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The large-scale tectonics in the last billion years (Ga) are predominated by the assembly and breakup of
supercontinents Rodinia and Pangea. The mechanisms controlling the assembly of supercontinents are not
clear. Here, we investigate the assembly of a supercontinent with 1) stochastic models of randomly-moving
continental blocks and 2) 3-D spherical models of mantle convection with continental blocks. For the
stochastic models, we determined the time required for all the blocks to assemble into a single
supercontinent on a spherical surface. We found that the assembly time from our stochastic models is
significantly longer than inferred for Pangea and Rodinia. However, our study also suggests that the assembly
time from stochastic models is sensitive to the rules for randomly assigning continental motion in the
models. In our dynamic models of mantle convection, continental blocks are modeled as deformable and
compositionally distinct materials from the mantle. We found that mantle convective planform has
significant effects on supercontinent assembly. For models with moderately strong lithosphere and the lower
mantle relative to the upper mantle that lead to degree-1 mantle convection, continental blocks always
assemble to a supercontinent in ~250 million years (Ma) and this assembly time is consistent with inferred
for Pangea and Rodinia. However, for models with intrinsically small-scale mantle flows, we found that even
when continental blocks merge to form a supercontinent, the assembly times are too long and the convective
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structures outside of supercontinent regions are of too small wavelengths, compared with observed.
© 2008 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

The assembly and breakup of supercontinents are fundamental
processes that affect the Earth's geological evolution and control the
large-scale tectonics including the mountain building and seafloor
spreading (see Murphy et al., 2009-this issue; Eriksson et al., 2009-this
issue; Santosh et al., 2009-this issue). Recent reconstructions of
continental motions and supercontinents suggest that time scales for
supercontinent cycles are ~600 Ma with a life time of ~150 Ma for a
supercontinent and 400-450 Ma for supercontinent breakup and
assembly (Hoffman, 1991; Torsvik, 2003; Li et al, 2008). A Paleo-
Mesoproterozoic supercontinent Columbia has been proposed to exist
until 1.5 Ga ago (Rogers and Santosh, 2002; Rogers and Santosh, 2009-
this issue). After the breakup of Columbia, the dispersed continental
blocks accreted around the margin of Laurentia and formed super-
continent Rodinia 900 Ma ago (Weil et al., 1998; Tosvik, 2003; Li et al.,
2004; Li et al., 2008; Rino et al., 2008). Rodinia existed for ~150 Ma and
started to breakup at ~750 Ma ago. The most recent supercontinent
Pangea formed around 320 Ma ago as Gondwana and Laurussia collided
near the equator (Smith et al., 1981; Veevers, 2004). Similar to Rodinia,
Pangea existed for ~150 Ma and started to breakup ~175 Ma ago.
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E-mail address: nan.zhang@colorado.edu (N. Zhang).

Supercontinent processes have implications for the present-day
mantle structure. Seismic tomography models (Su and Dziewonski,
1997; van der Hilst et al., 1997; Ritsema et al., 1999; Masters et al., 2000;
Grand, 2002; Romanowicz and Gung, 2002) have showed that the
present-day mantle is predominated by degree-2 structure with two
major seismically low velocity anomalies beneath Africa and the mid-
Pacific that are surrounded by circum-Pacific seismically fast anoma-
lies. The African seismic anomaly is located where Pangea was and is
suggested to be related to Pangea (Anderson, 1982; Hager et al., 1985).
Circum-Pacific seismic anomalies are related to the subduction history
of last 120 Ma (Hager et al., 1985; Lithgow-Bertelloni and Richards,
1998; Maruyama et al., 2007; see also Zhao, 2009-this issue) which is
related to the previous subduction around Pangea (e.g., Scotese, 1997).
The Pacific anomaly, which is antipodal to the African anomaly, is
suggested to play an important role in forming Pangea (Zhong et al.,
2007). Therefore, the present-day mantle structure may be closely
related to Pangea.

Supercontinent processes may also have important implications
for the dynamics of the mantle (Anderson, 1982; Gurnis, 1998; also see
Ernst, 2009-this issue; Coltice et al., 2009-this issue). Both Pangea and
Rodinia were surrounded by subduction zones (Scotese, 1997; Torsvik,
2003; Li et al., 2008). Before and during their breakup, Pangea and
Rodinia experienced large-scale rifting, volcanism and magmatism
(Hoffman, 1991; Li et al., 2008). It has been suggested that the
volcanism and supercontinent breakup are caused by the thermal
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insulation effects of a supercontinent (Anderson, 1982; Gurnis, 1998).
However, recent numerical modeling of supercontinent processes in
three-dimensional spherical models suggests that return flows
induced by circum-supercontinent subduction may play a more
important role in causing the volcanism and supercontinent breakup
(Zhong et al., 2007), consistent with previous two-dimensional
modeling studies (Gurnis, 1998; Lowman and Jarvis, 1995). This is
also supported by the inference that with the relatively small
radiogenic heating in the depleted upper mantle, the thermal
insulation effect is rather weak in the relatively short life times of
supercontinents (Korenaga, 2007; Zhong et al., 2007).

