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Abstract

We show in this paper that mobile-lid mantle convection in a three-dimensional spherical shell with observationally constrained
mantle viscosity structure, and realistic convective vigor and internal heating rate is characterized by either a spherical harmonic
degree-1 planform with a major upwelling in one hemisphere and a major downwelling in the other hemisphere when continents
are absent, or a degree-2 planform with two antipodal major upwellings when a supercontinent is present. We propose that due to
modulation of continents, these two modes of mantle convection alternate within the Earth’s mantle, causing the cyclic processes of
assembly and breakup of supercontinents including Rodinia and Pangea in the last 1 Ga. Our model suggests that the largely
degree-2 structure for the present-day mantle with the Africa and Pacific antipodal superplumes, is a natural consequence of this
dynamic process of very long-wavelength mantle convection interacting with supercontinent Pangea. Our model explains the basic
features of true polar wander (TPW) events for Rodinia and Pangea including their equatorial locations and large variability of
TPW inferred from paleomagnetic studies. Our model also suggests that TPW is expected to be more variable and large during
supercontinent assembly, but small after a supercontinent acquires its equatorial location and during its subsequent dispersal.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The Earth’s large-scale continental tectonics for the
last 1 Ga including mountain building, volcanism and
rifting are predominated by the cyclic processes of as-
sembly and breakup of supercontinents Rodinia (Hoff-
man, 1991; Torsvik, 2003; Dalziel, 1991; Moores, 1991;
Li et al., 2004; Li et al., in press) and Pangea (Hoffman,
1991; Smith et al., 1981; Scotese, 1997). The primary
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assembly of Pangea occurred ~330 Ma ago in the Car-
boniferous as Gondwana and Laurussia collided near the
equator (Hoffman, 1991; Smith et al., 1981; Scotese,
1997) (Fig. 1a). The formation of Pangea and the col-
lisions among continental blocks generated mountain
belts including Appalachians and Urals. The breakup of
Pangea started ~ 175 Ma ago during the Middle Jurassic,
first with North America breaking away from Africa,
South America and Eurasia, followed with a sequence of
breakups from ~ 140 Ma to 100 Ma in the Cretaceous
between Antarctic, Australia, Africa and South America
(Hoffman, 1991; Smith et al., 1981; Scotese, 1997). The
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Fig. 1. Reconstruction of supercontinents Pangea at 195 million years ago (Scotese, 1997) (a) and Rodinia at 750 million years ago (Li et al., in press)
(b) shortly before their breakup, seismic structure for present-day mantle above the core—mantle boundary (Ritsema et al., 1999) (c), and the long-

wavelength geoid anomalies (degrees 2 and 3 only) (d).

assembly of Rodinia nucleated around Laurentia and was
responsible for a large number of mountain belts
including the Grenville orogen (1.3 Ga—1 Ga) (Hoffman,
1991; Torsvik, 2003; Dalziel, 1991; Moores, 1991; Li
et al., 2004; Li et al., in press) (Fig. 1b). By ~900 Ma
ago, the assembly of Rodinia was largely complete. The
breakup of Rodinia may have started ~750 Ma ago, as
India, Australia—East Antarctica, and South China broke
away from Laurentia (Li et al., in press). Some of those
continental blocks that broke away from Laurentia may
have eventually merged to form Gondwana by 540—
530 Ma (Hoffman, 1991).

Supercontinent processes have implications for the
structure and dynamics of the mantle. Both Rodinia and
Pangea were largely surrounded by subduction zones
(Figs. 1a and b). This leads to kinematic models sug-
gesting that supercontinent cycles require mantle con-
vection of very long-wavelengths at spherical harmonic
degree 1 (i.e., one hemisphere with downwellings and the
other hemisphere with upwellings) or degree 2 (i.e., two
antipodal upwellings) (Monin, 1991; Evans, 2003). The
present-day mantle is predominated by degree-2 struc-
tures that include the circum-Pacific seismically fast, cold
anomalies and two large seismically slow, hot anomalies
beneath Africa and Pacific (Dziewonski, 1984; Masters

