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Earth’s continents drift in response to the force balance between mantle flow and plate tectonics and actively
change the plate-mantle coupling. Thus, the patterns of continental drift provide relevant information on
the coupled evolution of surface tectonics, mantle structure and dynamics. Here, we investigate rheological
controls on such evolutions and use surface tectonic patterns to derive inferences on mantle viscosity
structure on Earth. We employ global spherical models of mantle convection featuring self-consistently
generated plate tectonics, which are used to compute time-evolving continental configurations for different
mantle and lithosphere structures. Our results highlight the importance of the wavelength of mantle flow for
continental configuration evolution. Too strong short-wavelength components complicate the aggregation
of large continental clusters, while too stable very long wavelength flow tends to enforce compact super-
continent clustering without reasonable dispersal frequencies. Earth-like continental drift with episodic
collisions and dispersals thus requires a viscosity structure that supports long-wavelength flow, but also
allows for shorter-wavelength contributions. Such a criterion alone is a rather permissive constraint on
internal structure, but it can be improved by considering continental-oceanic plate speed ratios and the
toroidal-poloidal partitioning of plate motions. The best approximation of Earth’s recent tectonic evolution
is then achieved with an intermediate lithospheric yield stress and a viscosity structure in which oceanic
plates are ~103 x more viscous than the characteristic upper mantle, which itself is ~100-200x less viscous
than the lowermost mantle. Such a structure causes continents to move on average ~(2.2 &+ 1.0)x slower
than oceanic plates, consistent with estimates from present-day and from plate reconstructions. This does
not require a low viscosity asthenosphere globally extending below continental roots. However, this plate
speed ratio may undergo strong fluctuations on timescales of several 100 Myr that may be linked to periods
of enhanced continental collisions and are not yet captured by current tectonic reconstructions.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction Continents, in particular the cratons, resist recycling by plate

tectonic processes even on geologically long timescales and thus

Earth is a dynamic system in which surface tectonics and mantle
dynamics operate together. For the present-day, the interplay of
these components is constrained by a variety of geological and
geophysical methods. However, back in deep time the available
constraints become much looser, thus, our understanding of the
structure and the dynamic evolution of the coupled plate-mantle
system is vague.
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provide our most comprehensive archive for Earth’s tectonic his-
tory prior to the break-up of Pangea for which no oceanic seafloor
is preserved. Continental drift is determined by the balance of forces
generated from tectonics and mantle flow (e.g. Forsyth and Uyeda,
1975). However, continents themselves are an integral part of the
plate-mantle system and affect the system’s evolution. They con-
fine the location of nascent subduction zones, which can explain the
age distribution of Earth’s seafloor (Coltice et al., 2012), and increase
the wavelength of mantle flow (Tackley, 2000a; Phillips and Bunge,
2005; Grigné et al., 2007), an essential ingredient for the assem-
bly of supercontinents (Zhang et al., 2009; Rolf et al., 2014). Such
large continental clusters possibly cause large-scale subcontinental
heat anomalies (e.g. Coltice et al., 2009; Brandl et al., 2013) and
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redistribution of subduction with implications for global mantle flow
reorganisation (Zhong et al., 2007), the location of rising plumes
underneath supercontinents (Heron et al., 2015) and possibly the
evolution of deep thermochemical structures (McNamara and Zhong,
2005b; Bull et al., 2014; Trim and Lowman, 2016).

All these effects eventually impact the tectonic plates at the
surface and their motion, the understanding of which, at present and
throughout Earth’s evolution, is a fundamental goal of geodynamic
research. Specifically, thick continental keels modify the coupling of
surface plates and mantle flow (Zhong, 2001), particularly if they
are not underlain by a weak asthenosphere (see e.g. van Sum-
meren et al., 2012). This modifies the magnitude of shear tractions
at the base of the lithosphere (Conrad and Lithgow-Bertelloni, 2006)
and may ultimately impact the partitioning of slab-related plate
motion driving forces, i.e. slab pull versus slab suction (Conrad and
Lithgow-Bertelloni, 2002, 2004). The rheological contrast between
continental and oceanic plates may moreover excite toroidal motion
(Wen and Anderson, 1997; Becker, 2006), which is a substantial
component of Earth’s surface motions (e.g. Lithgow-Bertelloni et al.,
1993), but cannot be explained by simple density driven mantle flow
(e.g. Bercovici et al., 2000).

Understanding the drift of continents and the evolution of their
configuration thus provides important insight into the link between
mantle dynamics and surface tectonics, such that collisions, break-
ups and the clustering of Earth’s continents add relevant constraints
on the plate-mantle system. Inferences on the paleogeography
of continents mostly come from paleomagnetic samples, which
constrain the geomagnetic latitude of a continent for the time when
the sample’s magnetic signature was generated (see e.g. Domeier et
al,, 2012). In addition, peaks in zircon age distributions (e.g. Pear-
son et al.,, 2007) may reveal periods of more frequent continental
collisions (Condie and Aster, 2010) and provide some spatiotem-
poral information, even for the Precambrian. In such distributions,
however, it is difficult to distinguish between signals caused by
enhanced production (linked to more frequent collisions) or just
preservation of crust. Moreover, the quality and spatial frequency
of zircon samples is quite heterogeneous; in fact, the available data
coverage becomes fragmentary for pre-Mesozoic times.

In contrast, numerical models of mantle convection (e.g. Gurnis,
1988; Lowman and Gable, 1999; Lenardic et al., 2003; Phillips and
Bunge, 2005; Zhong et al., 2007) are capable of revealing the feedback
between continents, plates, and interior dynamics through space and
time. Only recently, however, have such models reached a stage in
which these components of the plate-mantle system are linked fully
consistently in a time-dependent geodynamic framework (Yoshida,
2013; Yoshida and Santosh, 2014; Yoshida and Hamano, 2015; Rolf
etal,, 2012; Rolf et al., 2014).

Using such a model, we elaborate on the idea to use the evo-
lution of continental configuration as a constraint for models of
Earth’s mantle, in particular their viscosity profile. Since the tectonic
forces governing the feedback of continents, plates, and mantle flow
depend on viscosities, our strategy here is to vary parameters deter-
mining viscosity structure, to analyse its effects on continental evo-
lution and surface plate characteristics, and to infer an appropriate
structure for approximating Earth-like tectonics based on this.

2. Method

Numerical solutions of mantle convection with self-consistently
generated plate-like behaviour and continental drift obtained with
the code StagYY (Tackley, 2008) are used to investigate the interplay
between continental drift and mantle-lithosphere rheology. The
model is an advancement of previous versions, which are described
in more detail elsewhere (Rolf et al., 2012, 2014). The model repro-
duces the evolution of thermochemical mantle convection in a

Table 1
List of reference parameters used to convert non-dimensional model parameters and
results into dimensional units (see Appendix A).

