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Understanding the dominant force responsible for supercontinent breakup is crucial for establishing
Earth’s geodynamic evolution that includes supercontinent cycles and plate tectonics. Conventionally,
two forces have been considered: the push by mantle plumes from the sub-continental mantle which is
called the active force for breakup, and the dragging force from oceanic subduction retreat which is
called the passive force for breakup. However, the relative importance of these two forces is unclear. Here
we model the supercontinent breakup coupled with global mantle convection in order to address this
question. Our global model features a spherical harmonic degree-2 structure, which includes a major
subduction girdle and two large upwelling (superplume) systems. Based on this global mantle structure,
we examine the distribution of extensional stress applied to the supercontinent by both sub-
supercontinent mantle upwellings and subduction retreat at the supercontinent peripheral. Our re-
sults show that: (1) at the center half of the supercontinent, plume push stress is w3 times larger than
the stress induced by subduction retreat; (2) an average hot anomaly of no higher than 50 K beneath the
supercontinent can produce a push force strong enough to cause the initialization of supercontinent
breakup; (3) the extensional stress induced by subduction retreat concentrates on a w600 kmwide zone
on the boundary of the supercontinent, but has far less impact to the interior of the supercontinent. We
therefore conclude that although circum-supercontinent subduction retreat assists supercontinent
breakup, sub-supercontinent mantle upwelling is the essential force.

� 2018, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Supercontinent breakup is a fundamental process of global
tectonic evolution, and a key component of both Wilson cycles
(Wilson, 1966) and supercontinent cycles (Bleeker, 2003; Rogers
and Santosh, 2003; Zhong et al., 2007; Li et al., 2008; Bradley,
2011; Yoshida and Santosh, 2011). Supercontinent breakup has
commonly been attributed to either the push power of uprising
sub-continental mantle plumes or superplume, or the drag force of
retreating slabs (Li et al., 1999; Buiter and Torsvik, 2014; Koptev
et al., 2015; Dal Zilio et al., 2017). The former is consistent with
the observation that the breakup of Pangea was concurrent with
the formation of large igneous provinces (Storey, 1995; Li and
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Zhong, 2009). The latter was proposed because every supercon-
tinent exhibited abundant subduction records at its boundary
(therefore named subduction girdle in Collins, 2003 and Zhong
et al., 2007), and the ocean-ward retreat of such a subduction gir-
dle is believed to generate an extensional force that can pull the
supercontinent apart (e.g., Bercovici and Long, 2014). Some other
studies also suggested gravitational potential force due to sub-
continental superswell of mantle plumes or superplume as a
force for supercontinent breakup (e.g., Li, 2014) (Fig. 1).

The relevant importance of the various forces in supercontinent
breakup has been unclear. Conventionally, plume push from the
sub-continental mantle is called the active force for the breakup;
whereas the dragging force from the subduction retreat is called
the passive force (Fig. 1). The active vs. passive force for the breakup
has been intensively debated (e.g., Buiter and Torsvik, 2014; Dal
Zilio et al., 2017; Wolstencroft and Davies, 2017), and our study
tries to address this question using global 3D modelling.
ction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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Figure 1. A cartoon demonstrating the three potential forces (including plume push, subduction retreat and gravitational collapse) for supercontinent breakup (after Li, 2014). ULVZ
and DTCP are abbreviations for ultra low velocity zones and dense thermo-chemical piles, respectively.
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Previous studies of supercontinent and global mantle dynamics
(Zhong et al., 2007; Yoshida, 2008; Li and Zhong, 2009; Zhang et al.,
2009, 2010; Rolf and Tackley, 2011; Rolf et al., 2012; Yoshida, 2014,
2016) established a good framework for investigating the force
balance during supercontinent breakup. The dynamic effects of
continental suture zones, rheology and strength have been care-
fully investigated in Rolf and Tackley (2011), Rolf et al. (2012), and
Yoshida (2014). These studies emphasized the importance of con-
tinental size, yield stress, or aweak zonewithin a supercontinent in
destabilizing the supercontinent. The series of studies on the long
wavelength mantle convection by Zhong et al. (2007), Li and Zhong
(2009), and Zhang et al. (2009) have demonstrated a mechanism
for supercontinent formation and the influence of a supercontinent
on the mantle structure. They predicted that a supercontinent
should break up after the formation of a sub-continental super-
plume (Zhong et al., 2007; Li et al., 2008; Li and Zhong, 2009). The
modeled degree-2 mantle structure, featuring a superplume under
the supercontinent and an inherited antipodal superswell mimics
the present-day mantle structure (Zhong et al., 2007).

