by Hosseinpour
et al. (2016) (western Tethys), Gibbons et al. (2015) (central Tethys), and Zahirovic et al. (2014)
(eastern Tethys) for the construction of seafloor spreading isochrons and computation of gridded
ocean floor ages through time.

By far the most difficult and controversial aspect of ancient ocean basin reconstructions con-
cerns the Pacific Ocean. Preserved magnetic lineations in the Pacific Ocean provide unequivocal
evidence that a vast, now largely subducted mid-ocean ridge system existed in the Pacific Ocean
in the mid to Late Cretaceous, significantly longer than today’s ridge system; this was first rec-
ognized by Larson & Chase (1972). Subsequent detailed mapping and compilation of magnetic
M-sequence anomalies in the northwestern Pacific Ocean (Nakanishi et al. 1992) revealed the
complete Mesozoic magnetic anomaly lineation pattern in this area. Nakanishi et al. (1992) ob-
served that the reconstruction of the Late Jurassic lineations (e.g., in the East Mariana, Nauru and
Central Pacific basins) reveals the exact shape of the Pacific Plate in that period, implying that the
mid-ocean ridge system bounding the Pacific Plate can be reconstructed in detail all the way back
to the Jurassic. Their work also revealed the origin of the Pacific Plate as a triangularly shaped
microplate at a triple junction in the Panthalassa (Paleo-Pacific Ocean) basin. This work forms
the basis of our Triassic–Jurassic Pacific Ocean reconstructions.

The now-vanished mid-ocean ridge that once formed part of this ridge system is the Izanagi–
Pacific Ridge, which was active from about 170 to 50 Ma. Nakanishi et al. (1992) emphasized that
the complete pattern of magnetic lineations preserved on the Pacific Plate reveals the configuration
of the Pacific–Izanagi–Farallon triple junction, as the magnetic bight between the Japanese and
Hawaiian lineation sets is clearly identified. We reconstruct the Izanagi–Farallon–Phoenix triple
junction since the Late Jurassic (170 Ma) based on magnetic lineations preserved in the west Pacific
Ocean (Nakanishi et al. 1992). We assume this triple junction existed in a similar form since the Tri-
assic (i.e., 230 Ma) and rely on constant spreading rates between the Izanagi, Phoenix, and Farallon
Plates from the Triassic (230 Ma) to the Late Jurassic (170 Ma). Our Jurassic–Cretaceous recon-
struction of Panthalassa mostly follows those of Seton et al. (2012). Since the end of the Cretaceous
Normal Polarity Superchron (CNS) at 83 Ma (also known as chron 34), our reconstructions for
the Pacific Ocean are revised based on the recent work of Wright et al. (2015, 2016).

Reconstructions of Continental Rifting

The breakup of Pangea involved lengthy periods (>10 Myr) of continental rifting that ultimately
led to the initiation of new seafloor spreading ridges. The quantitative reconstruction of continents
during rifting relies on a diverse set of constraints, which are different from those available for
periods of seafloor spreading. Estimates of syn-rift extension, together with tectonostratigraphic
studies linking seismic imaging to ages of sampled syn-rift sediments and rift-associated volcanism,
provide constraints on the full-fit configuration of the continents and the timing, rate, and direction
of divergence during rifting. Recent advances in reconstructions take advantage of a wealth of new
geophysical and geological data across rifted continental margins. Our reconstruction of Pangea
breakup incorporates insights from such studies for the South Atlantic rift (Heine et al. 2013), the
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Central Atlantic rift (Kneller et al. 2012), the North Atlantic–Labrador Sea rift (Barnett-Moore
et al. 2016, Hosseinpour et al. 2013), and rifting between Australia and Antarctica (Williams et al.
2011).

Static Plate Polygons

A fundamental dataset that is paired with our global plate model is our present-day static plate
polygons (Figure 1). This dataset outlines the plates and tectonic blocks that are separate tectonic
entities at present day as well as plates that moved separately during some time in the past.
These polygons are used to assign geodata to tectonic plates and reconstruct them according to a
particular global plate motion model. This dataset differs from continuously closing plate polygon
geometries (see below), which define the changing geometry of the plates via their boundaries
through time.

Relative Plate Motion Noise

In recognizing regional and global tectonic events, the issue of rotation noise arises. Extremely
densely sampled and interpreted marine magnetic anomaly identifications—that is, in ∼1 Myr
increments—require rotation smoothing, as they are subject to substantial noise that translates
itself into geodynamically problematic torque acting on the plate and unreasonable fluctuations of
spreading rates (Iaffaldano et al. 2014a). However, densely sampled magnetic anomaly identifica-
tions are not available for the vast majority of the ocean basins. The tectonic stages underlying our
reconstructions are typically around 5 Myr long, but their length varies in time and space, reflecting
which magnetic anomalies can be recognized in a given spreading regime, the picking preferences
of interpreters of regional magnetic anomalies, and spatial coverage by ship tracks. Consequently,
the stage boundaries underlying our global relative rotation tree vary between plate pairs.

Plate Pair Crossovers

The model includes a total of 46 plates, and the plate hierarchy expressing the relationships
between these plates is composed of up to 16 hierarchical levels (at 0 Ma) (Figure 2). These totals
reduce to 26 plates and 13 levels at 100 Ma, and then to 13 plates and 12 levels at 200 Ma. The
complex changes in this plate hierarchy through time necessitate many changes in the relationships
between plates—that is, the way in which fixed and moving plate pairs are arranged. We refer to a
change in the fixed plate as a plate crossover. Such changes in the rotation hierarchy through time
mean that crossover rotations need to be computed at the crossover time to derive an equivalent
finite rotation relative to a different reference plate (Figure 3). For example, when a given plate B
changes from moving relative to plate A to instead move relative to plate C, this shift necessitates
a sequence of two finite rotations for the same age for plate B, namely, one rotation of plate B
relative to fixed plate A and a second rotation of plate B relative to fixed plate C; the second
rotation needs to be an equivalent rotation to the first one, using plate circuit closure. Instances
where two such equivalent rotations for the same moving plate and the same age are included in
the rotation hierarchy are termed plate crossovers (Figure 3).

Absolute Reference Frames

The anchor for any global plate motion model is an absolute reference frame that expresses how
the entire system of plates moves relative to a fixed reference, such as the mantle or the spin
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Figure 2
Illustration of part of the global plate circuit hierarchy, focusing on the connection of plates from Africa to the Pacific Ocean.