Symbol Definition Value

o) Thermal expansivity 3 x 1075K™!
£ Gravitational acceleration 10ms 2

Dg Mantle thickness 2.89 x 10°m
AT Temperature drop 2500K

Ts Surface temperature 300K

Po Normal mantle density 3300kgm 3

ko Thermal conductivity 3.15Wm-1K™!
Ko Thermal diffusivity 1x 10 6m2s—!
Mo Viscosity (at T = AT) 1 x 10%2Pas

TE Mantle transit time (Earth) 6.3 x 107yr

spherical shell with inner radius R = 3480 km and outer radius
Rs = 6370 km. While the deeper mantle has uniform composi-
tion, the lithosphere is compositionally heterogeneous due to the
presence of continents. Model continents consist of a strong inte-
rior (k = 1, representing Archean craton) surrounded by weaker
mobile rims (k = 2) (Lenardic et al., 2003). These different units are
parametrised by two distinct compositional fields Cy, which contin-
uously vary between 0 (no material of kind k) and 1 (only material
of kind k present). To model the evolution of the fields C, tracer
particles are used to track the different compositions through time
via the tracer-ratio method (Tackley and King, 2003). The different
compositions are characterised by contrasts in density and rheolog-
ical properties relative to the reference mantle (C; = C; = 0). The
density contrast is specified by the buoyancy ratio Ry = Apy/pooAT,
that is, the ratio of the compositional density difference Ap, to the
thermal density variation pyopAT. Here, Ry = —0.4 for both cra-
tonic interiors and mobile rims, thus, Ap, ~ —100kgm~3 using the
parameters in Table 1.

In terms of rheology, continents have distinct contrasts in viscos-
ity and yield stress (the maximum stress material can sustain before
deforming plastically). The former is defined by the viscosity ratio
Anc, of material k and the reference material at given temperature
and depth. The latter is defined accordingly via the yield stress ratio
Aoy, (see Rolf et al., 2014). The effective temperature (T), depth (d),
composition (C), and strain-rate (¢) dependent viscosity 1) is given by

Ex  Exlo

Nr = Mg~ exp [T 1 7} k];[1 exp [In(Anc, )Ci], (1)
O 2

v = 5z, oy = (0o + d oy) [ exp[in(aoy, )G, (2)

k=1

and 1 = (1/my + 1/ny)~". Here, E4 is the activation energy and
the last term in Eq. (1) describes the dependence on composition
as introduced above. In order to ensure craton longevity we chose
Ane, = 100 and Anc, = 0.1 (following Yoshida, 2012), how-
ever, such choices depend on absolute viscosities, the details of the
rheological laws and the timescales of interest (e.g. Doin et al., 1997;
Lenardic and Moresi, 1999; Lenardic et al., 2003). 1, describes the
depth-dependence, characterised by a viscosity jump Anj at 660 km
depth. Here, 1 < Any < 100 is variable (while it was fixed at An, = 1
inRolfetal., 2012, 2014). However, in order to keep the globally aver-
aged viscosity unchanged, the condition f,ﬁs ng dV = 1 is enforced.
In Eq. (2), ny describes the strain rate-dependent part (¢ is the 2nd
invariant of the strain rate tensor), which is used to parametrise plas-
tic yielding in the model. Yielding occurs if the material’s yield stress
(oy) is reached, which is composed of a constant (0g) and a depth-
dependent part (0y,). After inspection of flow solutions and exclusion
of cases with significant plastic yielding at sublithospheric depth
and by employing the plate diagnostics defined in Tackley (2000b),
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o), = 1.2 x 10° (~ 1.5 MPa km~!)was found to be an appropri-
ate value for simulating plate-like behaviour. The surface value is a
parameter varied here: 3.3 x 10* < 0 < 6.6 x 10%(~ 120-240 MPa).
These numbers concern ductile deformation; for brittle deformation,
which dominates in Earth’s crust, the surface value (cohesion) may
be much smaller and the gradient (friction coefficient) much larger.
We do not consider this here because the thin crustal layer is omitted
in our model. The yield stress ratios are Aoy, = Aoy, = 10 in order
to ensure craton longevity (Lenardic et al., 2003; Rolf et al., 2014).

The final ingredient to generate Earth-like tectonic behaviour is a
parametrised asthenosphere in which viscosity is reduced by a fac-
tor An,g = 0.1 where the solidus is exceeded (Tackley, 2000c). Here,
the solidus increases with depth according to a fit to experimental
data (see Xie and Tackley, 2004, and references therein). We did
not vary An,s here because its actual value may not have first-
order impact on the global plate-mantle coupling (e.g. Conrad and
Lithgow-Bertelloni, 2006). Finally, we note that viscosity variation is
generally limited to the interval [10~4,107n,.

2.1. Computed evolutions

We compute nine evolutions (M1-M9) that differ in the choice
of E4, Ang, and g (Table 2). Solutions are obtained by solving the
governing equations on a YinYang grid with resolution 128 x 384 x 64
for each of the 2 grid blocks. The grid is radially refined close to the top
and bottom boundaries, which are both free-slip (see Tackley, 2008,
for further details on the numerical solution strategy). The grid is
randomly filled with 1.92 x 108 tracer particles to track compositions.

Rolf et al. (2014) studied purely internally heated cases, but
here we consider heating from inside and from below. The applied
internal heating rate is H = 37.3(~ 3 x 10~11"Wkg~!) and the surface
and basal temperature are Ts and Ts + AT, respectively. The rather
high H value is chosen in favour of a mantle predominantly heated
from internal sources, which constitute 85-90% of the total heat
budget. We do not consider evolution of H with time here, because
our intention is to analyse the dynamics of modern-style tectonics
rather than its evolution from a hotter Archean environment.

The applied Rayleigh number is Rag = aggoATD3po/Koo ~
6 x 10°, where the reference viscosity 7, is the volume-averaged
viscosity at T = AT. This may effectively reduce convective vigour
and lead to somewhat higher viscosities than suggested for Earth.
However, higher Rag requires finer numerical resolution and causes
much higher computational costs. Even so, the viscosity profiles here
(see below) already seem much more Earth-like than in the related
previous studies (Rolf et al., 2012, 2014).

Rolf et al. (2014) used a continent configuration with Nc = 2
continents, while here we use Nc = 6. With Nc > 2, conti-
nental configuration becomes non-trivial since fully assembled and
dispersed states are merely end-members and hybrid configurations
as observed on Earth are likely. We prescribe an initial configura-
tion in which all continents are separated. We chose a continental
thickness of dc = 0.083 ~ 240km in order to obtain thicker conti-
nental than oceanic lithosphere, which is important for the coupling
between mantle flow and plates (Zhong, 2001; Conrad and Lith-
gow-Bertelloni, 2006). Each continent has a distinct polygonal shape,
such that no symmetry is enforced. In total, continents initially cover
~31%, which varies slightly with time as parts of their weak rims
may be eroded. Our model is not yet capable of producing new
continental material from dynamic processes.

By initially precluding advection of tracers in the flow, continental
configuration is kept fixed in position until a statistically steady state
is reached. Then afterwards, tracers and continental configuration
evolve self-consistently in accordance to the computed flow fields
for >2Gyr. The chosen initial configuration imposes some geometric
constraints on the flow, which disappear once continents drift and

their configuration becomes self-organised. In order to account for
this, we ignore the first ~500 Myr of evolution in all time averages
presented below.