Several recent works have also explored the stress caused by
subduction retreat (Bercovici and Long, 2014; Holt et al., 2015; Dal
Zilio et al., 2017; Yoshida, 2017). All these studies showed that the
continental lithosphere (the overriding plate) have an elongated
extensional region close to the retreating trench. The horizontal
normal stress field along the spherical surface of the overriding
plate shows extensional polarity for w1000 km, from the trench
towards the interior of the overriding plate (Holt et al., 2015;
Yoshida, 2017). The traction at the bottom of the overriding plate
shows a divergent distribution, and after the overriding continental
plate breaks completely, the traction in the trench-ward side of the
overriding plate would increase (Dal Zilio et al., 2017). However, in
these models, another important component for the breakup, i.e.,
the plumes, is absent. Hence, the fundamental question of which
force is more important for the breakup of a supercontinent re-
mains unanswered.

In this work we first build a supercontinent model with global
mantle interaction (Zhong et al., 2007; Zhang et al., 2009). Our
model shows a plume cluster under the supercontinent, which is
self-consistently generated by a circum-supercontinent subduction
girdle (Zhong et al., 2007). We use such a mantle structure to
quantify the relevant importance of the two driving forces so to
address the fundamental question above.

We use numerical mantle convection models with 3D-spherical
shell geometry to analyze the spatial variation of extensional stress
from the center of the supercontinent to its edge where the sub-
duction occurs. The paper is arranged as follows: section two de-
scribes howwe setup the models including the model formulations
and the mathematical way for calculating the extensional stress,
section three presents the model results, and these are followed by
the discussion and conclusion sections.

2. Numerical model setup

2.1. Model set-up

We use the model setup of Zhong et al. (2007) and Zhang et al.
(2009) as our starting point. Our dynamic models of mantle con-
vection with continental blocks in a three-dimensional spherical
geometry assume an infinite Prandtl number and the Boussinesq
approximation. The supercontinent block is modeled as a chemi-
cally distinct material with different density and viscosity. The non-
dimensional governing equations for mantle convection with
different compositions (e.g., Zhong et al., 2000; McNamara and
Zhong, 2004) are:

V,u ¼ 0 (1)

�VP þ Vðh_εÞ ¼ ðRadT � RbCÞg (2)

vT
vt

þ u,VT ¼ V2T þ H (3)

vC
vt

þ u,VC ¼ 0 (4)
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where u is the velocity vector, P is the dynamic pressure, h is the
viscosity, _ε is the strain rate tensor, dT is the temperature pertur-
bation, g is the gravitational acceleration vector, T is the tempera-
ture, t is the time, H is internal heat generation rate, and C is the
composition using to define continental blocks.

Ra and Rb, the Rayleigh number and the chemical Rayleigh
number, respectively, are defined as

Ra ¼ argDTR3
.
ðhrkÞ (5)

and

Rb ¼ gdrR3
.
ðhrkÞ (6)

where a is the thermal expansivity, r is the density, g is the gravi-
tational acceleration, DT is the temperature difference between top
and bottom boundaries, R is the radius of the Earth, hr is the
reference viscosity, k is the thermal diffusivity, and dr is the density
contrast between continents and their surroundings (Table 1). A
useful parameter is the buoyancy ratio B defined as

B ¼ Rb=Ra ¼ dr=ðarDTÞ (7)

The non-dimensional depth-, temperature-, and composition-
dependent viscosity is

hðr; T ;CÞ ¼ h0ðrÞhcðCÞexp½Eð0:5� TÞ� (8)

where r is the non-dimensional radius, h0 is the depth dependent
prefactor, hc is the compositional prefactor, and E is the activation
energy. The other rheological parameter used is the plasticity,
which is controlled by the yield stress. Basically, if the convective
stress exceeds the yield stress, the viscosity is reduced to the
yielding viscosity

hY ¼ sY
2 _εII

(9)

where sY and _εII are the yield stress and the second invariant of
strain-rate tensor, respectively. The effective viscosity is then given
by he ¼ (1/hþ1/hY)�1. This plasticity formulation is commonly used
in previous studies (e.g., Tackley, 2000; Foley and Becker, 2009; Rolf
et al., 2012; Yoshida, 2014).