axis. Various global and Indo-Atlantic absolute plate motion models have been published relying
on hotspot trails or paleomagnetic data and based on differing data, models, and assumptions.
In each case these models are strictly speaking tied to the specific relative plate motion model
used to link together constraints (for example, hotspot volcanism) from different plates. The
hybrid absolute plate reference frame used by Seton et al. (2012) is based on a moving Indian–
Atlantic hotspot model (O’Neill et al. 2005) for times younger than 100 Ma and a true polar
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Illustration of plate crossovers in relative plate motions, defined as a change in the fixed plate for a given pair of moving and fixed plates.
Plate motions within a global model are defined within a hierarchy of relative finite rotations. This hierarchy (i.e., plate circuit) can
change through time, for instance, due to collisions after which a tectonic element (such as a continental terrane) begins moving relative
to another plate. For example, at t1 block B moves relative to block A while seafloor spreading is active. During the collision time, t2,
two equivalent finite rotations exist describing the position of block B with respect to both block A and block C at the same age. If the
motion of either block A or block C, or any other plate higher in the plate hierarchy, changes during the crossover time, the equivalent
finite rotations describing the crossover need to be recalculated. For a younger time t3, the motion of block B is defined as a series of
finite rotations relative to block C because a newly initiated subduction zone now interrupts the plate circuit between blocks A and B.
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wander (TPW)-corrected paleomagnetic model (Steinberger & Torsvik 2008) for older times.
Reassessing the optimal reference frame in the light of new data and updated relative plate motions
is not straightforward, but recent studies have shown the importance of incorporating constraints
from subduction zones—for example, the history of trench migration (Williams et al. 2015)—
or through the seismic imaging of subducted material, which van der Meer et al. (2010) used
to modify a previous hybrid reference frame. Absolute plate motion models are nearly always
constructed without consideration of geodynamically reasonable trench motion behavior. Schellart
et al. (2008) showed that, on average, trenches retreat slowly; specifically, trench advance or very
fast trench rollback rarely exceeds 3 cm yr−1. Utilizing this geodynamic rule, the quality of a
number of alternative absolute plate motion models in terms of their predictions for subduction
zone behavior was recently evaluated by Williams et al. (2015). Since 70 Ma, reference frames
based on hotspot tracks generally provide much better constraints than other reference frames.
Based on a total of five metrics related to subduction zone behavior in any given global model, the
best-performing model was found to be that of Torsvik et al. (2008), which we use in our global
plate model. This choice of reference frame, paired with a TPW-corrected paleomagnetic model
(Steinberger & Torsvik 2008) for older times and allowing for a 35 Myr long transition period
(from 70 to 105 Ma) from one reference to the other, reduces global net rotation of the plates to
less than 0.4◦ Myr−1 for the entire model period and is more geodynamically reasonable than the
absolute plate model used by Seton et al. (2012), which implies net rotation of the plates in excess
of 0.4◦ Myr−1 at ∼40–60, 65–80, 110–115, and 180–215 Ma when sampled at 1 Myr increments
(Shephard et al. 2014). For times older than those well-constrained by hotspot trails (∼70 Ma),
longitudinal shifts of the previous hybrid reference frame have been found to better match slab
remnants mapped in seismic tomography (van der Meer et al. 2010) and produce more plausible
rates of trench migration between 70 and 130 Ma (Williams et al. 2015). A net longitudinal shift
of 10◦ from 100–230 Ma is similar in magnitude to the realm of possible fits proposed by van der
Meer et al. (2010), though their applied longitudinal shift of up to 18◦ was shown by Butterworth
et al. (2014b) to be excessive, leading to substantial misalignments of modeled hotspot paths with
observed hotspot tracks. This shift involves a modification to the approximated axis of TPW, whose
position through time is not well known as it depends on the mantle mass distribution, reflecting
subducted slabs and rising plume heads through time (Torsvik et al. 2012). We envisage that our
future models of absolute plate motion will more formally incorporate geodynamic plausibility
constraints.

All of the major tectonic plates, except for those within the Pacific basin, are linked to Africa
via the post-Pangea seafloor spreading or rifting record back to 200 Ma (Seton et al. 2012). The
Pacific Plate can be linked to the plate circuit only for times later than chron 34y (83 Ma), based on
the establishment of seafloor spreading between the Pacific and West Antarctic Plates. For earlier
times, the Pacific is linked to the plate circuit using a fixed Pacific hotspot reference frame (Wessel
& Kroenke 2008). We assume that the Pacific reference frame is fixed relative to other hotspots,
as there is no reliable model for how Pacific mantle plumes moved relative to one another or to
Earth’s spin axis before chron 34y (83 Ma). Similar to Seton et al. (2012), Wessel & Kroenke
(2008) adjusted the Pacific hotspot rotations to avoid geodynamically unrealistic motions of the
Pacific Plate by interpolating through the 118–131 Ma stage.

Timescale

All rotations and data related to our global plate model, including magnetic anomaly identifica-
tions, finite rotations, and seafloor spreading isochrons, are calibrated to one geomagnetic polarity
timescale. We choose the Gee & Kent (2007) timescale, a composite in which ages younger than
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Figure 4
Schematic representation of topological plate polygon construction. (a) Feature geometries used to construct topological polygons.
Each feature geometry is assigned information that defines the type of plate boundary (e.g., subduction zone, mid-ocean ridge) and a
plate ID (P1–P5) according to which plate expresses tectonic motion relative to a fixed plate by reference to Euler rotations in the
global rotation model. Mid-ocean ridge features (red line) are assigned left (P1) and right (P2) plate IDs based on the two plates flanking
the ridge, and their motion is computed based on half-stage rotations from the relative motion between these plates. Individual
geometries can be grouped into topological lines (e.g., green line). Both individual geometries and topological lines can be used to build
topologically resolved (continuously closing plate) polygons. (b) Resolved plate polygons derived from geometries in panel a.
Topological plate polygon geometries for any instant in geological time are derived from individual geometries and their intersection
points using GPlates (Boyden et al. 2011).

the CNS (i.e., after chron 34y; 83 Ma) are based on the Cande & Kent (1995) timescale, with
additional short subchrons summarized by Lowrie & Kent (2004), and ages older than the CNS
(i.e., before M0; 120.6 Ma) are based on the Channell (1995) timescale.

Continuously Closing Plate Polygons

A network of tectonic plates, bounded by a series of independently moving plate boundaries,
combines into a time-dependent topology to cover Earth’s surface. Similar to Seton et al. (2012),
we use the continuously closing plate methodology built into the GPlates software (Gurnis et al.
2012) (Figure 4) to create a new set of dynamically closed plate polygons for the past 230 Myr. The
plate polygons are constructed using a series of plate boundaries, the location and timing of which
have been determined by starting with present-day plate boundaries and using geological evidence
for locations of island arcs, magmatic arcs, sutures, and major faults through time as well as an
analysis of plate motion vectors from our kinematic model for past plate boundary geometries.
We present the plate tectonic model and derive the Euler rotations (i.e., axis and magnitude
of rotation) that describe the motion of each plate. Feature-specific attributes are assigned to
each plate boundary feature; for example, mid-ocean ridges include information on the plate pair
associated with the spreading ridge and whether it is actively spreading or extinct, which allows
the mid-ocean ridge plate boundaries to be reconstructed using half-stage rotations. Subduction
zones contain information regarding the polarity and duration of subduction, and transform faults
track the direction of motion.
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In some cases two or more topological plates share several short plate boundary sections. For
example, a deforming continental margin might consist of a large number of independently moving
points. Adding all these points to both the oceanic and continental plate margins that share them is
time consuming and error prone. To make this process easier, GPlates supports topological lines
consisting of a sequence of regular (nontopological) features that form a continuously connected
dynamic polyline. This enables, for example, a single deforming line to contribute to multiple
topological plate boundaries (e.g., shared by an oceanic plate and a continental plate). In this
sense a topological plate boundary can be a topology of regular (nontopological) features and/or
topological lines.

The continuously closed plate polygons cover the entirety of Earth’s surface and are topo-
logically valid in time intervals of 1 Myr. They can be used to compute plate velocity meshes
globally or for any given tectonic plate through time, to distinguish regional from global plate
events, and to capture the complex time-dependent and geometry-dependent (i.e., shape/area-
dependent) velocity evolution. Even though our average tectonic stage length is about 5 Myr, the
regional differences in the stage boundaries and the fact that plate topologies change continuously
mean that we need to capture plate velocities at a higher resolution than that of our average stage
lengths. For instance, the loss or birth of a plate may occur within a given regional stage interval
due to ridge subduction, plate fragmentation, or subduction initiation, and the impact of such
events on plate velocity fields will not be captured unless we compute plate velocities at 1 Myr
intervals. As a consequence, we use the time-dependent topologies to extract the velocity field of
plates and their continental region, for which we calculate both global and regional mean root
mean square (RMS) speeds following Zahirovic et al. (2015).