2.2. Diagnostics

We discuss continental drift in terms of its rate v (averaged
over all continents), its temporal fluctuation and its relation to the
velocity vo of the remaining oceanic plates, Roc(t) = vo(t)/vc(t). All
velocities discussed here are rms-velocities. These exclude net rota-
tion since the vector of mean surface motion is subtracted from the
velocity solution after each time step. This correction is employed
only at the surface, such that deeper layers may include a net rotation
component (cf. Becker, 2006). Following Tackley (2000b), we also
analyse the partitioning of surface motions into toroidal and poloidal
components, Ryp = /v /v3.

In addition, we analyse continental configuration in terms of
the number of assembled continent pairs P4(t). For simplicity, we
only differentiate between two end-members (two blocks are either
assembled or not) and do not estimate the distance over which two
continental margins are connected, such that P4 has only integral val-
ues. For example, P4 = 0 means that all continents are separated
from each other, while P, = Nc — 1 = 5 if all continents form a
chain, the minimum required for a supercontinent configuration (i.e.
all six continents are assembled). P4 > N¢ — 1 is possible for more
compact assemblies (see e.g. Fig. 1b). However, P4 = N¢ — 1 does not
strictly imply that all continents are connected (e.g. when all conti-
nents except one form a compact cluster and the remaining one is
separated). Because of that and because the continental polygons do
not have a simple shape, their configurations were analysed based on
visualisation of the flow solutions. Despite its limitations, we found
P4 to be a useful measure for continental configuration evolution.

3. Results
3.1. Characteristic dynamics and plate-like behaviour

With internal heating as the main heat source, the dynamics of
the surface boundary layer, in particular subduction and slab sinking,
dominate the evolution. While modelled subduction at continen-
tal margins is single-sided, intraoceanic subduction is generally too
symmetric compared to Earth (Fig. 1), a common problem in man-
tle flow computations with free-slip boundaries in which realistic
bending of subducting plates is complicated (Crameri et al., 2012).
Most intraoceanic slabs thus sink rather vertically into the mantle,
but once they hit the upper-lower mantle boundary the applied vis-
cosity contrast hinders their sinking, they deform and sink deeper
slowly with various angles (Fig. 1).

Besides this simplified representation of subduction, most of the
evolutions presented here feature plate-like behaviour in terms of
surface mobility (plate velocities are typically ~1.5-2x the global
average) and the localisation of deformation into narrow plate
boundaries. The latter is revealed by the plateness proxy P; (defined
in Tackley, 2000b), which is generally >0.8, except for case M4,
and possibly M3 (Fig. 2a). However, some remaining deformation
is observed away from the plate boundaries (see e.g. Eastern hemi-
sphere in Fig. 1b2). With the employed rheology, a typical viscosity
contrast of ~102 may develop between plate interiors and mar-
gins (Fig. 2b). The most localised deformation, P, > 0.9, is observed
when this contrast tends to be highest, i.e. in cases with highest
yield strength oy, (M7, M9). In specific scenarios during the evo-
lutions though, the rheological contrast may be lower and plates
and margins may not fully decouple, which possibly leads to some
deformation in the plate interiors. However, diffuse deformation is
also observed on Earth and may involve a significant portion of the
oceanic lithosphere (e.g. Gordon, 1998). Finally, we note that the
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Table 2

List of calculations and their characterising parameters, Anj, E4, and 0y, as well as the diagnostics vc, Roc, Rrp, Pr, and P, (see text for definitions). Case M8* is the reference case
used for scaling. Case M8nc is identical to M8, but does not feature continents. E4 and 0y are given in k] mol~' and MPa, respectively (after applying the scaling described in
Appendix A). The applied viscosity law implies rather high dimensional values of E4; however, they translate to thermal viscosity variations of 10, 107, and 10°, respectively.

Case Ea Ang 0o <vc> < Roc > < Rpp > <P > < Py >
M1 670 1 120 1.2+0.3 3.6+1.1 0.60 +0.05 0.83 +£0.02 3.3+0.7
M2 670 30 120 2.2+0.7 22+0.6 0.50 +0.05 0.81+£0.02 3.2+0.7
M3 670 100 120 3.6+£1.2 20+04 0.45 +0.04 0.79+£0.03 48+1.2
M4 480 30 120 2.5+0.7 2.0+0.6 0.41+0.03 0.67 +£0.02 1.6+1.0
M5 860 30 120 1.6+0.5 3.2+1.5 0.64 +0.05 0.84 +0.02 43+1.3
M6 670 100 180 3.5+1.6 26+1.6 0.51+0.08 0.89 +0.02 4.4+0.9
M7 670 100 240 3.6+2.4 3.1+2.2 0.47 +0.06 0.92 +£0.02 6.6+1.4
M8* 670 30 180 29+1.2 22+1.0 0.51+0.07 0.88 +£0.01 43+1.7
M8nc 670 30 180 - - 0.46 +0.03 0.80+£0.01 -

M9 670 30 240 23+1.2 3.0+1.3 0.58 +£0.10 0.92 +£0.02 46+1.8

presence of strong continents seems to increase P, (compare cases
M8 and M8nc), probably because deformation is very limited in the
surface area covered by them.

3.2. Reference tectonic evolution
We define a reference case (M8) to describe the long-term

evolution observed in our models. In this case, the network of mod-
elled plates is fairly heterogeneous, i.e. the surface is fragmented

(a1) (a2)

log1o(n/Pas)

20 26 21

into larger and smaller plates as observed on Earth (e.g. Bird, 2003;
Mallard et al., 2016). This surface topology is time-dependent and
old plate boundaries propagate or vanish, while new ones initiate
elsewhere. Within 200 Myr, the global network of oceanic plates and
plate boundaries has completely reorganised (compare panels a and
b in Fig. 1).

This evolution further indicates that convergent plate boundaries
are not predominantly confined to continent-ocean boundaries.
This is the case despite the presence of weaker continental rims,

log1o(n / Pas) 26 27

Fig. 1. Reference evolution M8. Panels (a)-(c) show 3 different times. Shown are equatorial cross-sections (left) and Mollweide projections (right). In the cross-sections, the low-
viscosity asthenosphere (AS) is indicated by dark-blue patches, as highlighted for a few examples in (c). In the Mollweide projections, black arrows denote surface velocities.
Cratons are contoured by black lines. Each white dot indicates an assembled continent pair that goes into the count of P, (see text). (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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Fig. 2. Plate diagnostics for the presented cases. (a) Time-averaged plateness < P; > (see Tackley, 2000b): P, — 1 indicates maximum localisation of deformation into narrow
zones. Shown are mean values, error bars denote standard deviations. The empty circle denotes case M8nc without continents. (b) Time-averaged cumulative distribution function
(CDF) of surface viscosity (1). This highlights the strength of lateral variations across the surface. Shaded areas indicate which range is typically observed for plate boundaries,

oceanic plates and cratons, respectively.

at least for our chosen values for Arc, and Aoy,. However,
the relation between continent and subduction location is rather
time-dependent. Continents are usually driven towards zones of
convergence, but once they reach such zones, subduction can fade
(e.g following continental collision) or can be maintained for some
time. Thus, the continents change their configuration in accordance
with the surrounding tectonics and mantle flow. In the reference
case, this includes the assembly of continental clusters (possibly
supercontinents) and their dispersion on a time scale of several 100
Myr.