We give an internal heat generation rate of H ¼ 120 to yield a
65e70% internal heating (Leng and Zhong, 2009). The thermal
Rayleigh number Ra in our models is set to 1.5 � 108 (i.e.,
Ra ¼ 1.37 � 107 if the mantle thickness is used to define Ra), which
gives rise to an average horizontal motion speed of w5 cm/yr.

Thenon-dimensional radii for the topandbottomboundaries are1
and 0.55, respectively. Free-slip and isothermal boundary conditions
are applied at the surface and the core-mantle boundary in all
Table 1
Model parameters and material properties.

Parameters Symbols Value

Density r 3400 kg/m3

Earth’s radius R 6370 km
Extra density of continents dr �50 kg/m3

Gravitational acceleration g 10.0 m/s2

Internal heating rate H 120
Mantle thickness d 2870 km
Temperature difference ΔT 2800 K
Thermal diffusivity k 10�6 m2/s
Thermal expansion a 3 � 10�5 K�1

Rayleigh number Ra 1.5 � 108

Reference viscosity hr 5 � 1021 Pa$s
Specific heat Cp 1200 J/(kg$K)
calculations.Therefore, the supercontinent is free tomoveanddeform
to interact with mantle flows (e.g., Yoshida and Santosh, 2017). The
governing equations are solved with code CitcomS (Zhong et al.,
2008). Thermochemical convection capability is implemented with
the ratio tracer method (Tackley and King, 2003; McNamara and
Zhong, 2004) in CitcomS. The mantle is divided into 12 caps and
each cap is further divided into 48 elements in three directions. Pre-
vious work demonstrated that such a resolution is adequate for this
type of calculation (Zhong et al., 2007; Zhang et al., 2009).

The non-dimensional activation energy E in Eq. (8) is set to 6.907
to produce a temperature-induced viscosity variation of 103, which
allows the mantle convection to remain in the mobile-lid regime
(e.g., Solomatov, 1995). Although the activation energy is smaller
than that from laboratory studies on olivine, it is used here for
numerical stability as well as to account for other weakening effects
such as brittle deformation and non-Newtonian rheology. With
such an activation energy level and a weak zone to generate the
subduction girdle (to be described later), our model can reproduce
plate-like behaviors as well as the essential mantle structure. The
depth-dependent viscosity prefactor h0(r) is reduced to h0(r)¼ 1/30
for the upper mantle of between 100 km and 670 km depths, and
fixed at 1 elsewhere. Such a viscosity profile prefers a long-
wavelength planform of mantle convection (Zhong et al., 2007).
The initial state of it is shown as the black curve in Fig. 2d.

Compositional prefactor hc and buoyancy ratio B are used to
describe the supercontinent block. Recent work by Watts et al.
(2013) showed that continental cratons are much colder and
hence much viscous than the oceanic lithosphere. Because a too
high hc may introduce numerical convergence difficulties (Zhang
et al., 2009), we set the hc to 100, which is consistent with previ-
ous work (Zhang et al., 2009; Rolf and Tackley, 2011; Yoshida, 2014).
B in our models is set at �0.2, which corresponds to a �50 kg/m3

density contrast between continental lithosphere and oceanic
lithosphere. This number is the lower bound for the chemical
buoyancy (Jordan, 1978; Poudjom Djomani et al., 2001), which is
also used in Rolf et al. (2012). Finally, the supercontinent is modeled
as a buoyant and high-viscosity disc that is 200 km thick (e.g., Gung
et al., 2003) and occupies 30% of the Earth’s surface area.