The processes responsible for supercontinent assembly are more
controversial with two competing proposals. First, it has been
suggested that a supercontinent may be formed as a result of collision
of randomly moving continents with no explicit involvement of the
underlying mantle (Tao and Jarvis, 2002). Modeling the collision of
randomly moving continents using rule-based stochastic models
suggested that such a mechanism can lead to formation of a
supercontinent on time-scales of 400 Ma, consistent with that
observed. Second, the formation of supercontinents is considered as
a consequence of mantle dynamics (Lowman and Jarvis, 1995; Gurnis,
1998; Phillips and Bunge, 2005, 2007). Using 2-D mantle convection
models, Gurnis (1998) showed that continental blocks merge above
downwellings to form a supercontinent, a result that is later
confirmed by other 2-D (Lowman and Jarvis, 1995) or 3-D (Phillips
and Bunge, 2005, 2007) models. Phillips and Bunge (2007) examined
the effects of various convection parameters including internal
heating on the period of supercontinent cycles.

However, a relevant question that was not explicitly addressed in
these dynamic models is the control of convective planform on
supercontinent formation. Can a supercontinent be formed in a
mantle with small-scale convective structures and multiple down-
wellings? If so, this may provide a physical basis for the stochastic
model of Tao and Jarvis (2002) with randomly moving continental
blocks, given that small-scale structures may not affect continental
motions in a coherent way. Alternatively, does supercontinent
formation require long-wavelength flow structure? How are the
long-wavelength structures for supercontinent formation related to
the present-day mantle structures?

Some of these questions were answered in a recent study by Zhong
etal. (2007). In a 3-D spherical model of mantle convection, Zhong et al.
(2007) showed that with relatively realistic mantle viscosity (i.e.,
moderately high viscosities for both lithosphere and lower mantle,
relative to the upper mantle), mantle convection is characterized by a
degree-1 planform in which one hemisphere is dominated by down-
wellings while the other by upwellings. They suggest that such a degree-
1 convection causes continental blocks to merge in the downwelling
hemisphere to form a supercontinent. They further showed that after a
supercontinent is formed in the downwelling hemisphere, circum-
supercontinent subduction induces another major upwelling system
below the supercontinent, transforming the degree-1 planform to
degree-2 planform with two antipodal upwellings. Zhong et al. (2007)
suggested that this transition between degree-1 and degree-2 plan-
forms of mantle convection modulated by continents is essential for
supercontinent processes, and that the present-day mantle with degree-
2 structure and two antipodal superplumes (African and Pacific) reflects
the aftermath of Pangea breakup. This proposal is different from an early
suggestion by Evans (2003) that a supercontinent is formed in a
downwelling girdle separating two major upwellings in a mantle with
largely degree-2 structure.

The main goals of this study are to continue exploring these two
proposed models for supercontinent formation, i.e. the stochastic
models for collision of randomly-moving continents and dynamic
models of continental motions driven by mantle convection. We
intend to answer the following specific questions. For stochastic
models with randomly moving continents in which the dynamics of

the mantle are left out, how are the time-scales for supercontinent
formation dependent on different rules (e.g., Tao and Jarvis, 2002)? For
dynamic models of continental motions driven by mantle convection,
how does supercontinent formation depend on planform of mantle
convection? Can a supercontinent form in mantle convection domi-
nated by small-scale flow structures? If so, what is the time-scale for its
formation? Our dynamic models of supercontinent formation in 3-D
spherical convection models with multiple mobile continents repre-
sent a significant improvement compared with Zhong et al. (2007) in
which either no continent or only one fixed continent was considered.
Our studies also differ from Phillips and Bunge (2005, 2007) in which
continental blocks are modeled as rigid, non-deformable blocks using
the torque balance technique (Gable et al., 1991). In our study,
continents are modeled as compositionally distinct and deformable
(Zhong et al., 2000; McNamara and Zhong, 2004), similar to what was
done in previous 2-D models (Lenardic and Kaula, 1993; Lenardic and
Moresi, 1999). Additionally, our study emphasizes the role of
convective planform in supercontinent formation, while Phillips and
Bunge's studies were focused on the role of internal heating in the
periods of supercontinent cycles.

This paper is organized as follows. Section 2 describes the models
and methods. In which we present 1) our algorithms for models with
randomly-moving continental blocks and 2) mathematical formula-
tions and models of mantle convection with continents. Section 3
presents model results. Discussions and conclusions are presented in
Sections Section 4 and 5.

2. Models and methods
2.1. The rule-based model with randomly-moving continental blocks

In order to explore the assembly time of randomly-moving
continental blocks, following Tao and Jarvis (2002), we employ a
stochastic model and monitor the time required for all of continental
blocks to assemble into a single model supercontinent. We first
describe our models, and then discuss the difference between ours
and Tao and Jarvis's model.