A more quantitative picture of the tectonic evolution is provided
by the ~2.5 Gyr time series of surface velocities, the ratio of oceanic
and continental plate speeds, their poloidal-toroidal partitioning,
and the degree of continental assembly (Fig. 3). First, an average
continental plate always moves slower than an average oceanic plate
(as noted by Forsyth and Uyeda (1975) for present-day Earth). In this
case, variations in continental drift speed seem very cyclic with a
rather well-defined period of ~400 Myr, in contrast to the oceanic
plates, which usually experience fluctuations on shorter timescales
of ~10s of Myrs (Fig. 3a).

Consequently, the plate speed ratio Roc is not characterised by
a simple mean, but features strong fluctuations on timescales of
several 100 Myr. Phases exist during which the continents move
almost as fast as oceanic plates; on the other hand, the partitioning
can be very strong (Roc > 5) in phases in between. The partitioning is
mostly governed by the speed of continents, which fluctuates much
more than the average oceanic plate speed (maximum-minimum
ratio of ~12, respectively, ~3).

Throughout the entire evolution, surface motions contain a
substantial toroidal component that is ~40-60% of the poloidal com-
ponent (< Ryp>= 0.51 &+ 0.07) (Fig. 3c). The strong continents
induce significant lateral viscosity variations, which generally excite
toroidal motion (see e.g. Bercovici et al.,2000). Recomputing the same
evolution without continents (case M8nc) indeed indicates a small
reduction in Ryp (~10%, see Table 2), but substantial toroidal motion
is also present without continents (as in van Heck and Tackley, 2008).
In both cases it also persists at greater depth, especially in the upper
mantle, where lateral viscosity variations remain very strong (see
Fig. 1). Some of the large amplitude fluctuations in R;p seem be to
linked to variations in Roc and thus to the reorganisation of continental
configuration. However, Ryp also experiences shorter-term variations
more similar to the evolution of oceanic plate speeds.

Finally, we investigate the relation between variations in con-
tinental drift speed and supercontinent formation and subsequent
dispersal by analysing the evolution of continental configuration via
the proxy P4 (Fig. 3d). However, no direct relationship between slow
continental drift (thus, high Roc) and the presence of a superconti-
nent is given (if we define a supercontinent as any assembly of all
six cratons). In fact, the evolution features only two supercontinents
with lifetimes of ~350 and ~150 Myr, respectively. During these
periods, Roc is maximum, but maxima also occur when P, is compa-
rably low (e.g. at ~700 Myr, Fig. 3b/d). Nevertheless, some correla-
tion seems to exist relating maxima in Roc to foregoing increases in
P4 (i.e. one or more collisions), because most of the kinetic energy of
the colliding blocks may be consumed by deformation. On the other
hand, minima in Roc may be related to foregoing decreases in P4
(some continents separate) and continents will thus drift faster on
average in less compact configurations, because then the chance to
be drawn towards a major plate convergence zone is higher.

3.3. Rheological controls on surface motions

The rheology of the mantle and lithosphere and its lateral vari-
ations modulate oceanic-continental speed partitioning (Phillips
and Bunge, 2005), the toroidal-poloidal decomposition of surface
motions (Wen and Anderson, 1997; Zhong, 2001; Becker, 2006),
the wavelength of convection (Bunge et al., 1996; Tackley, 1996;
McNamara and Zhong, 2005a; Yoshida, 2008) and the timescales of
continental assembly and dispersal (Zhang et al., 2009; Rolf et al.,
2014). We thus illustrate how these properties affect the reference
model presented above.

To do so, we vary the parameters Ang, E4 and oy (Table 2) as
introduced above. This leads to a range of different viscosity profiles
that are similar in the bottom-most ~200 km, but vary by an order
of magnitude in the lower mantle and by up to two orders of magni-
tude in the upper mantle, the lithosphere, and in the relative contrast
between these layers (Fig. 4a).

The different viscosity profiles generate different mantle flow
velocities (Fig. 4b). While absolute velocities are affected by the
applied scaling to Earth (see Appendix A), average surface velocities
vary by a factor of ~2 (corresponding to ~3.8-7.6 cm/yr) between
the different cases. Velocities are approximately constant in the shal-
lowest layers, however, below the lithosphere a (local) maximum
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Fig. 3. Time evolution of case M8: (a) rms-surface velocity (continental average: v, oceanic average: vp). Dots and error bars denote means and standard deviations. (b) Ratio of
oceanic and continental plate speed Roc, the horizontal shaded region indicates a plausible range for Earth’s surface motions since 230 Ma (Zahirovic et al., 2015). (c) Toroidal-
poloidal partitioning of surface motions Ryp. The shaded region denotes the range inferred for Earth since 120 Ma (Lithgow-Bertelloni et al., 1993, excluding net rotation).

(d) Number of assembled continent pairs P4 (see text). The horizontal line highlights Py =

assembled. Vertical dotted lines indicate when the snapshots in Fig. 1 are taken.

may be observed, which is caused by the applied viscosity reduc-
tion within the asthenosphere. However, the strength of this effect
varies between the models, which points to more or less pronounced
asthenospheric viscosity reduction underneath the plates (see also
Fig. 4a). At greater depth, velocities quickly decrease to a significantly

N¢ —1 = 5. In all panels, shaded vertical columns denote when all continents are

reduced lower mantle velocity. Predicted surface and upper mantle
velocities essentially correlate with upper mantle viscosity.
Moreover, the viscosity contrast An exerts the most important
control on continental drift speed v¢c and the partitioning factor
Roc, since larger Anj, directly reduces upper mantle viscosity in our
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Fig. 4. Time-averaged radial profiles of (a) viscosity 11 and (b) rms velocity vyns. For the lateral averaging of 1) the median is used instead of the mean to avoid dominance of the
very viscous cratons. The vertical bars on top of the panels highlight the surface values. See Appendix A for the scaling between non-dimensional and dimensional values.
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model. This is the anchoring viscosity for the thick continental roots
and may thus determine the magnitude of the resistive drag at their
base. Consequently, increasing Anj leads to faster continental drift
(Fig. 5a) and weaker oceanic-continental speed partitioning (Fig. 5b).
In addition, toroidal flow may be less important (Rrp decreases with
increasing A, Fig. 5¢), which may be linked to the smaller lateral
viscosity variations across the surface (see Fig. 2b).

Similar effects, but with somewhat different magnitudes, are
observed upon an increase of the activation energy E4. With our
setup, increased values of E, effectively lead to similar upper mantle
viscosities and average surface plate velocities (Fig. 4). However, they
also leads to a stiffer and thicker lithosphere. As we will demonstrate
below, this supports larger plates and promotes longer-wavelength
flow in which continents tend to be more clustered. Plates with
such large continental assemblies tend to move slower, such that a
decrease in v¢, thus, an increase in Roc is observed with larger E,.
Because the activation energy determines the sensitivity of viscos-
ity to temperature and the strength of lateral viscosity variation, the
observed strong increase in the toroidal-poloidal partitioning at the
surface is somewhat expected (Fig. 5¢).