A 300 km-wide weak zone surrounding the supercontinent is
prescribed to facilitate the circum-supercontinent subduction
(Gurnis, 1988; Zhong and Gurnis, 1993; Zhong et al., 2007). The
viscosity of the weak subduction girdle is reduced by one order
(Gurnis, 1989; King and Hager, 1990; Zhong et al., 2007; Dal Zilio
et al., 2017) or two orders (Holt et al., 2015) of magnitude relative
to the surface oceanic mantle (hence named the ratio of hg/hom).
2.2. Modeling parameters and initial conditions

Ourmodels involve three important parameters: the yield stress
of continents, the viscosity of subductionweak zone, and the trench
retreat rate (Table 2). These parameters have direct influences on
the forces of supercontinent breakup although the first two are
related. The prescribed weak zone in the oceanic lithosphere sur-
rounding the supercontinent is a simple way to implement the
plastic yielding for the subduction system surrounding the super-
continent. With such a simplification for the subduction girdle, we
are able to obtain Earth-like plate tectonics, and uncouple the
oceanic lithosphere from the continental lithosphere because the
oceanic lithosphere is separated from the supercontinent by the
subduction girdle. A selective application of the yielding stress to
the continental side only allows us to focus on the stress distribu-
tion within the supercontinent. Neglecting the localized yielding in
the oceanic lithosphere also leads to a faster computational
convergence.



Figure 2. Preparation of initial modeling condition. The supercontinent (transparent gray) covers 30% of Earth’s surface area. A subduction girdle with low viscosity is imposed at
the edge to generate the planform-two upwelling system (Zhong et al., 2007), of which mantle structures after 2 transit time (a) and 4 transit time (b) are shown. The comparison of
average temperatures beneath the supercontinent and that of the whole mantle are presented in (c). (d) shows the azimuthally averaged viscosity profiles.
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Different from Rolf et al. (2012) and Yoshida (2014), the yield
stresses (50 or 100 MPa) in the continental area of our models are
2e4 times smaller than that for the oceanic lithosphere, which
is derived from the mean strength ratio of oceanic to continen-
tal lithosphere (w3.3) based on Kohlstedt et al. (1995) results
Table 2
The model settings.

Case No. Retreat rate
(cm/yr)

Weak zone viscosity
ratio (i.e. hg/hom)

Yield stress
(MPa)

1a (I, II, and III) 2 0.1 50
2 (I, II, and III) 2 0.01 50
3 (I, II, and III) 2 0.1 100
4 (I, II, and III) 2 0.01 100
5 (I, II, and III) 0.5 0.1 50
6 (I, II, and III) 0.5 0.1 100

a Every case has three different runs. The first (I) includes both the hot plumes and
the subduction girdle; the second (II) has the subduction girdle removed but keeps
the hot plume structures; and the third (III) has the hot plumes removed but keeps
the subduction girdle.
(see Fig. 9 of Kohlstedt et al., 1995). Experimental results (e.g.,
Goetze and Poirier, 1978; Brace and Kohlstedt, 1980; Kohlstedt
et al., 1995) show that the yielding strength for felsic rocks is
lower than that for mafic rocks. The reason behind is that felsic
rocks are more sensitive to high temperature in the lithosphere
(Kohlstedt et al., 1995).

The viscosity for the weak zone (hence the ratio hg/hom) de-
termines the strength of the return flow in the mantle wedge
(Yoshida, 2017) as well as the extensional stress on the top of the
return flow. Wewill use hg/hom values of 0.1 and 0.01 in our models.

The rate for trench retreat has a large range of 0.1 cm/yr
(Schellart et al., 2008) to 3 cm/yr (the Western Pacific). We
manually force the subduction girdle to retreat, although the causes
for the retreat are still debated (e.g., Holt et al., 2015; Yoshida, 2017).
Such a large range of retreat rates can potentially cause different
extensional stresses on the overriding continental lithosphere. Two
retreating rates of 0.5 cm/yr and 2 cm/yr were used in our
simulations.