In our model, n circular blocks are initially evenly or randomly
distributed on a spherical surface, and the total area of the blocks
accounts for 30% of the spherical surface. Initially, each block is randomly
assigned an Euler pole, and the angular speed for all the blocks are the
same. At each time step, the speed for each block is varied randomly
within a certain range (50%) of the initially specified speed.

The model evolves according to the following rules:

(1) Any two blocks are considered merged if the distance between

the centers of the two blocks is less than 2/3 of the sum of radii

of these two blocks. If at a given step, more than two blocks
collide, only the two blocks with the shortest distance between
the centers merge.

Once two blocks are considered merged, they are replaced with

a new circular block. The center of the new block is the middle

point between the centers of the previous two blocks and its

area is the sum of the previous blocks.

(3) Anew Euler pole is assigned randomly to the new block and the
new block moves on until the next collision.

(4) When all the blocks merge into a single super-block, we count
the number of time steps the assembling process takes and
obtain the assembly time. In order to obtain the statistical
average of assembly time, we repeat the above model
calculation 10,000 times and then compute the average
assembly time for these 10,000 runs.

(2

—

In this model, the speed and the initial number of continental
blocks may influence the assembly time. To examine their effects, the
speed is varied from 1 cm/yr to 15 cm/yr and the initial number of
continental blocks is varied from 4 to 12.



N. Zhang et al. / Gondwana Research 15 (2009) 267-275 269

A different set of rules was used by Tao and Jarvis (2002) in their
model with randomly-moving continental blocks. In their model,
circular blocks are on a Cartesian plane with periodic boundary
condition. They assigned random initial velocities with a plate-like
range from one to ten cm/yr. They updated the random velocities every
50 Ma and assigned a new velocity direction for a block randomly within
445° of previous direction. In this study, we also implemented the rules
used in Tao and Jarvis (2002), and compared results from our models to
examine the effects of different rules on assembly time.

2.2. Mantle convection models with continents

Our dynamic models of mantle convection with continental blocks
in a three-dimensional spherical geometry assume an infinite Prandtl
number and the Boussinesq approximation. Continental blocks are
modeled as a chemical distinct material with different density and
viscosity. The non-dimensional governing equations for mantle
convection with different compositions are (e.g., Zhong et al., 2000;
McNamara and Zhong, 2004):

vV.u=0 (1)
—VP 4 V- (mé) = (RaT — RbC)e,, )
g i (u.V)T=v2T+H, 3)
aC

3t + (u-Vv)Cc =0, (4)

where u is velocity vector, P is the dynamic pressure, 7] is the viscosity,
£ is the strain rate tensor, T is the temperature, t is the time, H is
internal heat generation rate, and C is the composition that is used to
define continental blocks.

Ra is the thermal Rayleigh number defined as

Ra = apgATRg / (M.K), (5)

where « is the thermal expansivity, p is the density, g is the
gravitational acceleration, AT is the temperature difference between
the top and bottom boundaries, Ry is the radius of the Earth, 7, is the
reference viscosity, and k is the thermal diffusivity. Notice that if Ra is
defined by mantle thickness, d, a conversion factor, (d/R0)3, needs to
be multiplied (Zhong et al., 2000).

Internal heat generation rate H is defined as

_OR
PC,KAT’

(6)

where Q is the volumetric heat production rate, and ¢, is the specific
heat.

Rb is the chemical Rayleigh number defined as
Rb = gApRy / (1), (7)

where Ap is the density contrast between two chemical components
(e.g., continents versus the mantle). A useful parameter is the
buoyancy ratio, B

B = Rb/Ra = Ap/ (apAT). (8)

The nondimensional depth-, temperature-, and composition-
dependent viscosity is

(T, €) = mo(r)ncexplE(0.5 — T)], 9

where 1) is the depth dependent prefactor, 7). is the compositional
prefactor, and E is the activation energy.

The nondimensional radii for the top and bottom boundaries are 1
and 0.55, respectively. Free-slip and isothermal boundary conditions are
applied at the surface and the core-mantle boundary in all calculations.
Therefore, continental blocks are free to move and deform to interact
with mantle flows.

The governing equations are solved with code CitcomS (Zhong et al.,
2000) that was modified from an original Cartesian code (Moresi and
Gurnis, 1996). Thermochemical convection capability was incorporated
into CitcomS by McNamara and Zhong (2004). The mantle is divided
into 12 caps and each cap is further divided into 48 elements in three
directions. Our previous calculations show that resolution is adequate
for this type of calculation (Zhong et al., 2007).