The lithosphere’s resistance to plastic yielding is determined by
the yield strength (here specifically 0y). Increasing o allows larger
plates to form. However, the mantle underneath such large plates
tends to be hotter, such that upper mantle viscosity is reduced,
also because more asthenospheric viscosity reduction occurs and a
thicker and more wide-spread weak asthenosphere is observed. Con-
sequently, surface plate motions are generally increased (Fig. 4b).
However, this trend does not hold for continental plate speeds for
which no consistent variation is observed across the range of oy

tested here (Fig. 5d). Again, we argue that larger plates are an expres-
sion of longer wavelength flow, which facilitates the assembly of
continents (see below) and thus reduces their average drifting speed.
This may balance the enhancing effect of reduced upper mantle
viscosity and explain the approximately constant continental drift
speed for different 0. However, continental clustering has evidently
less effect on oceanic plates, which dominate the global average in
Fig. 4b, thus, continent-ocean speed ratios (Roc) may still increase
with increasing oy (Fig. 5e). Finally, changes in 0oy seem to cause
smaller variation in Ryp than changes in E4 or in Any (compare pan-
els ¢ and f in Fig. 5). This is consistent with the seemingly less
pronounced differences in the strength of lateral viscosity varia-
tion (Fig. 2b). However, the origin of this observation remains to be
further evaluated.

3.4. Rheological controls on continental configuration evolution

Finally, we compare the evolution of continental configuration
(via Pp) for the different cases (Fig. 6). Due to the dispersed initial
configuration is P4 = 0 at t = 0 for all cases, but the first collisions
occur soon after the onset of continental drift (note again that the
first 500 Myr are excluded from any temporal averaging).

Afterwards, a totally dispersed configuration cannot be observed
again. Case M4 is an exception, because it features the weakest litho-
sphere and the smallest viscosity contrast between lithosphere and
upper mantle (Fig. 4a), such that large plates are not supported. Con-
sequently, the characteristic plate size becomes smaller than the
mean free path between the six continents and continental assembly
is very inefficient. All other cases always feature at least a moderate
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Fig.5. Control of rheological parameters on time-averaged (<> )(a) vc, (b) Roc, and (c) Ryp. Bold: cases with varying An, (using lower x-axis); dashed: cases with varying E4 (upper
x-axis). Squares, respectively, circles denote mean values, error bars denote standard deviations. (d)-(f) are identical to (a)-(c), but for cases with varying o using An, = 30
(solid) or Any = 100 (dashed). Numbered circles on the y-axes denote present-day estimates as given in Becker (2006): (1) GSRM model (Kreemer et al., 2003), (2) NUVEL-1 model
(DeMets et al., 1990), (3)-(5) free-slip cases 3-5 of Becker (2006). Only (1) and (2) are employing a no lithospheric net rotation reference frame as used here. Shaded regions are
defined as in Fig. 3. The white crossed square in panel (f) denotes case M8nc without continents.
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degree of continental clustering throughout their evolution, similar
to modern Earth since the break-up of Pangea. The other config-
uration end-member, i.e. long periods of very compact clustering
(P4 = 7-8) is also observed, e.g. in case M7, which features a com-
pact supercontinent with a lifetime of 1 Gyr or more (Fig. 6¢). Such
compact clusters are difficult to disperse once formed (see Rolf et al.,
2014) and mainly occur in the cases with the highest yield stress.

However, an evolution representative of Earth’s tectonics should
fallinbetweenthesetwoend-membersgiventheevidence of both con-
tinental collisions and break-upsin the geological record. This requires
phases with moderate degrees of connectivity (P4) interrupted (at
least once) by a phase of high connectivity indicating supercontinent
configuration, such as in the reference case M8 (Figs. 1 and 6d).

A trend towards higher connectivity for increased E4 and oy is
present, but its robustness is difficult to assess with the available
simulations, which would ideally cover longer time spans and a
wider range of the input parameters. Instead, we investigate here an
effective proxy, the mean characteristic spherical harmonic degree
Lc, which is computed after decomposing the obtained flow solutions
(temperature field) into spherical harmonics L, (of degree n). L¢ is
then the average over the L, weighted by their relative power. We
note that the measure L is sensitive to perturbations from higher L
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and thus does not reveal the dominant degree (the L, with strongest
power). This is typically either Ly or L, (occasionally L3), which
makes it difficult to use the dominant degree to highlight differences
between the cases.

Following this approach, we obtain nine different values for L¢
which we compare to the time-averaged continental configuration
proxy < P4 >. This reveals a clear relation in which the continents
are on average less assembled to each other (smaller < P, >) for
increasing L¢ (decreasing wavelength, Fig. 7a). This relation implies
that only those cases (i.e. viscosity profiles) that allow for sufficient
shorter-wavelength contributions in the generally long-wavelength
flow are prone to episodic clustering and dispersal of continents,
while solutions in which the longest wavelength components are
too dominant and stable tend to generate too long-living compact
supercontinents.

This analysis concerns only time-averaged values of P4, but a
model representative of Earth must feature ongoing collisions and
break-ups, thus, sufficient temporal variation in P4. As a test, we
analysed the standard deviation of < P, > (Fig. 7b). Indeed, cases
with similar mean feature different temporal variation (compare e.g.
cases M6 and M8). However, this may be affected by the preset num-
ber of six continents here and the limited integration time (given
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Fig. 7. Continental configuration analysis. (a) Time-averaged < P4 > versus characteristic spherical harmonic degree L (see text). The dashed grey line is a least-squares fit (C:
correlation coefficient, 1-p: confidence level). (b) Standard deviation S(P,). Size and shape of symbols are defined as in Fig. 2a.
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the long timescales of continental evolution), such that future refine-
ment is certainly necessary in order to increase the significance of
this measure.

4. Discussion

We have presented a set of numerical calculations that model
Earth’s global coupled plate-mantle system including continents. In
contrast to other recent efforts to model this time-evolving system
(e.g. Zhang et al., 2012; Rudolph and Zhong, 2014; Hassan et al,,
2016), we have not imposed kinematic surface constraints that force
the system to evolve according to these constraints. While also not
completely free of impositions (e.g. the prescribed continent geom-
etry), our approach thus provides a generic view on plate dynamics
independent of tectonic reconstructions. It is thus noteworthy that
our models reproduce important features of Earth’s tectonics, such
as the localisation of deformation into narrow plate boundaries that
fragment the surface into a heterogenous network of large and small
plates (Morra et al., 2012; Mallard et al., 2016) and episodic collisions
and dispersal of continents.