To prepare reasonable initial hot upwellings beneath the su-
percontinent before its breakup, we perform two-step calculations
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based on experiences from previous models (Zhong et al., 2007;
Zhang et al., 2009) as well as geological constraints. In the first
step, a pure thermal convection model is computed for a given set
of parameters until global average quantities (e.g., heat flux and
root-mean-square velocity) reach a statistical steady-state. In the
second step, for the same model parameters, using the steady-state
temperature field profile from the purely thermal convection
model as the initial temperature condition, a supercontinent block
and a peripheral subduction girdle (low viscosity zone) are intro-
duced to examine the sub-continental upwelling generation. Dur-
ing the second step, the subduction girdle will not retreat and the
continental yield stress is not yet applicable to the supercontinent.
This second step of model set-up assumes that the supercontinent
has just been assembled and it will remain stable until its breakup
starts. We run themodel for 4 transit times (the transit time depicts
the time-span of a particle travels from the top to the bottom of the
mantle, which is set to w55 Myr in this work, corresponding a
traveling velocity of 5.2 cm/yr) to prepare appropriate sub-
continental upwellings for supercontinent breakup because the
lifetimes for supercontinents Pangea (Scotese, 2001), Rodinia (Li
and Evans, 2011), and Nuna (Pisarevsky et al., 2014) are all
around 150e200 Myr (also see discussion in Li and Zhong, 2009).

With the subduction girdle and supercontinent in place, a
global spherical harmonic degree-2 structure, including a cluster
of hot upwellings beneath the supercontinent (Fig. 2a and b) is
generated after w1 transit time. During the first transit time, the
average sub-continental mantle temperature over the region with
an arc radian of 30� from the center of the supercontinent, Tscm,
increases faster than afterwards (black curve in Fig. 2c). We also
run a test with an initial major downwelling beneath the super-
continent as in Zhong et al. (2007) (green curve in Fig. 2c), but
Tscm does not show much difference after 1.5 transit time. The
positive temperature anomaly under the supercontinent is w50 K
above the average mantle temperature after it reaches relatively
stable at 1 transit time (the red and blue curves in Fig. 2c). This
temperature difference is similar to that of Yoshida (2014), but
smaller than that of >100 K as in Rolf et al. (2012). We think that
the higher temperature difference of Rolf et al. (2012) is caused by
both their pure internal heating model and the far smaller Ray-
leigh number they used.

After four transit times of convection and a reasonable genera-
tion of hot upwellings under the supercontinent, we introduce the
yield stress for the supercontinent and a retreat velocity of sub-
duction girdle. The latter is achieved through by manually relo-
cating the low viscosity zone for every computation step. With this
implementation, a subduction rate ofw6.5 cm/yr is observed along
the subduction girdle.
2.3. Calculation of extensional stress

The CitcomS mantle convection code was built based on
spherical coordinates (Zhong et al., 2008). Hence, the calculated
global deviatoric stress field is also spherical coordinates-based.
We use Cauchy stress transformation (Taylor, 2005) to calculate
the extensional stress along the great-circle between the center of
a supercontinent and its edge (e.g., CE

_
in Fig. 3). To ensure the

reliability of our results, the extensional stress on three equal-
spaced transects (green lines in Fig. 3) are calculated. Our final
results will be the average of the stress values along the three
transects.

For any point P and given stress tensor sp (the difference of
viscous stress and dynamic pressure) at that point, the normal
component of the stress on the plane perpendicular to CE

_
is the

extensional stress, which can be calculated as:
sAA ¼ sp$
PA
�!
j PA�!j

$
PA
�!
j PA�!j

(10)

where sAA is the extensional stress, PA
�!

is the vector tangential to
CE
_

at point P (Fig. 3). As shown in Fig. 3, the vector PA
�!

can be
expressed as the cross product of PU

�!
and PT

�!
, where PT

�!
is the cross

product of OP
�!

and OC
��!

. We use an extra tracer flavor to track the
supercontinent center C, and find that our supercontinent center
moves less than 1� from its initial location within one transit time.