Our models include six model parameters: thermal Rayleigh
number Ra, depth-dependent viscosity prefactor 1)o(r), internal heat
generation rate H, activation energy E, buoyancy ratio B, and
compositional prefactor 7).. The last two parameters B and 7). are used
to describe continental blocks. To maintain the integrity for continents
and minimize the chemical entrainment for continental materials
during model calculations, B and 7). are set to be 0.5 and 200,
respectively for all calculations with continents. Too high 7. may
introduce numerical convergence difficulty when continental blocks
collide, while too small 7. may lead to too large deformation and
entrainment. We fix activation energy E to be 6.908 that gives rise to
10? viscosity variation for the temperature varying from 0 to 1. With
this activation energy, our model captures the essential features of
mantle convection with temperature-dependent viscosity, and mantle
convection remains in the mobile-lid regime (e.g., Solomatov, 1995).
We also fix internal heat generation rate H and thermal Rayleigh
number Ra in our models, while varying 1o(r) to explore the effects of
convective planform. With temperature-dependent viscosity and the
free-slip boundary condition on the surface, our models are not able to
reproduce plate-like behaviors for oceanic regions, although the
temperature-dependent viscosity generates the long-wavelength
convective structures. Convection models with plate tectonics require
more realistic modeling of the nonlinear or plastic deformation of
lithosphere at plate margins, which remains a challenge in mantle
dynamics (e.g., Bercovici, 1995; Zhong et al., 1998; Tackley, 2000).

Calculations are performed in two steps. Firstly, for a given set of
parameters, a pure thermal convection model is computed until global

Fig. 1. Locations of continents at three different times in a representative model calculation for the stochastic models of continental collision. The initially 12 continents (A) merge to
six continents (B), and eventually form a supercontinent (C). The arrows give the directions of continental motions.
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Fig. 2. Histograms of assembly times for 1000 runs (A), 10,000 runs (B), and 100,000 runs (C) of stochastic models with 1 cm/yr speed. The averaged assembly times (the vertical bar)
are 5469 Ma for 1000 runs, 5406 Ma for 10,000 runs and 5407 Ma for 100,000 runs, respectively.

average quantities (e.g., heat flux and root mean square velocity) reach to
a statistic steady-state. Initial temperature conditions of the purely
thermal convection models consist of a radial temperature profile
superimposed with horizontal perturbations. The initial temperature is
0.5 for the mantle interior and changes linearly to boundary temperatures
0 or 1 across the top or bottom thermal boundary layers. Secondly, for the
same model parameters, using the steady-state temperature field from
these purely thermal convection models as initial conditions (Honda
et al,, 2000; Phillips and Bunge, 2007), a certain number of continental
blocks are introduced in model calculations to examine the dynamic
interaction between convection and continents. For models with
continental blocks, we introduce either two or four continental blocks
with total continental area accounting for 30% of the Earth's surface. The
thicknesses of continental blocks are set to be 100 km. In these models,
we trace the motion and collision of continental blocks and investigate
the role of mantle convection in the assembly of continental blocks.

3. Results

In this section, we first present results from our stochastic models with
randomly-moving continental blocks and compare our model results with
those from Tao and Jarvis (2002). We will then present results from
dynamic models of mantle convection with continental blocks.

3.1. Assembly time of the randomly-moving blocks
3.1.1. The assembly process and the statistic average for the assembly time

We first present a case with initial continental motion of 1 cm/yr to
show the assembly process of randomly moving blocks (Fig. 1). This case

1 1 1
12 blocks r
sesaneeeeeenees 10 blocks
———————— 8 blocks
.= B blocks
2000+ 4 blocks i
10004 -
©
=
500 -
2004 -
100 T T T
1 2 5 10 20

Speed (cm/yr)

Fig. 3. The inversely proportional relation between the assembly times and the average
continental speeds for stochastic models with initially 4 (diamond symbols), 6
(inverted triangles), 8 (stars), 10 (triangles), and 12 (squares) continents. Each symbol
represents averaged assembly time from 10,000 runs.

has initially 12 continental blocks each with a surface area equal to 2.5%
of the area of the spherical surface. Fig. 1 shows three snapshots of
positions and sizes of continental blocks from the assembly process. In
this case, initially 12 continental blocks merge to six blocks of different
sizes after 1400 Ma (Fig. 1B). They assemble to a supercontinent after
5380 Ma (Fig. 1C).

A large number of runs are needed in order to obtain a statistically
meaningful average assembly time. For the same initial number of
blocks and average speed of continental motion, we have computed
1,000, 10,000, and 100,000 model runs and three histograms showing
the frequency distribution of assembly times are plotted in Fig. 2. These
results show that 10,000 runs are sufficient for obtaining a stable
statistic average of assembly time, which is ~5.4 Ga for this model.