Most of our models are dominated by long-wavelength flow
(spherical harmonic degrees L, and L,, rarely L3) as expected since
they feature several ingredients to promote this style of convection,
including continents (Grigné et al., 2007), a low-viscosity astheno-
sphere (Hoink and Lenardic, 2008) as well as high degrees of internal
heating combined with a strong lithosphere (McNamara and Zhong,
2005a), and a viscosity jump at 660 km depth (Bunge et al., 1996;
Tackley, 1996). Zhong et al. (2007) proposed that mantle flow struc-
ture may alternate between L; and L, dominance in the course of a
supercontinent cycle: L, dominates after mantle flow reorganisation
following the formation of a supercontinent and is maintained until
after its break-up before its fragments may start to assemble into
a new supercontinent. In contrast, continuous L, dominance may
be promoted by long-term stability of antipodal large-scale ther-
mochemical structures in the deep mantle as strongly suggested by
the reconstructed locations of Earth’s large igneous provinces (e.g.
Torsvik et al., 2008). This may imply that the characteristic wave-
lengths of surface tectonics and deep mantle structure are somewhat
decoupled. This is consistent with recent 2D convection modelling
featuring both continental drift and deep compositional heterogene-
ity, which does not suggest a spatial correlation between super-
continents and dense compositional provinces (Trim and Lowman,
2016). However, no self-consistent 3D dynamic model has addressed
this issue yet and our presented model also does not include deep
thermochemical anomalies.

Besides that, the wavelength of mantle flow and its generating
viscosity structure are important for whether the model evolutions
of continental configuration appear Earth-like or not. In our cases
where the longest wavelength components are too dominant and
stable, we observe the formation of very compact supercontinents
that persist over long timescales (Figs. 6, 7). The resulting time scales
of supercontinent stability are rather long for Earth’s history, at least
if the episodic peaks in the zircon age distributions, separated by
~700-800 Myr (Condie and Aster, 2010), are linked to periods of
enhanced continental collisions, i.e. supercontinent formation. This
behaviour is most pronounced in cases with high yield strength (M7,
M9), i.e. with a higher resistance to lithospheric failure, the formation
of plate boundaries and continental break-up (see Rolf et al., 2014).

On the other hand, models with strong short-wavelength contri-
butions complicate the aggregation of large continental clusters, or
these have only very short lifetimes. This is preferentially observed if
the viscosity contrast between lithosphere and underlying mantle is
comparably small (<~ 102>, cases M4, M2, Figs. 4a and 6), similar to
inferences from models without plastic failure in the lithosphere and
continents (McNamara and Zhong, 2005a). On Earth, the existence

of Pangea is well-documented; its exact lifetime is more difficult
to infer, but 100 Myr or more seem reasonable (e.g. Stampfli et al.,
2013). Moreover, a model representative of Earth should be capable
of generating large oceanic plates like the Pacific. Both features are
difficult to achieve in those model cases.

A more detailed distinction of cases purely based on the analysis
of continental configurations is difficult due to the limited number
of calculations, the simplicity of our diagnostic (P4), and the general
permissiveness of this constraint. We have thus also used the ocean-
continent speed ratio Roc of plate motions (Figs. 3b, 5) and their
toroidal-poloidal partitioning Ryp (Figs. 3¢, 5) to further assess which
model may be most representative for Earth’s tectonic evolution.

The inclusion of strong continents generally seems to increase
the proportion of toroidal flow in plate motions (Fig. 5f) since they
increase the lateral rheological contrast in the lithosphere (see e.g.
Wen and Anderson, 1997; Zhong, 2001). However, even without
continents significant toroidal motion is generated, such that the
dominant source of this type of motion must be related to the plate
boundary network and the associated lateral viscosity variations
(plate interior/boundary contrast, strength of upper mantle slabs).

Our computed time-averaged Ryp values are comparable to
those from geodynamic models of the present-day mantle with
temperature- and strain rate-dependent rheology (Becker, 2006),
although on the high end. It should be noted that the computations
of Becker (2006) include net rotation, which is essentially L; toroidal
motion (Zhong, 2001) and excluded from our solutions here. Our
values may thus be more appropriately compared to estimates from
a reference frame without net rotation. Becker (2006) reports Ryp =
0.53, respectively, 0.57 for the plate models of DeMets et al. (1990)
and Kreemer et al. (2003). Our case M5 with the strongest lateral
viscosity variations generates too much toroidal flow compared to
these values (Table 2) and may thus not be the best representative
model of Earth.

Regarding time-dependence, Lithgow-Bertelloni et al. (1993)
report Rp ~ 0.25-0.50 for Earth’s plate motions since 120 Ma,
excluding net rotation. Most cases meet this inferred range through-
out large portions of the evolution and generate matching Ryp values
for time spans of 100 Myr or longer (see Fig. 3c). However, the
smaller values of this range, Rrp < 0.4, are rarely observed in our
models, even without continents present. Possibly, this is caused by
our simplified parametrisation of rheology. For instance, we do not
consider non-linear power-law rheology in the upper mantle, which
may help to reduce the computed Ryp (Becker, 2006).

All presented cases feature slower motion of continental than
oceanic plates (Roc > 1) on average, but also throughout the entire
evolution, in line with Earth’s well-established present-day charac-
teristic (Forsyth and Uyeda, 1975) that has probably also persisted
throughout Earth’s tectonic evolution (e.g. Zahirovic et al., 2015;
Matthews et al., 2016). More specifically, geodynamic models of
present-day mantle flow predict 2.5 < Roc < 3.2 if employing tem-
perature (and optionally strain rate) dependent viscosity (Becker,
2006), including net rotation though. For tectonic models without
net rotation (DeMets et al., 1990; Kreemer et al., 2003), however, Ryp
may be somewhat lower, 2.1-2.3 (see Becker, 2006). If the latter val-
ues are taken as a more appropriate reference for our model, several
of our cases overestimate Roc either because upper mantle viscos-
ity (thus, the resistive continental drag) is too high (M1) or because
continental clustering is very strong (e.g. M7). The latter may lead
to larger area-integrated tractions at the continental base and slow
down continental drift (Phillips and Bunge, 2007).

We emphasise that the diagnostic Roc may vary strongly with
time, likely in response to changes in continental configuration
(Fig. 3b, d). Zahirovic et al. (2015) investigated the partitioning of
oceanic and continental plate speeds in their tectonic reconstruc-
tion since 230 Ma and suggest that the rms speed of continental
plates is typically 2-3 x lower than the global one, however, this does
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include net rotations. Significant temporal variation in Roc is also
evident in their reconstructed speeds, e.g. Roc — 1 during 60-50
Ma when the North American and the Indian continent moved very
fast. However, our models suggest that the largest-amplitude vari-
ations occur on timescales of several 100 Myr; thus, they may not
be captured by this reconstruction of only the last 230 Ma. Recently,
Matthews et al. (2016) suggested that Roc has been almost exclu-
sively >1 since 410 Ma. However, their proposed global decrease
of plate motions between 350 Ma and 250 Ma suggests an increase
in Roc during this period involving the assembly of Pangea. In con-
trast, our models indicate that Roc may increase in such conditions
since continental plates slow down more than oceanic plates (Fig. 3).
A more detailed comparison between our models and long-term
reconstructions (Domeier and Torsvik, 2014; Matthews et al., 2016)
is thus of future interest.