RESULTS AND DISCUSSION

Global Relative Plate Motion Model

Our plate model is based on the work of Seton et al. (2012) but includes numerous regional updates
and improvements (Figure 5). In the circum-Arctic region, we adopt the model by Shephard et al.
(2013). This model includes a refined preaccretionary model for the Wrangellia Superterrane,
which accretes to North America at 140 Ma, as well as a refined high-Arctic subduction history
prior to the final opening of the Amerasia basin at 120 Ma. In the North Atlantic Ocean, our model
incorporates new fit reconstructions from Barnett-Moore et al. (2016), in which the multiple phases
of different rifting episodes in the region are accounted for, as well as updated rifting and the early
postbreakup history of the Labrador Sea from Hosseinpour et al. (2013) and a refinement to the
early opening history of the central North Atlantic from Hosseinpour et al. (2016).

The reconstruction for the Caribbean region has been updated following the model of
Boschman et al. (2014). In the Gulf of Mexico, we implement the recently mapped extinct spread-
ing ridge (Sandwell et al. 2014) and revised locations for the boundaries between continental and
ocean crust from Christeson et al. (2014). Our revised rotations for the early central North At-
lantic (Hosseinpour et al. 2016) lead to a small adjustment in the direction of seafloor spreading
in the Proto-Caribbean Sea. A major plate tectonic event in the Boschman et al. (2014) model
involves the capture of part of Panthalassa into the Caribbean at 135 Ma. Although Boschman
et al. (2014) did not model the surrounding regions or the oceanic crust component, we find that
when merged into our model for the opening of Panthalassa, the age of this trapped crust, which
underlies the present-day Caribbean, is 200–180 Ma.

In the South Atlantic, our model incorporates a new early opening model based on the work of
Heine et al. (2013), which argues for a relatively simple breakup history without invoking many
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South American continental strike-slip faults. A recent analysis by Quirk et al. (2013) of data
from the deepwater basins along the Brazilian margin provides additional support for this type of
reconstruction, arguing against excessive displacements across transcontinental shear zones during
South Atlantic rifting and proposing that breakup predates major salt deposits in the central South
Atlantic by 6 Myr. This is important because it is a syn-rift salt deposition late-breakup scenario
in the central South Atlantic that leads to a “requirement” for intracontinental shear zones. We
implement the model of Eagles & Jokat (2014) for the opening of the Scotia Sea, with a minor
adjustment made to the opening of the East Scotia Sea.

Recent work on the rotations of the Arabia–Africa–Somali plate pairs have been incorporated
into our model, including Fournier et al.’s (2010) model for Arabia relative to Somalia & Iaffaldano
et al.’s (2014b) model for Somalia relative to Africa. The Arabia–Africa rotations for closure of
the Red Sea are thus indirectly derived from the rotations from these two plate pairs.

Our revised Indian Ocean reconstructions, including those of the central Tethys Ocean, are
based on the work of Gibbons et al. (2015) and include southeastern Indian Ocean reconstructions
from Whittaker et al. (2013). Our western Tethys and Mediterranean model represents a modified
implementation of Schettino & Turco’s (2011) model as described by Hosseinpour et al. (2016).
To ensure plate boundary continuity between our revised model of the western Neo-Tethys and
our existing model of the earlier Meso-Tethys, we adjusted the position of Iran (and therefore
the Cimmerian terranes) to be aligned with the eastern Pontides, allowing for a smooth transition
between Meso-Tethys closure and the subsequent evolution of the Neo-Tethys. For Southeast
Asia, including Sundaland and the Proto–South China Sea, and for reconstructions of the eastern
Tethys we adopt the model by Zahirovic et al. (2014).

Our Pacific Ocean reconstructions have undergone a major update, utilizing a large compilation
of magnetic anomaly data (Seton et al. 2014) and fracture zone lineations (Matthews et al. 2011,
Wessel et al. 2015) for the Pacific, as described by Wright et al. (2015, 2016). In addition, we have
updated rotations for East–West Antarctica based on Granot et al. (2013), which significantly
reduces the uncertainty in the motion of these plates. As described by Matthews et al. (2015), we
extended this rotation back to 100 Ma. The southwest Pacific region, including Zealandia, was
reconstructed based on Matthews et al.’s (2015) model, and the Melanesian region was modified to
bridge our revised southwest Pacific and southeast Asia models to ensure plate boundary continuity
between the two regions (Seton et al. 2016).

Our model for the Wrangellia Superterrane is primarily from Shephard et al. (2013) and
Matthews et al. (2016a). From 230 Ma, the Cache Creek Ocean, which separates the Wrangellia
Superterrane from North America, contemporaneously subducts eastward beneath western North

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 5
Global plate reconstructions from 230 Ma to the present day in 10 Myr intervals, showing the age-area distribution of ocean crust at the
time of formation. Black toothed lines delineate subduction zones, and other black lines denote mid-ocean ridges and transform faults;
beige polygons indicate products of plume-related excessive volcanism after Whittaker et al. (2015). Dark red triangles are present-day
hotspot locations after Whittaker et al. (2015). Gray polygons indicate regions of nonoceanic crust, with present-day coastlines shown
in dark gray. Hammer projection with 30◦E central meridian. Abbreviations: A, Aluk Plate; AFR, African Plate; ANT, Antarctic Plate;
AR, Arabian Plate; AUS, Australian Plate; B, Bellingshausen Plate; C, Cocos Plate; CA, Caribbean Plate; CAT, Catequil Plate; CC,
Cache Creek Oceanic Plate; CHZ, Chasca Plate; CP, Capricorn Plate; EGD, East Gondwana; EUR, Eurasian Plate; FAR, Farallon
Plate; GON, Gondwana; GRN, Greenland Plate; HIK, Hikurangi Plateau; IND, Indian Plate; IZA, Izanagi Plate; K, Kula Plate; LHR,
Lord Howe Rise; M, Manihiki Plateau; ML, Proto-Molucca Plate; MOO, Mongol-Okhotsk Ocean; MT, Meso-Tethys Ocean; NAM,
North American Plate; NAZ, Nazca Plate; NEA, northeast African Plate; NT, Neo-Tethys Ocean; NWA, northwest African Plate;
PAC, Pacific Plate; PHO, Phoenix Plate; SAF, south African Plate; SAM, South American Plate; SOM, Somali Plate; SP, Sepik Plate;
V, Vancouver Plate; VA, Vardar Plate; WAN, west Antarctic Plate; WGD, West Gondwana; WMT, west Meso-Tethys Ocean.
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America and westward beneath the superterrane (Shephard et al. 2013). A transform margin
borders the Cache Creek Ocean in the north and accommodates its closure, having previously
accommodated late Paleozoic back-arc basin opening behind the superterrane as it migrated into
Panthalassa due to rollback of an east–northeast dipping subduction zone (Matthews et al. 2016a).
A subduction polarity reversal across the Wrangellia Superterrane, from west-dipping to east-
dipping subduction, occurs at 180 Ma (after Shephard et al. 2013). This coincides with docking of
the superterrane with North America (Matthews et al. 2016a), which occurs 8 Myr earlier than in
Seton et al.’s (2012) model. This docking is followed by a period of left-lateral transtension and
subsequent transpression between 170 and 144 Ma to represent the history of the Gravina basin
(Matthews et al. 2016a), which was not incorporated in Seton et al.’s (2012) model.