3.1.2. Dependence of assembly time on continental motion and number
of blocks

Assembly time may depend on the average speed of continental
blocks and initial number of blocks. For a fixed initial number of
blocks, we compute models with average speed of 1 cm/yr, 2.5 cm/yr,
5 cm/yr, 10 cm/yr and 15 cm/yr and determine the average assembly
times (Fig. 3). It should be noted that each assembly time in Fig. 3 is
obtained from 10,000 runs for a given initial number of blocks and
average speed. For a given initial number of blocks, the assembly time
is inversely proportional to the average block speed (Fig. 3). Therefore,
we only show results of assembly times for continental blocks with
average speed of 1 cm/yr in Table 1. For different average speeds, one
can easily obtain assembly time by scaling the results in Table 1.

Our model calculations show that the assembly times are
moderately dependent on the initial number of blocks (Table 1 and
Fig. 3). If we employ the averaged speed for present-day continents,
2.8 cm/yr, which is calculated based on the NUVEL-1 model in a Non-
Net-Rotation frame (Gordon and Jurdy, 1996) and weighed by
continental area, the results in Table 1 suggest that assembly time
varies from 1200 Ma for initially four blocks to 1900 Ma for initially 12
blocks. This is significantly longer than the observed assembly time for
supercontinent which is ~300-400 Ma.

3.1.3. Thecomparisons between ourmodel and Tao and Jarvis'model (2002)
In a similar study, Tao and Jarvis (2002) employed a different set of
rules for the assembly process and suggested a different assembly
time (~400 Ma) of randomly-moving continental blocks.
To investigate the cause for the difference on the predicted assembly
times between our models and Tao and Jarvis (2002), we first
implemented their models in Cartisian geometry and reproduced their

Table 1

The assembly times determined from the stochastic models®.

Number of blocks 12 10 8 6 4
Assembly time (Ma) 5407 5103 4610 4120 3220

@ All the calculations use 1 cm/yr as the speed of continental motion.
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Table 2
Input parameters and assembly times for dynamic models of mantle convection.

Case 1o um® LCP(Lm) n® Strongest Assembly Surface velocity € (%)f
degree (s)¢  times (Ma)®
1 1 (32) - 69 = 2.612x 10° 41
1A 1 Case 1 2 24 - 2.638x10° 47
1B 1 Case 1 4 126 650 3.201x10° 49
1C 1/30 Case 1 4 1 270 8.915x 10° 37
2 1/3 (3.2) - 34 = 3.782x 103 36
2A 1/3 Case 2 2 1234 505 5.250x 10° 42
2B 1/3 Case 2 4 123 365 4159 10° 43
2C 1/30 Case 2 4 1 260 7.585x 10° 32

@ Mo um is the pre-exponential factor for the viscosity equation for the top 100 km and
between 100 km and 670 km depths. 1), for the lower mantle is 1.

b 1.C. is the initial conditions. For pure thermal case 1 or 2, the initial condition is
perturbation at some given spherical harmonic degree | and m. For thermochemical
cases, the initial conditions are from the stable thermal structures of case 1 or 2.

¢ n is the number of continental blocks.

4 Strongest degrees are the dominant spherical harmonic degrees of temperature
fields after the steady-state is reached or the supercontinents are formed.

€ Assembly times are measured in terms of transit times.

T ¢ is the internal heating rate.

models D-7 and D-20. Then, we introduced Tao and Jarvis' rules to our
spherical model to investigate the dependence of assembly time on
different rules. For better comparison, we also assumed that model
continents account for 35% of the Earth's surface, employed continental
motion speed from one to ten cm/yr, and let the continents on the
spherical surface randomly moving along great circles instead of
randomly assigning Euler poles.

With the rules by Tao and Jarvis (2002) in our spherical model, we
obtain the assembly times 280 Ma with initially seven blocks (i.e.,
corresponding Tao and Jarvis' model D-7) and 354 Ma with initially 20
circles (i.e., corresponding Tao and Jarvis' model D-20), which are
similar to Tao and Jarvis (2002), suggesting that the geometry effect is
small. If we replaced their rule assigning a new velocity direction after
an interval of 50 Ma with our original rule assigning a new velocity
after a collision, the assembly times increase from 280 Ma to 997 Ma for
initially seven blocks and 354 Ma to 1281 Ma for initially 20 blocks,
respectively. If we further replaced the rule limiting velocity direction
within £45° of its previous direction with our rule of all the possible
directions in assigning to continents after collision (i.e., 360 degrees),
the assembly time increases from 997 Ma to 1541 Ma for initially seven
blocks and 1281 Ma to 2542 Ma for initially 20 blocks. In this case, the
model is essentially the same as our original model, and the assembly
times are of the same magnitude as that from our models in subsection
3.1.2. This result suggests that the assembly time is sensitive to the
rules for assigning the random velocity, which suggests the importance
of dynamic models of mantle convection.