3. Results

We conducted six cases by varying three parameters: yield
stress, weak zone viscosity ratio, and subduction retreat rate
(Table 2). We identify the supercontinent breakup when the con-
tinental middle depth of 100 km is penetrated by hotter mantle
material (e.g., Fig. 4c). To see clearly the plume push effect vs. the
effect of subduction retreat, we carried out three stokes solutions
with (1) both structures of hot anomalies beneath the supercon-
tinent and the cold subduction girdle, (2) only the hot anomaly
structures, and (3) only the cold subduction girdle, for the output
stress tensor sp of a particular step. The division between hot
anomalies beneath the supercontinent and the cold girdle at the
supercontinent peripheral is conducted by an arc with a 50� radian
from the center of the supercontinent (the white sector in Fig. 4b).
The areas from the supercontinent center to the edge of the arc,
and from the edge of the arc to the girdle, represent the main
regions that plume and slab subduction occurs, respectively. This
operation is not a pure linear system, and will be further discussed
in Section 4. We calculated and plotted the extensional stress sAA
as in Fig. 5.

We demonstrate our modeling results starting from standard
Case 1 (Table 2) which has a continental yield stress of 50 MPa, a
subduction retreat rate of 2.0 cm/yr, and a hg/hom ratio of 0.1. The
application of 50 MPa continental yield stress reduces the average
effective surface viscosity (red curve in Fig. 2d). Afterw21 Myr, the
plume heads have caused patchy areas of weakening at the



Figure 4. The various fields of Case 1 during and after the supercontinent breakup. The viscosity and flow velocity at the depth of 75 km at model time of 21 Myr are shown in (a).
For the same model time, the temperature and velocity in the cross-section along the great-circle AeCeB (b), and composition field at the depth of 100 km (c), are shown. After 65
Myr of model time, the composition field is shown in (d).
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lithosphere (Fig. 4a) and led to hot mantle material penetrating to
100 km depth (Fig. 4c). The mantle shows strong upwellings above
the plume cluster and return flows in the mantle wedge under the
overriding supercontinent (Fig. 4b). The distribution of weakened
areas is certainly not symmetric. After 65 Myr, the supercontinent
starts to tear apart from inside to many pieces (Fig. 4d). The shapes
of the continental blocks are understandably different from the
present-day continental margins because we have not taken into
account the effect of preexisting weak zones (e.g., Buiter and
Torsvik, 2014; Yoshida, 2014; Yoshida and Hamano, 2015). This
effect will be further discussed in Section 4.

The average extensional stresses sAA from three stokes solu-
tions, at 21 Myr of model calculation, are presented in Fig. 5. We
show them at the depths of 75 km and 220 km, which represent the
stress state at the middle of the continental lithosphere and at the
top of the asthenosphere, respectively. The extensional stress
caused by both hot plumes and cold slabs shows a positive high of
w40 MPa at the central area which gradually decreases to zero
w600 km before reaching the edge (Fig. 5a).When approaching the
trench, there is a rise in extensional stress to w15 MPa due to the
return flow in the mantle wedge (Fig. 4b). When we manually
remove the subduction girdle and hence the down wellings at the
supercontinent peripheral (Fig. 6a), the extensional stress still
reaches w35 MPa at the central area and has a trend similar to the
model result containing both hot and cold structures, except for the
600 km belt along the trench (Fig. 5b). On the other hand, in the
stokes solution without hot anomalies beneath the supercontinent
(Fig. 6b) but return flows in the mantle wedges, the extensional
stress is w5 MPa at the central area of the supercontinent and
reaches w15 MPa at its edge (Fig. 5c). This stress distribution
compensates that with only hot anomalies, especially at the
600 km-wide zone close to the trench. A comparison between
Fig. 5b and c shows that the plume push stress isw3 times stronger
than the stress induced by subduction retreat in the central region
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Figure 5. The average extensional stress distributions for Case 1 (aec), Case 2 (def), Case 3 (gei) and Case 4 (jel) at 21 Myr of model time. The left panel shows the results including
both the effects of subduction girdle and hot plumes beneath the supercontinent. In the middle panel, the influences of girdle are removed while the effects of hot plumes are kept.
In the right panel, we removed the hot plumes but kept the girdle structure. The horizontal axes denote the distance (measured in degree) of a point from the center of the
supercontinent, where the gray dash line shows the position where the edge of the supercontinent locates. In each plot, the positive values mean extension, while negative values
denote compression. The stresses at the depths of 75 km and 220 km are plotted in red and blue lines, respectively.
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of the supercontinent. The stress due to subduction retreat mostly
affects the area within w600 km from the trench, but has little
influence to the interior of the supercontinent.