Oceanic Age-Area Distribution Through Time

We use our reconstructed seafloor spreading isochrons to generate oceanic paleo-age grids in
1 Myr intervals at a 0.1◦ grid resolution, following the method of Müller et al. (1997) (Figure 5).
Frequency histograms of crustal age through time, binned in 10 Myr intervals (Figure 6), illus-
trate the evolution of the age-area distribution from supercontinent stability at 230 Ma through
successive stages of supercontinent breakup and dispersal, with concomitant cycles of creation and
destruction of mid-ocean ridge crests and flanks.
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Figure 6
(a) Frequency histograms of crustal age through time, binned in 10 Myr intervals. The diagram illustrates significant changes through
time. (b) The early breakup of Pangea was characterized by a roughly rectangular distribution (bottom), which began morphing into a
progressively skewed distribution after 170 Ma due to the stepwise addition of new mid-ocean ridges and the growth of new mid-ocean
ridge flanks, with a long tail of rare ocean crust older than ∼90 Myr at 100 Ma (middle). The continued aging of mid-ocean ridge flanks
and the subduction of several major mid-ocean ridges in the Cenozoic (see Figure 5) progressively deskew the age distribution, adding
old crust and removing some younger crust, establishing the triangular distribution observed today (top).
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The breakup of the supercontinent Pangea in the central North Atlantic around 200 Ma and
the formation of the Pacific Plate around 190 Ma resulted in a 25% increase in ridge length
between 200 and 150 Ma (Müller et al. 2013). These events contributed toward a substantial
increase in the production rate of ocean floor and gradually changed the distribution of seafloor
ages from a rectangular distribution, which is still observed at 170 Ma, to a skewed distribution in
the Cretaceous; the age histogram computed for 100 Ma is a representative example (Figure 6b). It
shows a substantial increase in ocean floor younger than 50 Myr, reflecting the enormous growth
in young ridge flank areas during the Cretaceous. After 100 Ma there was a stepwise decrease in
young ocean floor due to the progressive subduction of ridge flanks, and ultimately mid-ocean
ridges themselves, in the Tethys and along the Pacific Rim (Figure 5), paired with a continued
aging of mid-ocean ridge flanks, gradually leading to the triangular distribution of seafloor ages
that is observed today (Figure 6b).

The uncertainties in these reconstructions cannot be formally quantified; comparisons of suc-
cessive generations of models present our best opportunity to assess the effect of the underpinnings
of any given model on seafloor age distributions through time, most easily captured by comparing
the mean age of the ocean crust through time from alternative models (Figure 7). These re-
constructions reflect the stepwise inclusion of an increasing amount of information though time,
starting with Cogne et al. (2006), who assumed that the age-area distribution of large parts of
now-subducted ocean basins never changed through time, an assumption that leads to a very sig-
nificant underestimation of the changes in mean oceanic crustal age through time (Figure 7).
Our own successive reconstructions (Müller et al. 2008, Seton et al. 2012), juxtaposed with our
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Müller et al. (this study)

Seton et al. (2012)

Müller et al. (2008)

70

65

60

55

50

45

40

35

30
200 150 100 50 0

M
ea

n 
cr

us
ta

l a
ge

 (M
yr

)

Time (Ma)

Figure 7
Mean crustal age through time in 1 Myr intervals based on our new model (blue) and the models by Seton
et al. (2012) ( green), Cogne et al. (2006) (magenta), and Müller et al. (2008) (dark yellow). The significant
pre–150 Ma difference between the Seton et al. (2012) model and our new model is due to additional
back-arc basin crust in the junction region between Panthalassa and the Tethys Ocean (see Matthews et al.
2016a) and the removal of some self-inconsistencies in the Seton et al. (2012) model in reconstructions of the
Panthalassa mid-ocean ridge systems and associated rotations, especially in western Panthalassa, as discussed
by Müller et al. (2014). Note the large underestimation of mean age fluctuations in the model by Cogne
et al. (2006), reflecting their use of simplifying model assumptions as opposed to explicitly modeling the
oceanic age-area distribution through time.
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current model, reflect improvements in the modeling of complex mid-ocean ridge systems in the
Pacific, reflecting the breakup of the Ontong-Java, Manihiki, and Hikurangi Plateaus (Figure 5)
by Seton et al. (2012). Our new model also reflects the inclusion of additional back-arc basins
in the eastern Tethys and around the junction between the Pacific and Tethys Oceans, follow-
ing Zahirovic et al. (2014), as well as other additional changes to spreading ridges in the Indian
(Gibbons et al. 2013) and Pacific (Wright et al. 2016) Oceans and the circum-Arctic (Shephard
et al. 2013). The significant pre–150 Ma difference between the Seton et al. (2012) model and
our new model reflects added back-arc basin crust and the removal of some self-inconsistencies
in the Seton et al. (2012) model in reconstructions of the Panthalassa mid-ocean ridge systems
and associated rotations, especially in western Panthalassa, as discussed by Müller et al. (2014).
Both changes lead to an overall younging of the ocean basins. It should be pointed out here that
our knowledge of pre-Cenozoic back-arc basins is incomplete, solely depending on information
from ophiolites, which must be used to estimate the location and life span of a given back-arc
basin, as well as its likely width. Successive generations of global plate models and paleo-oceanic
age models will include more and more ancient back-arc basins, implying that generally we will
overestimate the age of ancient ocean basins due to our incomplete knowledge of old back-arc
basins.

Our model predicts major changes in seafloor age distributions through time (Figure 6). Such
dramatic changes now have a firm geodynamic underpinning, based on the recent work of Coltice
et al. (2012, 2013), who used fully dynamic mantle convection models to show that over a Wilson
cycle there are variations by a factor of two in the rate of production of new seafloor, with concomi-
tant major changes in the age-area distribution of the seafloor. In their models, supercontinent
dispersal is accompanied by a skewed distribution, reflecting the progressive creation of new crust
at the expense of much older crust being subducted, whereas the triangular distribution we observe
today reflects a near constant production of oceanic lithosphere compared to what is destroyed
(Coltice et al. 2013), as our reconstructions illustrate.

Relative Plate Motion Events

In order to analyze regional and global plate motion changes we first focus on relative plate
motions, which are much better constrained than absolute plate motions. We show the rates and
directions of separation between some key plate pairs along a number of representative tectonic
flowlines (Figure 8). The images in Figure 8 reflect full stage rotations and do not take into
account spreading asymmetries. Spreading directions are computed with a fixed plate frame of
choice. For a given plate pair we follow a convention in which we plot directions of relative motion
for the fixed plate that is relatively higher in our plate hierarchy. The tectonic stage boundaries for
each plate pair shown in Figure 8 are subtly different, as they reflect the choices made by authors
of regional plate models with respect to which magnetic anomalies are identified.

The majority of changes in rifting and spreading rates and directions shown in Figure 8 are
regional in nature. Some plate systems display major changes in rates and directions at 120 Ma,
but this merely reflects the onset of the CNS close to this time, and our inability to resolve tectonic
regime changes within this long period without reversals. However, recent work by Granot et al.
(2012) and Granot & Dyment (2015) may open future opportunities for refining relative plate
motions during the CNS. Where seafloor spreading in the CNS is partly contemporaneous with
rifting along margin segments where breakup has not yet occurred, as in the South Atlantic,
models based on magnetic anomalies within and bordering the CNS (Granot & Dyment 2015)
need to be carefully combined with tectonic constraints from rifted margins in order to result in
opening scenarios that honor tectonic constraints from rifted margins (as in Heine et al. 2013);

122 Müller et al.



EA44CH06-Muller ARI 17 May 2016 15:11

0

10

20

30

140
140 120 100 80 60 40 20 0

180

220

240

Di
ve

rg
en

ce
 ra

te
(m

m
 yr

–1
)

Time (Ma)

240 200 160 120 80 40 0
Time (Ma)

140 120 100 80 60 40 20 0
Time (Ma)

Di
ve

rg
en

ce
di

re
ct

io
n 

(°)

0

20

40

60

80

90

100

110

Di
ve

rg
en

ce
 ra

te
(m

m
 yr

–1
)

Di
ve

rg
en

ce
di

re
ct

io
n 

(°)

0
20
40
60

20
40
60
80

100

Di
ve

rg
en

ce
 ra

te
(m

m
 yr

–1
)

Di
ve

rg
en

ce
di

re
ct

io
n 

(°)

120160 80 40 0
Time (Ma)