A

e b
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3.2. Supercontinent formations in dynamic models of mantle convection

3.2.1. Models of mantle convection with no continents

We first present two cases with no continental blocks to be used as
initial temperature conditions for later cases with continents. Case 1
uses a Rayleigh number Ra=3x10® (i.e., Ra=2.73 x 10 if the mantle
thickness is used to define Ra), internal heat generation rate H=50, and
a constant depth-dependent viscosity prefactor 1o(r) =1 throughout
the mantle (Table 2). The initial temperature has a perturbation at
spherical harmonic degree =3 and m = 2. The viscosity profile of case
1 is shown in Fig. 4A. We compute the case for ~30,000 time steps to a
statistical steady-state. The representative planform of mantle convec-
tion is characterized by relatively short-wavelengths with a large
number of upwellings and downwellings in the mantle (Figs. 5A and
6A). Power spectra for temperature within the bottom thermal
boundary layer display a maximum amplitude at degrees 6 and 9 (Fig.
4B). The averaged surface velocity at the steady-state is ~ 2.6 x 10> (Table
2). The internal heating rate, determined from the averaged surface and
bottom heat flux, is 41% (Table 2).

Case 2 differs from Case 1 only in having a reduced upper
mantle viscosity with 19(r) =1/3 between 100 km and 670 km depths
and 1o(r)=1 elsewhere (Table 2). The viscosity profile of case 2 is
shown in Fig. 4A. We compute case 2 for ~40,000 time steps to a statistical
steady-state. Although case 2, similar to case 1, has a large number of
upwellings and downwellings in the mantle (Figs. 5B and 6B), convective
wavelengths for case 2 are increased compared to case 1 (Fig. 5A),
reflecting the effect of weak upper mantle on convective wavelengths
(Jaupart and Parson, 1985; Bunge et al., 1996; Zhong et al., 2007).

3.2.2. Supercontinent formation in convection with small-scale thermal
structures

Case 1A uses the same parameters as case 1, but includes two
continental blocks. Case 1A uses the steady-state temperature field from
case 1 (i.e., Figs. 5A and 6A) as initial conditions. One continental block is
initially assigned with a random position, while the other continental
block is antipodal to it. The viscosity profile of case 1A is similar to that
from case 1 as shown in Fig. 4 except that the viscosity at the top is larger
due to the compositional viscosity for continents. Following Zhong and
Gurnis (1993), we use transit time to measure times and to compare
with the observation time-scale. A transit time is defined as the time it
takes a flow particle to travel at the averaged speed at the surface from
the surface to the core-mantle boundary. On the Earth, one transit time
is ~50 Ma, taking the averaged surface plate motion to be ~6 cm/yr.

For case 1A, after six transit times corresponding to ~300 Ma, the
large-scale cold anomalies have accumulated around these two
continental blocks but only at shallow depths (Fig. 7B). After 17 transit
times (i.e., 850 Ma), these two blocks are still wandering around with no
indication of merging to a supercontinent (Figs. 6C and 7C), and we

-2
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00 e b L L
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Fig. 4. The depth-dependences of horizontally averaged mantle viscosities for cases 1, 2, and 1C (A), and power spectra of temperature within the bottom thermal boundary layers for
cases 1, 2, 1B, 2B, and 1C (B). The spectra for cases 1 and 2 are steady-state results, while the spectra for cases 1B, 2B, and 1C are for that after the assembly of supercontinents.
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Fig. 5. Three dimensional thermal structures for cases 1 (A) and 2 (B) at their statistically steady states. The thermal structures are plotted as isosurfaces of residual temperature with
contour levels of —0.15 (blue) and 0.15 (yellow). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Temperature

0.000 0.125 0.250 0.375 0.500 0.625 0.750 0.875 1.000

Fig. 6. Temperature fields at non-dimensional radius 0.59 for cases 1 (A), 2 (B), 1A (C), 1B (D), 2A (E), and 1C (F). Purple curves in (C), (D), (E), and (F) delineate the boundaries of
continents. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Thermal structures and locations of continents (transparent caps) for cases 1A at its initial stage (A), after six (B) and 17 transit times (C), 1B (D), 2A (E), and 1C (F) at
supercontinent formation. The thermal structures are plotted as isosurfaces of residual temperature with contour levels of —0.15 (blue) and 0.15 (yellow). Notice that the thermal
structures in A is the same as that in Fig. 5A but with a different orientation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

terminate this case at this point. This case indicates that mantle
convection with small-scale structures may not lead to supercontinent
formation.

Case 1B differs from Case 1A only in having four continental blocks
instead of two. One continental block is initially assigned with a random
position on the surface. Then other three blocks are assigned to the
positions to form a tetrahedron with the first block. After 13 transit times
(i.e., ~650 Ma), all of four blocks have merged to a supercontinent
(Figs. 6D and 7D). Long-wavelength structures including linear down-
wellings are generated around the supercontinent (Fig. 7D). The power
spectrum of the thermal structures in the bottom thermal boundary
shows the strongest amplitude at degree 2 (Fig. 4B), consistent with the
increased convective wavelengths seen in Fig. 7D, compared to case 1.
This increased wavelength reflects the effects of supercontinent (Zhong
and Gurnis, 1993). However, it is important to observe that the thermal
structures outside of the supercontinent region are of relatively small-
scale wavelengths with a large number of downwellings and upwellings
(Fig. 6D), similar to that in case 1.