The effect of a different hg/hom value of 0.01 is shown in Case 2
(Table 2 and Fig. 5def). A weaker mantle wedge leads to a stronger
return flow beneath the overriding supercontinent, and the major
difference occurs at the area close to the trench. The extensional
stress induced by the return flow becomes w2 times larger (Fig. 5f
vs. 5c), while the plume push stress maintains its previous level
(Fig. 5e vs. 5b).

Next, the effect of a stronger continental yield stress on the
extensional stresses is demonstrated in Case 3 and Case 4, which are
the same asCase1 andCase2 respectively, except that theyield stress
is doubled (i.e.100MPa, Table 2).With such an increased yield stress,



Figure 6. The two stokes solutions along AeCeB cross-section marked in Fig. 4. The stokes flow without the subduction girdle is presented in (a), whereas that without the hot
anomalies under the supercontinent is presented in (b).
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the extensional stresses at the center of the supercontinent increased
to 10e25 MPa (Fig. 5g vs. 5a and Fig. 5j vs. 5d).

We note that models with a slower trench retreat rate of 0.5 cm/
yr (Case 5 and Case 6 in Table 2) show insignificant difference from
models with a trench retreat rate of 2 cm/yr (Figs. 7a and 5a, and
Figs. 7d and 5g). This could be interpreted to reflect the limited
effect of trench retreat, but the effects of weak zone width need to
be clarified in future work. We also notice the stresses in the
asthenosphere beneath the supercontinent show compressional
polarities (blue curves in Figs. 5 and 7). This is likely caused by the
gathering of return flows beneath the lithosphere.
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Figure 7. Average extensional stress distributions for cases with only 0.5 cm/yr trench retrea
4. Discussions

Our modeled stress distribution is the first such work that sys-
tematically investigated the relative contributions to extensional
stress during supercontinent breakup from plume push and sub-
duction retreat. The modeled stress induced by the retreating
subduction alone (e.g., Fig. 5c) shows that the highest extensional
stress occurs above the subduction zone, but the stress regime then
switches to a compressional state before returning to a weakly
extensional one toward the interior of the supercontinent. This
trend, as well as the magnitude in resultant stress regime, is
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generally consistent with the results of Holt et al. (2015). The stress
due to the sub-continental plume-push is estimated systematically
for the first time here with a plume cluster structure, which is
generated predominantly by the global subduction girdle (with
relatively minor contribution from supercontinent insulation). This
global girdle is well documented in the present-day Earth as a
legacy of the Pangea supercontinent cycle, and is speculated to have
presented in previous supercontinent cycles as well (Zhong et al.,
2007; Li et al., 2008; Li and Zhong, 2009). In the spherical geom-
etry, it is inevitable to generate the hot plume cluster in the su-
percontinent hemisphere when the subduction girdle forms
(Zhong et al., 2007).

The stokes flow is mainly controlled by three mantle thermal
structures, i.e., the sub-continental hot plume cluster, the cold
subduction girdle, and the major upwelling antipodal to the su-
percontinent. Hence mathematically, the linear superposition of
the stokes solutions without the cold subduction retreat (Fig. 5b)
and that without hot plume cluster (Fig. 5c) cannot be perfectly
equal to the stokes solution with all the three structures (Fig. 5a).
However, in practice, we find that these two solutions generally
compensate to each other in the first order (e.g., Fig. 5b and c).
This may imply that the antipodal upwelling is too far to have
obvious effects on the supercontinent breakup. Hence, the tech-
nique used herein to discriminate stress contributions from the
hot plume cluster and subduction retreat is reliable on a first-
order basis.