0
20
40
60

–40
–20

20
40

0

Di
ve

rg
en

ce
 ra

te
(m

m
 yr

–1
)

Di
ve

rg
en

ce
di

re
ct

io
n 

(°)

40
20

0

60
80

–60
–40
–20

0
20

160 120140 100 80 60 40 20 0

Di
ve

rg
en

ce
 ra

te
(m

m
 yr

–1
)

Time (Ma)

6080 40 20 0
Time (Ma)

140 120 100 80 60 40 20 0
Time (Ma)

Di
ve

rg
en

ce
di

re
ct

io
n 

(°)

30
10

70
50

90

–20
–40
–60
–80

Di
ve

rg
en

ce
 ra

te
(m

m
 yr

–1
)

Di
ve

rg
en

ce
di

re
ct

io
n 

(°)

60
100
140
180

210

230

250

270

Di
ve

rg
en

ce
 ra

te
(m

m
 yr

–1
)

Di
ve

rg
en

ce
di

re
ct

io
n 

(°)

100120 80 60 40 20 0
Time (Ma)

0
40
80

120
160

India–
Australia
India–
Australia

India–
Antarctica
India–
Antarctica

India–
Madagascar

India–
Madagascar

–100

100
0

200

Di
ve

rg
en

ce
 ra

te
(m

m
 yr

–1
)

Di
ve

rg
en

ce
di

re
ct

io
n 

(°)

a e

b f

c g

d h

Figure 8
Rates and directions of separation between key plate pairs in our model, facilitating an analysis of regional versus global tectonic events.
(a–g) Globes show the locations of colored tectonic flowlines (i.e., synthetic fracture zones) along which full rates of separation and
directions are plotted. The colors in the rate and direction plots match those of the flowlines. (h) Motion paths for selected points on
India relative to Madagascar, East Antarctica, and Australia. In the Indian Ocean, the complex spreading history, including major ridge
jumps, means that symmetric fracture zone flowlines are not meaningful to reflect the regional relative motion history. Two events that
are reflected in most plate pairs shown here occur around 80–70 and ∼50 Ma, as major changes in either spreading rates or directions.
Indian Ocean divergence rates and directions are shown as synthetic plate motion paths, not following fracture zone flowlines; this is
more practical for this region due to the large number of ridge jumps, which disconnect individual sets of conjugate fracture zone pairs
from each other. The resulting divergence rates and directions still provide an accurate representation of relative plate motion history,
revealing the ∼100 Ma change in plate motion direction between India and surrounding plates, accompanied by a slowdown in
spreading, and the ∼80 Ma northward acceleration of India, expressed as an increase in full spreading rates from 40 to 100 mm yr−1.
Conversely, the major ∼47 Ma decrease in spreading rates records the India–Eurasia collision. The plates are as follows, with the first
plate being the moving plate and second plate the fixed plate: (a) North America–Greenland (for Labrador Sea), (b) (Northwest)
Africa–North America (for central North Atlantic), (c) (Southern) Africa–South America (for South Atlantic), (d ) (Southern) Africa–East
Antarctica (for Southwest Indian Ocean), (e) Australia–East Antarctica (for Southwest Indian Ocean), ( f ) Pacific–Antarctica (for South
Pacific Ocean), ( g) Pacific–Farallon (for North Pacific Ocean), and (h) India–Madagascar/East Antarctica/Australia.
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this will be the subject of future work. A global ∼100 Ma event, comprehensively discussed by
Matthews et al. (2012), is more clearly expressed in the Southern Hemisphere than in the Northern
Hemisphere (Figure 8d,e); it is not visible in our South Atlantic diagram (Figure 8c) as we have
not yet integrated CNS magnetic anomalies (Granot & Dyment 2015) into our South Atlantic
model.

Two events that are visible in nearly all the rate and direction plots in Figure 8 occur around
80–70 and 50 Ma (in both cases ± 2 Myr). In our model of the Labrador Sea, the 70 Ma event is
more subtle than the∼50 Ma event, the latter of which is expressed as a major decrease in spreading
rates as well as a change in direction (Figure 8a). In the central North Atlantic, the 70 Ma event is
expressed as a counterclockwise change in spreading direction of∼20◦, followed by a gradual clock-
wise change in direction starting around 50 Ma (Figure 8b), whereas in the South Atlantic it is re-
flected by a major slowdown in spreading rates around 70 Ma, followed by a gradual acceleration in
rates after∼55–50 Ma, accompanied by a gradual clockwise shift in spreading direction (Figure 8c).
The event is also reflected in a dramatic deceleration in spreading rates between Africa and Antarc-
tica around 70 Ma, followed by a moderate recovery in rates after∼55 Ma, while spreading direc-
tions undergo a major counterclockwise shift around 70 Ma (between 50◦ and 70◦, depending on
location along the spreading system), followed by a stepwise clockwise shift of similar magnitude
after 55 Ma (Figure 8d ). Contemporaneous changes in Indian Ocean tectonics have been subject
to a recent detailed analysis (Cande & Patriat 2015), focusing on explanations involving plume
head arrival, changes in ridge push, and collision events. Indian Ocean divergence rates illustrate
the northward acceleration of India after 83 Ma, expressed as an increase in full spreading rates
from 40 to 100 mm yr−1 (Figure 8h). The exact time of the increase in India’s velocity may predate
83 Ma, as this time merely marks the transition from the CNS to more frequent magnetic rever-
sals, starting with chron 34y (83 Ma). At∼47 Ma, a major decrease in spreading rates (Figure 8h)
records the onset of India–Eurasia collision, consistent with a recent detailed analysis of the In-
dian Ocean seafloor spreading history (Cande & Patriat 2015). Onset of collision at 47 Ma is also
recorded by formation of the short-lived, oceanic Mammerickx Microplate at the Indian–Antarctic
spreading center, west of the Ninetyeast Ridge (Matthews et al. 2016b). Colli et al. (2014) recently
analyzed the expression of the ∼70–50 Ma event in the South Atlantic (Figure 8c) and invoked
changes in pressure-driven asthenospheric flow beneath the South Atlantic region to explain the
major drop in spreading rates around 70 Ma, followed by an equivalent increase in rates, even
though the ultimate driving force of such unsteady asthenospheric flow was left open.

In the Pacific, an event around 48 Ma is recorded in the Pacific–West Antarctic spreading
system by a drop in spreading rate up to 15 mm yr−1 and a counterclockwise change in spreading
direction between 1◦ and 8◦ (depending on the flowline location) (Figure 8f ), whereas the Pacific–
Farallon/Nazca spreading center records a substantial increase in spreading rates and a small
clockwise change in spreading directions between 2◦ and 5◦ (depending on flowline location)
(Figure 8g). To further evaluate the possible origin of these events, we next explore absolute plate
motions predicted by our model as well as those based on three other published models.

Absolute Plate Motion History

Relative plate motions are intimately related to the absolute motions of plates (motion relative
to Earth’s deep interior). Yet, relative plate motions are much more tightly constrained than
absolute plate motion models; the latter are limited by the uncertainties in geodynamic models
of hotspot motion or seismic tomography imaging of the lower mantle. The detailed information
contained within a relative plate motion model, together with the changing configuration of plate
boundaries, provides a powerful tool to assess the likelihood of absolute plate motion change
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predicted by different absolute plate motion models. For example, whether the proposed sudden
change in Pacific Plate motion around Hawaiian–Emperor Bend time is consistent with relative
plate motion changes or not (Wright et al. 2015), and changes in plate boundary configurations,
such as subduction initiation (Arculus et al. 2015), can be assessed this way.