Using the steady-state thermal structure for case 2 (Figs. 5B and 6B)
as initial conditions, we computed cases 2A and 2B that initially include
two and four continental blocks, respectively. Cases 2A and 2B are
identical to case 2, except for including continental blocks. Compared
with cases 1A and 1B, the upper mantle viscosity is reduced by a factor of
three in cases 2A and 2B. For case 2A, the two continental blocks merge to
a supercontinent after 10.1 transit times corresponding to 505 Ma
(Fig. 7E). In case 2B, all four continental blocks merge to form a
supercontinent after ~7.3 transit times or ~365 Ma. Similar to what was
observed in cases 1A and 1B, while supercontinents introduce long-

wavelength structures near them, regions outside of supercontinents are
predominated by shorter-wavelength structures in the form of down-
wellings and upwellings (Figs. 6E and 7E). However, relative to cases 1A
and 1B, cases 2A and 2B with reduced viscosity in the upper mantle,
appear to have large convective wavelengths in non-continental regions
(Figs. 6E and 7E), similar to what has been observed for cases 1 and 2.

3.2.3. Supercontinent formation in mantle convection with long-
wavelength structures

Zhong et al. (2007) found that with a weak upper mantle bounded
by relatively strong lithosphere and lower mantle, mantle convection is
characterized by very long wavelength (i.e., degree-1) planform that
they suggested to be responsible for supercontinent formation. Here, we
explore the models with the same viscosity structure used in Zhong et al.
(2007) (i.e., no(r)=1/30 between the depths of 100 km and 670 km,
while it is unity elsewhere) but with continental blocks to investigate
the supercontinent formation. We have calculated cases 1C and 2C that
differ only in using different initial conditions, otherwise they are
identical (Table 2). Case 1C uses the steady-state temperature from case
1 (Fig. 5A), while case 2C uses that from case 2 (Fig. 5B). Both cases 1C
and 2C use the viscosity with a factor of 30 reduction in the upper mantle
(Fig. 4A) and include four continental blocks in their initial setup. For
case 1C, after 5.4 transit times (i.e., ~270 Ma), all four continental blocks
merge to form a supercontinent (Figs. 6F and 7F). The thermal structure
evolves to a degree one pattern (Fig. 6F). The spectrum of the thermal
structures after the supercontinent formation is shown in Fig. 4B.
Clearly, the degree-1 pattern dominates the convection at the late stage.
The results from case 2C are essentially the same as for case 1C with a
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slight different assembly time at ~260 Ma, suggesting that the results
are insensitive to initial conditions.

4. Discussion

Among the studies on the mechanism and cause for supercontinent
formation (Lowman and Jarvis, 1993, 1995; Gurnis, 1998; Phillips and
Bunge, 2007), there are two end-member views. First, Zhong et al.
(2007) found that mantle convection with moderately strong litho-
sphere and lower mantle than the upper mantle always evolves to a
degree-1 planform and suggested that such a degree-1 planform plays
an important role in causing supercontinents Pangea and Rodinia.
Second, Tao and Jarvis (2002), from their stochastic models for
randomly moving continents, suggested that supercontinent forma-
tion may result from collision of randomly moving continents at time-
scales of ~400 Ma for the formation process with no explicit role of
mantle convective structures.

The current study found that the time-scale for supercontinent
formation from the stochastic models depends greatly on the rules
assumed in the models. While reproducing their ~400 Ma time-scales of
supercontinent formation using similar rules as Tao and Jarvis (2002), we
also found that using different but arguably equally plausible rules, the
time-scales for supercontinent formation can be significantly longer at
1 Ga or longer. Therefore, we think that it is important to study the
physics and dynamics of supercontinent formation and mantle convec-
tion and to understand the rules (Lowman and Jarvis, 1993, 1995; Gurnis,
1998; Phillips and Bunge, 2007). This is further supported by our dynamic
models of mantle convection with continents. In some of such dynamic
models, continental blocks may never merge to a supercontinent in
mantle convection predominated by small-scale structures (e.g.,
Case 1A). In other dynamic models, while continental blocks merge to
form a supercontinent in convection with intrinsically small-scale
structures, the assembly times may be too long and the convective
structures outside of supercontinent regions are of too small wavelengths
to be consistent with geological and geophysical observations (e.g., Cases
1B, 2A and 2B).