4.1. Viscosity profile generating the most Earth-like tectonic evolution

The differing ability of our models to match Earth-like charac-
teristics arises from variations in rheological parameters. This may
thus be used to infer a suitable mantle viscosity structure that is
able to generate an Earth-like tectonic evolution. Using the above
considerations on P4, Rrp, and Rgc, model M8 seems to be the best
representation of Earth, although these constraints arguably include
some permissiveness.

Specifically, the inferred viscosity profile features an average
upper mantle viscosity of 1,,, ~ 2 x 10%!Pas (Fig. 8). In comparison,
a postglacial rebound estimate may be 7,,,, ~ 4 x 102°Pas (Mitrovica
and Forte, 2004). Such a value is only approached by model M7
(see Fig. 4), which however tends to generate too strong continental
clustering (Fig. 6). Because our applied Rayleigh number is reduced
compared to Earth’s mantle, plates are somewhat thicker and sinking
slabs more negatively buoyant. A larger 7,,,, should counteract this
effect, such that the balance of tectonic forces is still feasible for gen-
erating an Earth-like evolution of surface kinematics. This means that
we are mostly able to infer relative variations rather than absolute
viscosity values.

In this context, 1, is ~10>x lower than the viscosity of oceanic
plates, which is sufficient to promote very long wavelength flow in
the absence of plastic yielding (e.g. McNamara and Zhong, 2005a).
Evidently, the cratonic portion of the lithosphere features much
higher viscosities than the underlying mantle that are necessary
to ensure long-term stability of the cratons (Lenardic et al., 2003;
Yoshida, 2012). While we do not deem these values as necessarily
realistic, we note that Earth’s cratons are likely much more viscous
than other lithospheric material because of relative dehydration
(e.g. Karato, 2010).

Lower mantle viscosity ranges from ~6 x 10%2Pas just below the
transition zone to ~2.5 x 1023Pas at ~2500 km depth. The relatively
flat lower mantle profile is in line with inferences from seismic tomog-
raphy on slab sinking rates (Cizkova et al., 2012). Again, absolute
viscosities are on the upper end of estimates (e.g. Mitrovica and Forte,
2004; Steinberger and Calderwood, 2006) because of the somewhat
reduced Rayleigh number applied in the model. We also note that with
our simplified rheological model, the slight viscosity increase in the
lower mantle does not arise from a depth-dependence of mineralog-
ical or thermodynamic parameters (cf. Steinberger and Calderwood,
2006), but from a gradual decrease of superadiabatic temperature,
which is typically maximum below the lithosphere in our mostly
internally heated models (excluding the bottom ~200 km).

We further emphasise that the upper-lower mantle viscosity
jump that dominates the total viscosity increase with depth is
prescribed: in case M8, An, = 30. This choice is based on con-
straints derived from Earth’s long-wavelength geoid (e.g. Richards
and Hager, 1984; Hager et al., 1985), which only deal with radial
viscosity variations. The presence of lateral variations may require
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Fig. 8. Time-averaged viscosity profile of case M8 (bold), also partitioned into subo-
ceanic (dashed) and subcontinental domains (dotted). The dark (light) shaded area is
bounded by the 25% (5%) and 75% (95%) quantiles. The lateral averaging employs the
median as described in Fig. 4a. The approximate depth extend and viscosity range of
the parametrised low-viscosity asthenosphere (see main text and Fig. 1) is indicated
by the dashed ellipse (AS).

a stronger viscosity increase with depth in order to match regional
subduction zone characteristics (e.g. Moresi and Gurnis, 1996; Billen
etal., 2003). This has not been taken into account in our global model,
although lateral viscosity variations are evidently present across the
entire mantle depth range (Figs. 1, 8). Below 300-400 km, their
strength is typically ~1-1.5 orders of magnitude if accounting for
the whole range of spatial scales (Fig. 8), but we have not evaluated
their long-wavelength variation, which may be smaller. At shallower
depth, however, lateral variations are substantially stronger due
to the presence of the continental keels and also because of the
(non-global, see below) asthenosphere in which the lowest viscosi-
ties, here down to 1,5 ~ 1 x 102°Pas, are observed.

This asthenospheric viscosity is above the estimates from high-
resolution models of instantaneous mantle flow that match present-
day plate motions (10!8-10'°Pas, Stadler et al., 2010) and from
analysis of postseismic deformation in the Indian ocean (5 x
10'7-10'9Pas, Hu et al., 2016). One possible explanation for that may
be the fixed viscosity reduction factor applied in the asthenosphere
(An,s = 0.1). This contrast may be significantly stronger depend-
ing on water content (see e.g. Masuti et al., 2016) and the resulting
lower asthenospheric viscosities likely affect the dynamics on the
scale of a subduction zone. Globally, however, they may affect the
magnitude of shear tractions at the base of the lithosphere only
little compared to the presence of continental keels (e.g. Conrad and
Lithgow-Bertelloni, 2006). Thus, plate-mantle coupling and global
surface kinematics may not depend strongly on the actual astheno-
spheric viscosity as long as it is significantly reduced compared to the
underlying mantle.

More important may be the lateral extend of the asthenosphere, in
particular if it underlies the continental roots, which strongly impacts
on the coupling of mantle and lithosphere (Zhong, 2001; Conrad and
Lithgow-Bertelloni, 2006). Recently, Yuan and Romanowicz (2010)
suggested an asthenospheric layer underneath the North American
cratonbased onseismicanisotropy analysis. Moreover, van Summeren
et al. (2012) favour a global over a regional asthenosphere based on
matching present-day plate motions. In case M8 (and the presented
calculations in general), however, the asthenospheric layer is limited
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to suboceanic lithosphere (see e.g. Fig. 1). Below the cratons, viscos-
ity reduction associated with partial melting in the parameterised
asthenosphere is only observed in small patchy regions in the cases
with highest yield stress (M7, M9), which feature the highest sublitho-
spheric temperatures. However, their extent is small and they are not
temporally persisting. Nevertheless, the best-fitting presented mod-
els are still capable of generating continent-ocean plate speed ratios
(Roc), toroidal-poloidal partitioning (Rrp), and continental configura-
tion evolutions in line with Earth’s tectonic evolution. This may imply
that they indeed feature an appropriate balance of resisting and driv-
ing forces of plate motions. If a global extent of the asthenosphere is
not necessary to generate such first-order observations, this would
have implications for the partitioning of slab-related plate driving
forces, i.e. slab suction and slab pull, and its temporal evolution (e.g.
Conrad and Lithgow-Bertelloni, 2002, 2004). However, extension and
further refinement of the considered constraints as well as improve-
ments in our model formulation are required (see Section 4.2) before
such issues can be addressed thoroughly.