In order to gain some additional insights into tectonic events that have affected Africa and its
adjacent continents we plot absolute RMS plate motion speeds for Africa, North America, South
America, India, and Australia, paired with their plate motion azimuth through time computed at
centroid points of the continents (Figure 9). Because all absolute plate motion models have various
strengths and weaknesses depending on how they were constructed (see, e.g., Williams et al. 2015
for a recent comprehensive comparison), we compare the hybrid model we have implemented
here with three other models, representing a fixed hotspot model based on African hotspots alone
(Maher et al. 2015), a global moving hotspot model (Doubrovine et al. 2012), and a subduction
reference model in which subducted slabs are used instead of hotspots to anchor the plates (van der
Meer et al. 2010). In all three cases we use published African absolute plate rotations and link them
to our revised rotation hierarchy. This may lead to inconsistencies if we were to analyze resulting
plate motions for the Pacific region, as Doubrovine et al. (2012) chose a plate hierarchy different
from the one used here to link the Late Cretaceous–early Cenozoic Pacific Plate to the remainder
of the plate circuit. However, as we restrict ourselves to analyzing the continents around Africa,
the differences between the relative plate motion models used by Doubrovine et al. (2012) and van
der Meer et al. (2010) and the models used in this paper are insignificant, considering that most of
the changes included in the model presented here are focused on tectonics in complex regions such
as the Caribbean, the Tethys, Southeast Asia, the circum-Arctic, and the Pacific Ocean, whereas
the Atlantic and Indian Ocean rotations have undergone only very minor updates. Any differences
in these regions are certainly much smaller than the differences in absolute plate motions between
the alternative models shown in Figure 9.

A model comparison for Africa is straightforward, as all absolute plate models compared here
are anchored using the (South) African Plate (Figure 9a). Firstly, both rates and directions of
motion between our hybrid reference frame (Figure 9a, gray lines) and van der Meer et al.’s
(2010) reference frame (Figure 9a, blue lines) are extremely similar, reflecting that the latter
was built upon the former. This is also the case for all other continents analyzed (Figure 9b–e).
Our hybrid model results in less extreme fluctuations in rate compared with van der Meer et al.’s
(2010) model, and lower Cenozoic rates of motion (around 2 cm yr−1 as opposed to 2–4 cm yr−1).
Particular care was taken for our model to ensure a smooth transition between the moving hotspot
reference frame used for the past 70 Myr from Torsvik et al. (2008) and the pre–100 Ma reference
frame based on paleomagnetic data. We deliberately avoid using moving hotspot reference frame
rotations derived using backward advection geodynamic modeling for times before 70 Ma, as
backward advection only works relatively well for about the past 70 Myr (Steinberger & O’Connell
1998). This is reflected in the original applications of this technique to modeling hotspot motion
through time, which were restricted to the past 68 Myr (Steinberger & O’Connell 1998). Later
extensions of this technique to longer model times, including those by O’Neill et al. (2005) and
Doubrovine et al. (2012), all illustrate that backward advecting the present-day mantle structure as
far back as 120 Ma is fraught with danger. As pointed out by Steinberger & O’Connell (1998), there
are severe problems with “backward convection” calculations for times greater than ∼70 Myr,
because thermal diffusion is inherently an irreversible forward process. Once heat diffuses in a
system, it is impossible to reconstruct it to its previous thermal structure. They tackled this problem
by ignoring the diffusion term and advecting today’s mantle density anomalies back through time,
but they showed that this approach is valid only over times for which diffusion can be neglected (i.e.,
∼70 Myr). Some problems with Doubrovine et al.’s (2012) reference frame were highlighted by
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Williams et al. (2015), who pointed out that using this model results in a large percentage (∼35%) of
geodynamically unreasonably fast (>3 cm yr−1) moving subduction zones, including a substantial
number of advancing subduction zones for times before 70 Ma. This situation is expected to be a
rarity based on the present behavior of subduction zones and geodynamic considerations (Schellart
et al. 2008). Continental plate velocities based on Doubrovine et al.’s (2012) model (Figure 9, red
lines) display much larger fluctuations than those based on the our hybrid model and Doubrovine
et al.’s (2012) model for Africa and the Americas (Figure 9a–c); especially noteworthy are the large
fluctuations in the speed of North and South America (between 1 and 7–8 cm yr−1) accompanied
by back-and-forth swings in azimuth of over 60◦ in the period between 80 and 50 Ma.

The fixed hotspot model by Maher et al. (2015) (Figure 9, dark yellow lines) was constructed
as an end-member test of absolute plate motions, to check how different or similar a fixed hotspot
model constructed almost exclusively based on hotspots on the African Plate, bypassing plate
circuit closure, would be to more complex models, which depend on a range of other assumptions
(for instance, moving hotspot models depend on simplifying assumptions inherent in mantle
backward advection). The model shown here is the “Chagos model” from Maher et al. (2015)
that has been smoothed using the REDBACK software (Iaffaldano et al. 2014a). Even so, it still
displays unreasonably large absolute plate motion fluctuations for the continents analyzed here,
especially before 70 Ma (see Figure 9a–c), equivalent in range to those of Doubrovine et al. (2012)
(but different in timing). Neither one of these two models results in geodynamically reasonable
plate motions or trench motion, following the rules of Schellart et al. (2008).

In contrast, continental plate velocities calculated using the moving hotspot model for the past
70 Myr from Torsvik et al. (2008) used in our current model (Figure 9, gray lines) are much better
behaved in a geodynamic sense [consistent with the trench migration analysis of Williams et al.
(2015)]. These results imply that despite the shortcomings of the backward advection process it is
possible to design moving hotspot models at least for the past 70 Myr that result in geodynamically
reasonable plate motions and trench behavior. Fixed hotspot models based on hotspots from just
one plate (Maher et al. 2015) appear to be underconstrained.

Mechanisms of Plate Motion Change

We now return to major plate motion events, focusing on our current plate model. We use our
global plate reconstructions and plate boundary topologies through time to derive RMS velocities
for all plates through time, following the method of Zahirovic et al. (2015) (Figure 10), and
compare them with those derived from Seton et al. (2012). Global RMS plate velocities have
fluctuated between∼4 and 10 cm yr−1. RMS plate speeds are reduced for many time periods, due
to changes in the absolute plate model used and to the refinement of the evolution of key regions,
such as the circum-Arctic (Shephard et al. 2013), the Tethys (Gibbons et al. 2015, Zahirovic et al.
2014), and the Pacific Ocean (Wright et al. 2016).

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 9
Continental absolute plate velocities divided into root mean square (RMS) rates (left column) and directions (azimuth clockwise from
North) computed at a given continent’s centroid point (right column) for (a) Africa, (b) North America, (c) South America, (d ) India, and
(e) Australia. Our new model (gray) is compared against continental velocities resulting from van der Meer et al.’s (2010) subduction
reference frame (blue), Doubrovine et al.’s (2012) moving hotspot reference frame (red ), and Maher et al.’s (2015) African fixed hotspot
reference frame (dark yellow). In the latter three cases we have combined published absolute plate rotations for Africa with our revised
relative plate motion model.
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Figure 10
Global root mean square (RMS) plate speeds from our new model (blue) compared with those from Seton et al. (2012) ( gray), with
world uncertainty of preserved lithosphere following Torsvik et al. (2010). One of the most noticeable features is the relatively fast
global plate motion in the Early Cretaceous from 140 to 120 Ma, corresponding to the most intense period of plume activity and large
igneous province emplacement since the Jurassic (Prokoph et al. 2013).