Our study also supports the proposal by Zhong et al. (2007) on the
importance of very long-wavelength mantle convection. Using similar
viscosity structure as in Zhong et al. (2007), we find that starting from
a small-scale convective planform, a supercontinent always forms on a
time-scale of ~260 Ma. Additionally, during the supercontinent
assembly process, mantle convection is predominated by degree-1
planform, consistent with Zhong et al. (2007). Although the inferred
non-supercontinent period for Pangea and Rodinia is ~400 Ma as
reviewed in the Introduction, we think that this is not inconsistent
with our ~260 Ma supercontinent formation time-scales. This is
because that after supercontinent breakup starts, it may last for more
than 100 Ma with a dynamic state that is similar to that for
supercontinent breakup. Our models do not include such a process
for supercontinent breakup.

In our dynamic models on supercontinent formation, we contrast the
models with two drastically different convective planforms: small-scale
convection and degree-1 convection. An important question is whether
degree-1 convection is necessary for supercontinent formation or other
long-wavelength convective planforms are equally viable. For example,
Evans (2003) proposed that a degree-2 planform with two superplumes
similar to the present-day mantle structure is responsible for super-
continent formation with continental blocks merging at the down-
welling girdle. Phillips and Bunge (2005, 2007) were able to generate
supercontinent cycles in their models with various long-wavelength
convective planforms. We believe that answers to this question rely on
progress in both modeling long-wavelength mantle convection with
tectonic plates and applying them in understanding the observations.

Although in many convection studies (e.g., Bunge et al., 1996; Phillips
and Bunge, 2005, 2007; Zhong et al., 2007), the viscosity in the lower
mantle is a factor of 30 higher than that for the upper mantle, consistent

with inferred from the geoid studies (e.g., Hager and Richards, 1989),
significant differences in mantle viscosity exist between these models
that could explain the difference in convective planform seen in them.
Bunge et al. (1996) and Phillips and Bunge (2005, 2007) did not include
temperature-dependent viscosity and used a lithospheric viscosity
comparable to the upper mantle viscosity. However, both this study and
Zhong et al. (2007) use temperature-dependent viscosity and moder-
ately strong lithosphere (i.e., on average ~200 times stronger than the
upper mantle or lithospheric viscosity of 10°2-10%3 Pa s). Zhong et al.
(2007) showed that both moderately strong lithosphere and tempera-
ture-dependent viscosity may have significant effects on convective
planform, consistent with previous studies (Harder, 2000; McNamara
and Zhong, 2005).

If the averaged lithospheric viscosity used in Zhong et al. (2007) is
reasonable, then degree-1 convection is inevitable, along with super-
continent formation, as indicated in Zhong et al. (2007). The proposed
transformation from degree-1 to degree-2 planforms due to circum-
supercontinent subduction after supercontinent formation in Zhong
et al. (2007) also provides an explanation to present-day mantle
structures, particularly the antipodal Pacific and African superplumes.
Such a connection between modeled and observed mantle structures in
relation to supercontinent processes has not been established in other
models (e.g., Phillips and Bunge, 2007). We think that future modeling
studies should explore more understanding of present-day mantle
structures in the context of supercontinent process.

Unlike Phillips and Bunge (2007) who consider both supercontinent
assembly and breakup, our models do not incorporate continental
breakup process yet. This is partially due to the different ways of
modeling continents. Phillips and Bunge (2005, 2007) used a torque
balance method (Gable et al., 1991; King et al., 1992) to model the
motion of continents as rigid and un-deformable blocks. While in our
modeling, in order to include supercontinent breakup, continental
rifting process needs to be considered explicitly as in Gurnis (1998) and
Lowman and Jarvis (1995). This may also require modeling nonlinear or
plastic deformation of lithosphere at plate margins. This is one of our
future research directions.

5. Conclusion

We have investigated processes of supercontinent formation for
continental blocks that migrate randomly using a stochastic model
and that dynamically interact with mantle convection in dynamic
models. Our results can be summarized as follows.

1) Our stochastic modeling calculations suggest that the assembly time
of a supercontinent is 1200-1900 Ma based on the averaged speed
for the present-day continental motion. This time scale is much
longer than ~300-400 Ma for continental assembly inferred for
Pangea and Rodinia, suggesting that supercontinent formation is less
likely to be a pure random process. However, the assembly time
inferred from these stochastic models is sensitive to rules assumed in
this type of models which give rise to ~400 Ma supercontinent
formation time, as shown in Tao and Jarvis (2002).

2) Our modeling for supercontinent formation with mantle convection
focuses on the roles of convective planform. Our results show that
continental blocks driven by convection with intrinsically degree-1
thermal structure merge to form a supercontinent in ~250 Ma. During
and after supercontinent formation, mantle convection is predomi-
nated by a degree-1 planform, consistent with Zhong et al. (2007).

3) Our models with intrinsically short-wavelength thermal structures
show that continental blocks may not merge to form a super-
continent, depending on the characteristic wavelengths of mantle
flows and the number of continental blocks. In cases when
continents merge to form a supercontinent, our modeling shows
that the assembly time may be too long and convective wavelengths
may be to shorter, compared with observations.
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