Our model has not included any pre-existing weak zones in the
supercontinent as in some other studies (Buiter and Torsvik, 2014;
Yoshida, 2014; Yoshida and Hamano, 2015). Our work instead fo-
cuses on testing theoretical concepts in the first-order, and the
results should therefore be considered as theoretical predictions.
We predict that subduction retreat alone cannot break up a su-
percontinent. To further verify this, we tried a tentative calculation,
Figure 8. A tentative case exploring the long-term evolution of supercontinent deformation
the role of subduction girdle. The deformation of the supercontinent is presented at 20 Myr
invariant of strain rate, while the transparent red represents the compositional field.
similar to Case 1, but with continuously removing the hot anoma-
lies under the supercontinent at every computation step. Although
this kind of calculation is not energy conservative, we could track
the trend of stress induced by the subduction retreat. The model
evolution is shown in Fig. 8. After 20 Myr of model evolution, the
supercontinent is still largely intact (red area in Fig. 8a). The
deformation area is mostly localized at regions close to the trench
(green zone in Fig. 8a). After w100 Myr, the stress deforms the
supercontinent a little more toward the interior (Fig. 8b). Although
one side of the supercontinent is already ruptured along the edge
by subduction retreat, the bulk of the interior part of the super-
continent remains intact. A similar result is shown in a modeling
work with regional cartesian geometry by Dal Zilio et al. (2017).

Yoshida (2014), on the other hand, suggested that subduction
retreat, together with pre-existing weak zones, can pull Pangea
apart without any plume from the CMB. In that model, the anom-
alous mantle temperature beneath the supercontinent is w50 K
higher than that within the non-continental area. However, our
models show that, with a <50 K hot anomaly beneath the super-
continent, the push stress can be w3 times bigger than stress
induced by subduction retreat, especially at the center of the su-
percontinent. This magnitude of plume-induced stress shows its
importance, although our models have no pre-existing weak zones,
and hence could not identify the exact pattern of supercontinent
breakup. The role of plume push has been included as an initial
condition in Yoshida and Hamano (2015) to produce the breakup of
Pangea. Although the role of plume is not accurately quantified in
that study, its flow pattern is consistent with our results.

Our modeled mantle temperature is mainly relevant to the su-
percontinent events after the Proterozoic. For earlier supercontin-
ent events such as Rodinia and Nuna, the mantle temperature
should have been higher because the Earth was much hotter and
more convectively vigorous (Condie, 2005). Hence, mantle plume
without hot anomalies beneath the supercontinent. This calculation attempts to isolate
(a) and 100 Myr (b) of model time, respectively. The green color represents the second
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could be playing an even more dominant role in supercontinent
breakup then.

Our modeled continental lithosphere thickness is set at 200 km,
which is thinner than what the seismic anisotropy data predict
(Gung et al., 2003) but is consistent with waveform tomography
and xenoliths derived thickness of w190 km (e.g., French et al.,
2013; Tharimena et al., 2017). With a thicker continental litho-
sphere, the average temperature beneath the supercontinent
should be hotter.

Our models have not included the basal traction force beneath
the supercontinent (e.g., Yoshida, 2010) because our preliminary
results of the basal traction calculation showed a relatively small
magnitude compared to the extensional normal stress sAA. How-
ever, future work will include a complete analysis for the super-
continent forces and calculate the balance between the extensional
force and the basal traction force.
5. Conclusions

We conclude the followings based on our modeling results:

(1) Plume push stress is w3 times larger than that induced by
subduction retreat within the interior of the supercontinent for
its breakup.

(2) An average hot anomaly of no higher than 50 K beneath a su-
percontinent is sufficient to produce a strong extensional stress
to cause the initialization of supercontinent breakup.

(3) The induced extensional stress by subduction retreat concen-
trates on a 600 km-wide zone close to the trench. For the
interior of the supercontinent, the stress generated by sub-
duction retreat is relatively insignificant in comparison with
the stress generated by plumes.

(4) The strength of a supercontinent (the yield stress) influences
the magnitude of plume-push stress; the viscosity ratio be-
tween the weak zone and the mantle (hg/hom) has the essential
effect on the magnitude of the stress induced by subduction
retreat.
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