High RMS rates of around 9–10 cm yr−1 from 140 to 120 Ma correspond to a time of massive
emplacement of large igneous provinces (LIPs) (Prokoph et al. 2013). The consecutive mantle
plume heads impinging on the plates during this time may have led to a change in plate-mantle
coupling and a transient period of accelerated global spreading rates (Müller et al. 2013), which
then also lead to an increase in global RMS velocities. These LIPs include Paraná-Etendeka
(135 Ma) (Dodd et al. 2015), Gascoyne (136 Ma), Piñón (123 Ma), Manihiki (123 Ma), Ontong-
Java and Hikurangi (122 Ma), and Kerguelen (118 Ma) (Prokoph et al. 2013). It is worth noting in
this context that the age range of LIP emplacement is likely underestimated for all oceanic plateaus,
due to very limited data coverage usually restricted to the very top of these edifices (Whittaker
et al. 2015). Kumar et al. (2007) suggested that the multiple plumes would thin the lithosphere
and weaken the lithosphere-asthenosphere coupling, leading to an increased effectiveness of ridge
push and slab pull, even if these forces remain constant. Such a mechanism may have led to the
modeled increase in RMS velocities between 140 and 120 Ma.

A major plate reorganization is recorded in continental geology and seafloor fabric during the
mid-Cretaceous, with the synthesis by Matthews et al. (2012) suggesting a major global pertur-
bation to plate motions at ∼105–100 Ma. Because this plate reorganization occurs during the
CNS, dating the change in plate motions requires interpolation of ages during the CNS, as well
as basement ages at Deep Sea Drilling Project sites and other dating techniques on the continents
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(e.g., major changes in volcanism) (Matthews et al. 2012). The reorganization manifests itself in
major changes of the India–Antarctica and India–Australia seafloor spreading rates and directions
(Figure 8h). The change from largely northwestward motion of India to largely northward con-
vergence with Eurasia from∼100 Ma has been previously suggested to result from the initiation of
Andean-style subduction along southern continental Eurasia, with ongoing and contemporaneous
intraoceanic subduction in the Neo-Tethys (Gibbons et al. 2015). The reorganization in the Neo-
Tethys is coeval with the slowdown in Australia’s absolute motion close to 100 Ma from∼6 to 2 cm
yr−1 RMS speed (Figure 9), associated with cessation of long-lived East Gondwana subduction
(Matthews et al. 2012), as well as major changes in the Atlantic and Pacific Ocean basins. In the
central North and South Atlantic, an increase in seafloor spreading rate at ∼105–100 Ma and a
change in the seafloor fabric (Matthews et al. 2012) may be linked to the changes in the absolute
motions of Africa and South America (Figure 9). In addition, a significant reorientation of the hot-
spot trails at 95± 8 Ma in the Pacific (Wessel & Kroenke 2008) highlights the global nature and
synchroneity of the major plate reorganization event (Matthews et al. 2012). A short increase in
RMS speed centered on ∼80 Ma reflects an increase in speed in India’s plate motion and most
plates in the Pacific Ocean basin. Both the amplitude and timing of this event are uncertain, as
the event corresponds to the end of the CNS, and the topologies of the now-subducted portions
of plates in the Pacific, which underpin this result, are not well known.

Our plate model indicates that Africa slowed down substantially after 70 Ma (Figure 11),
effectively halving its speed from 4 to 2 cm yr−1. This occurred before Africa was involved in
any major collisions along its northern boundary, and the change was not accompanied by any
major changes in subduction zone geometry in the western Tethys (Figure 5). As pointed out
by Cande & Patriat (2015), India sped up initially during this process, which can also be seen in
Figure 9d, but slowed down again after 47 Ma due to the stepwise collision of India with Eurasia.
South America slowed down somewhat during this period; the magnitude of the slowdown depends
on the absolute plate motion model (Figure 9c). Our model suggests a decrease on the order of
about 1 cm yr−1, followed by a similar increase after 50 Ma.

In order to shed additional light on plate motion changes experienced by South America during
this period, we plot the subducting crustal age along the South American trench as a function of
distance as well as the mean age and standard deviation of the subducting ocean crust through time
(Figure 12). The time period between 80 and 40 Ma is characterized by a two-stage evolution.
First, the Farallon–Aluk Ridge starts being subducted along southern South America, resulting
in a substantial younging of the ocean flow being subducted along this region (Figure 12). After
about 70 Ma the age distribution of the downgoing plate develops a dichotomy, with the age of
the subducting plate gradually increasing along the northern two-thirds of the trench, from about
50–60 to 80–100 million years, but this process only leads to a marked increase in the mean age
of the subducting plate, by about 10 million years, after about 55–50 Ma.

Following the geodynamic modeling of Goes et al. (2008), younger lithosphere should be less
able to drive trench retreat, so faster rollback should be driven by relatively older lithosphere,
exerting a larger suction force on the overriding plate. Perhaps the slowdown of South America–
Africa seafloor spreading after ∼70 Ma is a consequence of the major younging of ocean floor
along the southern 2,500 km long segment of the Andes, whereas the progressive aging of the
downgoing ocean floor along the northern two-thirds of the Andes after 55–50 Ma may have led
to an increase in trench rollback speed and suction force, accelerating spreading rates. This model
would present an alternative to the unsteady asthenospheric flow hypothesis suggested by Colli
et al. (2014) for these spreading rate variations. However, even if the process suggested here (based
on Figure 12) made a contribution to modulating the spreading rates in the South Atlantic, it
cannot explain the slowdown of Africa after 70 Ma. This observation may be accounted for by the

www.annualreviews.org • Ocean Basin Evolution and Plate Reorganizations 129



EA44CH06-Muller ARI 17 May 2016 15:11

0 5 10 15 20

Plate speed (cm yr–1)

120˚W 0˚ 120˚E 90˚S

0˚

90˚N

120˚W 0˚ 120˚E 90˚S

0˚

90˚N

120˚W 0˚ 120˚E 90˚S

0˚

90˚N

120˚W 0˚ 120˚E 90˚S

0˚

90˚N

120˚W 0˚ 120˚E 90˚S

0˚

90˚N

120˚W 0˚ 120˚E 90˚S

0˚

90˚N

120˚W 0˚ 120˚E 90˚S

0˚

90˚N

120˚W 0˚ 120˚E 90˚S

0˚

90˚N

120˚W 0˚ 120˚E 90˚S

0˚

90˚N

120˚W 0˚ 120˚E 90˚S

0˚

90˚N

120˚W 0˚ 120˚E 90˚S

0˚

90˚N

120˚W 0˚ 120˚E 90˚S

0˚

90˚N

230 Ma 200 Ma

180 Ma 160 Ma

140 Ma 120 Ma

100 Ma 80 Ma

60 Ma 40 Ma

20 Ma Present 

130 Müller et al.



EA44CH06-Muller ARI 17 May 2016 15:11

model presented by Capitanio et al. (2009), who proposed avalanching of the slab attached to the
northern margin of Africa around 50 Ma, following stagnation on the preceding 20 Myr. This
model explains not only Africa’s slowdown around 70 Ma, but also its speedup around 50 Ma.

Beyond this regional effect, there is evidence for a global-scale ∼50 Ma event that expresses
itself not only in regional relative plate motion changes in most ocean basins (Figure 8; see also
the summary in Whittaker et al. 2007), but also in a decrease in global absolute RMS plate speeds
around that time. The origin of that event remains unclear, as it does not appear to be directly
related to the Hawaiian–Emperor Bend, which mainly reflects the slowdown of southward motion
of the Hawaii plume (Tarduno 2007, Wright et al. 2015). However, the Hawaiian–Emperor Bend
may still include a component of absolute plate motion change, as the reorganization of the mantle
flow processes beneath the Pacific that led to the slowdown of the Hawaiian plume may have had
a feedback effect on plate-mantle coupling and absolute plate motions. In one possibility for such
a process, outlined by Seton et al. (2015), complete Izanagi plate subduction and margin-wide
slab detachment, followed by reinitiation of subduction along the Izu–Bonin–Mariana (IBM) arc
between 52 and 48 Ma (Arculus et al. 2015), could induce a major change in sub-Pacific lower
mantle flow, from dominantly southward before 60 Ma to north-northeastward after 50 Ma,
ultimately leading to a global change in plate-mantle coupling.