4.2. Model limitations and future improvements

Our model is an advance from previous attempts to jointly
simulate time-dependent global mantle flow, plate-like behaviour
and continental assembly and dispersal in a dynamically consis-
tent manner. Nevertheless, it should be further improved in future
as already discussed above. Including compressibility may influence
mantle flow wavelength (e.g. Tackley et al., 1994) and increased
convective vigour may impact the quality of plate-like behaviour
(Stein et al., 2004; Foley and Becker, 2009; van Heck, 2011) and
reduce characteristic lithospheric thickness, which could affect the
tectonic force balance. Moreover, phase transitions may modify the
dynamics of sinking slabs, e.g. by leading to stagnation at some mid-
mantle depth (e.g. Christensen and Yuen, 1984; King et al., 2015),
which may feed back on the magnitude of slab pull and suction forces
(Conrad and Lithgow-Bertelloni, 2002, 2004).

The style of surface tectonics may also depend on the partition-
ing of basal and internal heating. Here, we employed high degrees
of internal heating (~85-90%), since this - in combination with a
rheologically strong surface boundary layer - favours the generation
of long-wavelength flow (McNamara and Zhong, 2005a). Based on
a similar model as presented here (but e.g. A, = 1), Coltice et
al. (2013) suggested that such weak basal heating has only a small
effect on surface velocities and seafloor spreading rates. If basal heat-
ing dominates the heat budget though, localisation of deformation
in the lithosphere and thus plate-like behaviour may be more diffi-
cult to achieve, at least in the absence of continents (e.g. Foley and
Becker, 2009). The relative contribution of basal heating to the heat
budget of Earth’s mantle is not yet well constrained, but may be
~30% (e.g. Leng and Zhong, 2009), in particular if the core thermal
conductivity is very high (Pozzo et al., 2012). 30% basal heating may
be sufficient to generate strong plumes that can perturb the paths
of drifting continents and complicate their assembly (Phillips and
Bunge, 2007). However, Earth displays all of the above ingredients:
plate-like behaviour, (strong) mantle plumes and continental assem-
bly. It will thus be important to further constrain the amount of basal
heating in the mantle and systematically investigate its role in the
resulting surface tectonic history.

Finally, and perhaps most important for our interest, is the
problem that our models display too symmetric downwellings
compared to Earth’s single-sided subduction, although including
continents partly improves this. The artificial subduction symmetry
may in fact not have a strong effect on slab sinking rates (Capitanio
et al., 2007), but it modifies the partitioning of slab-related plate
driving forces (see Conrad and Lithgow-Bertelloni, 2002, 2004) and
the torque around plates. This impacts the motion and shape of
trenches (e.g. Crameri and Tackley, 2014), the speed partitioning of

subducting and non-subducting plates (Conrad and Lithgow-Bertel-
loni, 2004; van Summeren et al., 2012) and possibly the generation
of toroidal flow (e.g. Alisic et al., 2012) as well as the way how conti-
nents assemble and disperse. Global mantle flow models with more
realistic subduction behaviour have been proposed (e.g. Stadler et
al.,, 2010). However, global time-dependent models featuring single-
sided subduction that develops self-consistently have only recently
been developed (Crameri et al., 2012; Crameri and Tackley, 2014)
and the implementation of continents into such models remains an
important future task.

5. Conclusions

We have conducted models of 3D spherical mantle convection
with self-consistent plate-like behaviour and continental drift. The
goals of our study have been (i) to assess the role of mantle and
lithosphere rheology in the evolution of continental drift and the
characteristics of surface plate motions, and (ii) to test the idea if
Earth’s peculiar continental drift history with episodic clustering and
dispersal may provide additional constraints on the effective mantle
viscosity profile. The following remarks summarise our main results:

1. Continental configuration evolution is fundamentally deter-
mined by the wavelength of mantle flow and thus, intrinsi-
cally, by mantle viscosity structure. If the lithosphere is too
weak (less than ~10%°x the upper mantle viscosity), it can
be broken more easily by convective stresses and shorter-
wavelength components contribute more strongly to the flow.
The result is a network of too many and too small plates
in which continental collisions are less likely to occur. Thus,
clustering to form supercontinents does not happen or is
very short-lived. Such behaviour is favoured by a low yield
strength of the lithosphere and/or relatively weak temper-
ature dependence of viscosity. In the opposite case (very
stable longest-wavelength flow), large oceanic plates can form.
However, continents tend to form compact clusters, which
are difficult to break-up and disperse over timescales relevant
for Earth’s continental evolution. This behaviour is strongly
favoured by a high yield strength of the lithosphere.

2. Constraints on continental drift histories are rather per-
missive, but can be supported by characteristic measures
of plate motions (oceanic-continental plate speed ratio,
toroidal-poloidal partitioning). Then, our models generate
the most Earth-like tectonic evolution in terms of continen-
tal drift history with episodic collision and dispersal events
when employing an intermediately high lithospheric strength
(~180 MPa) and a viscosity contrast of ~30 at the upper-lower
mantle transition. Oceanic plates are then ~103x more vis-
cous than the underlying upper mantle and viscosity increases
by a factor of 100-200 from the uppermost mantle (excluding
the asthenosphere) to the lowermost mantle. This structure
causes continents to move ~2.2x slower than oceanic plates
on average and generates plate motions, which have toroidal
components as strong as ~50% of the poloidal components, in
line with estimates from kinematic reconstructions.

3. No globally extending low-viscosity asthenosphere is required
to match the continent-ocean plate speed ratios inferred for
present-day and from tectonic reconstructions. In this case,
the asthenosphere is limited to major regions below oceanic
plates. Its extend depends on the size of the tectonic plates
(which affects sublithospheric temperature), but does not
involve the region below the thickest continental roots, which
suggests a stronger coupling of plates and underlying mantle.

4. The plate speed ratio of continental and oceanic plates may
vary strongly with time, importantly on timescales of several
100 Myr. The partitioning may be maximum following phases
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of enhanced continental assembly and minimum for generally
dispersing continents. These timescales exceed conventional
reconstructions, but may become a testable feature once
reconstructions from the Paleozoic until present will have
been established.
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Appendix A. Dimensionalisation of results

Non-dimensional input parameters and results have been con-
verted to dimensional numbers. Since model convective vigour and
thus convective velocities may be lower than in Earth’s mantle, the
transit time framework is used, which is based on equalising Earth’s
mantle transit time with its numerical model analogue. Earth’s
mantle transit time 7 is the time needed to cross the mantle with
a characteristic velocity, here the present-day rms surface velocity;
the reconstruction of Seton et al. (2012) gives ~4.6cmyr—1, thus,
Tg ~ 63 Myr. Note that this choice is rather arbitrary and not
necessarily a characteristic of Earth’s long-term evolution.

The model analogue 7T employs the time-averaged non-
dimensional rms surface velocity of the reference case M8, which
leads to T ~ 7.276 x 10~4. The factor 7/7 connects model and Earth
timescales and relates dimensional and non-dimensional properties
as follows: (time) tiwyry = tTg /T, (velocity) Viemyyr) = vDoT/7g, (tem-
perature) Ty = Ts + TAT, (viscosity) 1p,5) = 77, (depth) dimy =
Dod, (yield stress) O(pay = 07 /7E, (yield stress gradient) O—(/Pa/m)
0107 /DoTE, (activation energy) Epgmoy = EaRgAT with Rg being the
gas constant, and (internal heating rate) Huwkg) = HkoATT/KopoTE.
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