The “50 million year event” (Whittaker et al. 2007), visible in relative and absolute motion
changes in many parts of the globe (Figures 8 and 9), expresses itself in a reduction in global RMS
velocities from about 6 to 4–5 cm yr−1 (Figure 10). If a sudden westward acceleration of the large
Pacific Plate following IBM subduction initiation (Arculus et al. 2015) had been the sole or main
effect of the 50 Ma event, we should see an increase in RMS speeds, rather than the decrease we ob-
serve in our model. Using forward geodynamic modeling, Butterworth et al. (2014a) showed that
the Pacific Plate underwent a relatively minor speedup following IBM subduction initiation. These
model results are also consistent with the very gradual speedup in spreading rates between the
Pacific and Farallon Plates after IBM subduction initiation around 50 Ma, drawn out over 10 Myr
(Wright et al. 2015) (see also Figure 8g). All these models and observations consistently point to
a plate-mantle reorganization starting around 50 Ma, likely caused by IBM subduction initiation,
but with the kinematic changes in regional Pacific relative and absolute plate motions alone not
sufficient to cause the Hawaiian–Emperor Bend (Butterworth et al. 2014a, Tarduno 2007, Wright
et al. 2015). It is significant that IBM subduction initiation is only slightly predated by a collisional
event—namely, the onset of collision between India and Eurasia, likely recorded by the major slow-
down in spreading rates between India and Eurasia (Figure 8h) (Cande & Patriat 2015, Capitanio
et al. 2009, Gibbons et al. 2015) and oceanic microplate formation at the Indian–Antarctic spread-
ing ridge (Matthews et al. 2016a) around 47 Ma—leading to an amplification of the ∼50 Ma
event globally. Rona & Richardson (1978) originally suggested that the Eocene global plate re-
organization primarily reflects an increase in collisional forces resisting plate motions. The slow-
down in RMS speeds around 50 Ma resulting from our global plate velocity analysis (Figure 10)
indeed suggests an increase in forces resisting plate motions as a key factor in driving this global
event. It follows that Izanagi–Pacific Ridge subduction (Whittaker et al. 2007) and IBM subduction
initiation (Arculus et al. 2015) may have mainly affected circum-Pacific plate-mantle dynamics,

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 11
Reconstructions of absolute plate velocities, with colors and vector lengths indicating plate speed and vector azimuths representing
absolute plate motion directions. Subduction zones are shown as red toothed lines that indicate subduction polarity, mid-ocean ridges
are shown as black lines, and coastlines and boundaries between continental blocks and terranes are shown as gray lines. Hammer
projection with 30◦E central meridian.
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Figure 12
Mean age and standard deviation (top) of subducting ocean crust computed along the South American subduction zone along a 6,500 km
long profile from south to north, showing subducting crustal age at the trench as a function of distance (bottom). The relatively young
ocean crust subducted along the mid-section of the trench between 200 and 100 Ma mainly corresponds to the subducting Farallon–
Phoenix mid-ocean ridge (Figure 5), whereas after 120 Ma, fragmentation of the Phoenix Plate led to the formation of an additional
mid-ocean ridge system between the Chasca and Catequil Plates (Seton et al. 2012), intersecting the trench further south from 120 to
∼90 Ma (Figure 5). After 90 Ma the Farallon–Aluk Ridge, and later the Nazca–Aluk Ridge, is being subducted along southern South
America (Figure 5), resulting in a growing N–S subducting age asymmetry along the South American subduction zone.
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and may not be the sole set of events leading to changes in relative plate motion (Figure 8) in all
ocean basins.

CONCLUSIONS

Our combined plate tectonic, plate boundary topology, and oceanic paleo-age grid model builds
upon and extends the model by Seton et al. (2012) in several ways. Global RMS absolute plate
velocities are generally lower because of improvements in both relative and absolute plate motion
models. The model is extended from 200 to 230 Ma into the Triassic, better capturing a period
of supercontinent stability, from 230 to 200 Ma, when the breakup of Pangea commenced. The
model assimilates numerous major regional plate model improvements published since 2012, both
in major ocean basins as well as in complex regions such as the Caribbean, the Scotia Sea, the
western and central Tethys, and Southeast Asia including the eastern Tethys. Refined oceanic
paleo-age grids allow an improved analysis of the effects of the lateral age profiles of subducting
plates on trench rollback and plate driving forces. Relatively high mean absolute plate motion
rates around 9–10 cm yr−1 between 140 and 120 Ma may be related to transient plate motion
accelerations driven by the successive emplacement of a sequence of LIPs during that time, weak-
ening lithosphere-asthenosphere coupling and thus lubricating the bottom boundary of the plates
on which the plume heads impinged. A global event around 100 Ma may mainly reflect the initi-
ation of Andean-style subduction along continental Eurasia, with ongoing and contemporaneous
intraoceanic subduction in the Neo-Tethys (Gibbons et al. 2015). Our model supports a regional
plate motion event around 70 Ma, centered on Africa, and a plate tectonic event around 50 Ma that
expresses itself not only in regional relative plate motion changes in most ocean basins (see also
the summary in Whittaker et al. 2007) but also in a decrease in global absolute RMS plate speeds
around that time. The origin of that event remains to be explored, as it does not appear to directly
reflect the Hawaiian–Emperor Bend, which mainly records the slowdown of southward motion of
the Hawaii plume (Tarduno 2007, Wright et al. 2015). However, the Hawaiian–Emperor Bend
could still include a component of absolute plate motion change, as the reorganization of the
mantle flow processes beneath the Pacific that led to the slowdown of the Hawaiian plume may
have had a feedback effect on plate-mantle coupling and absolute plate motions. The only two
truly global tectonic events our analysis reveals are the major RMS speed increase from 140 to
120 Ma and the decrease in RMS speed observed at around 50 Ma. Both of these events may
reflect major changes in plate-mantle coupling.

Our global plate model analysis highlights that the 50-year-old theory of plate tectonics still
falls short in explaining how interactions between the convecting mantle and the plates cause
major perturbations in plate driving forces and global tectonic events. A major challenge for the
future is improved global modeling and an enhanced understanding of plate driving forces. This
will eventually need to include the coupling of the plates both to the deep mantle and to the
shallow asthenosphere, including effects ranging from pressure-driven Poiseuille flow at shorter
wavelengths to dominantly shear-driven Couette flow at longer wavelengths (Colli et al. 2014,
Hoink et al. 2011) in a global spherical model that considers all plates, the history of subduction,
and regional differences in lithospheric and asthenospheric thickness.

Our model provides initial or time-dependent surface boundary conditions for mantle convec-
tion models, and for providing tectonic boundary conditions through time for models of basin
and passive margin evolution. The model will also be a useful basis for future spatiotemporal data
analysis, facilitating an analysis of associations between plate tectonic settings and igneous geo-
chemistry data from the EarthChem Portal (http://www.earthchem.org) (Lehnert et al. 2000), or
paleoenvironmental indicators based on fossils and paleobiology data (http://fossilworks.org and
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http://paleobiodb.org), using emerging machine learning methods (Peters et al. 2014). Lastly,
this model will also be valuable as an educational resource; jointly with the GPlates community
plate reconstruction software (Boyden et al. 2011), it is useful for learning in an interactive and in-
tuitive way how plate tectonics works, as the model can be played back, interrogated, manipulated,
and changed, focusing either on the entire globe or on regional areas of interest.

All components of our model, including model animations, are made available as open-access
files to the community, including the static polygons that define the present-day outlines of all
plates involved in the model, the global rotation file, the continuously closing time-dependent
plate boundaries, and the oceanic paleo-age grids in 1 Myr intervals from 230 Ma to the present
(see Supplemental Material; follow the Supplemental Material link in the online version of this
article or at http://www.annualreviews.org/).
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