etal., 2000; Ritsema et al., 1999; Romanowicz and Gung,
2002; Van der Hilst, 1997; Grand, 2002) (Fig. 1c). These
seismically derived long-wavelength mantle structures
are closely related to plate motion history in the last
120 Ma (Lithgow-Bertelloni and Richards, 1998; Ricard
et al., 1993; Bunge et al., 1998; McNamara and Zhong,
2005a) that can be reconstructed based on seafloor
observations (Lithgow-Bertelloni and Richards, 1998).
Isochemical mantle convection (Lithgow-Bertelloni and
Richards, 1998; Bunge et al., 1998) with the 120 Ma plate
motion history reproduces the distribution of subducted
slabs in the mantle. Dynamic interaction between the plate
motion history and a thin, chemically distinct and dense
layer above the core—mantle boundary (CMB) (McNa-
mara and Zhong, 2005a) further explains the distribution
of African and Pacific seismically slow anomalies.
However, beyond 120 Ma except for continents, global
plate motion history is not well constrained by seafloor
observations. Nevertheless, it is reasonable to assume that
the plate motion history since the Pangea time is dictated
by the breakup of Pangea that may continue to influence
the present-day mantle structures.

Supercontinent cycles may also be related to true polar
wander (TPW) (Evans, 2003; Anderson, 1982; Li et al.,
2004). TPW is controlled by the degree-2 components of
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the geoid (Goldreich and Toomre, 1969; Steinberger and
O’Connell, 1997; Richards et al., 1997) and is indicative of
structure change of mantle convection. Anderson (1982)
suggested that the Pangea’s equatorial location (Fig. 1a)
resulted from two antipodal geoid highs above Africa and
the central Pacific (Fig. 1d) that were caused by Pangea’s
thermal insulation effects. However, while Pangea was
centered near the present-day Africa, the proposed
insulation at the central Pacific is inconsistent with the
configuration of Pangea (Fig. 1a) (Hoffiman, 1991; Smith
etal., 1981; Scotese, 1997). Also, Pangea does not seem to
experience significant TPW after Gondwana and Laur-
ussia collided near the equator to form Pangea ~250 Ma
ago (Evans, 2003). However, recent paleomagnetic studies
indicate significant TPW for Rodinia before its breakup
(Li et al., 2004; Li et al., in press; Maloof et al., 2006).

Surface plate motion including supercontinent cycles is
undoubtedly controlled by mantle convection. Based on
two-dimensional models of mantle convection, Gurnis
(1988) suggested that continents collide to form a super-
continent above downwellings and that the supercontinent
may subsequently be dispersed by upwellings that develop
below the supercontinent. However, the three-dimensional
planform of mantle convection, a likely important factor
for supercontinent cycles (Monin, 1991; Evans, 2003), has
not been investigated in relevant dynamic models,
although a number of studies have examined the effects
of supercontinents on the dynamics and structure of the
mantle (Zhong and Gurnis, 1993; Lowman and Jarvis,
1996; Lowman and Jarvis, 1995; Phillips and Bunge,
2005). A mantle convection planform characterized by
short-wavelength structures with a large number of
downwellings may not lead to supercontinent assembly,
because continental blocks may be trapped by different
downwellings and hence do not collide together. There-
fore, long-wavelength mantle convection may be neces-
sary for supercontinent assembly (Monin, 1991; Evans,
2003). Particularly, a spherical harmonic degree-1 plan-
form with all the downwellings in one hemisphere and
upwellings in the other hemisphere would inevitably lead
to supercontinent assembly (Monin, 1991; Zhong and
Zuber, 2001).

Radially stratified mantle viscosity may greatly affect
the planform of mantle convection (Zhong and Zuber,
2001; Jaupart and Parsons, 1985; Bunge et al., 1996;
Tackley, 1996; Lenardic et al., 2005; Zhang and Yuen,
1995). Bunge et al. (1996) showed, using three-dimen-
sional spherical shell convection models with only depth-
dependent viscosity, that a viscosity increase from the
upper to lower mantles by a factor of 30, as constrained by
the geoid observations (Hager and Richards, 1989), leads
to increased wavelengths for mantle structures that are

predominated at degree-6. In attempting to understand the
origin of globally asymmetric structures for other
planetary bodies including the Martian crustal dichotomy
and lunar mare basalts, models of stagnant-lid mantle
convection have demonstrated that mantle convection
with a degree-1 planform can be obtained with a suffi-
ciently weak asthenosphere (Zhong and Zuber, 2001;
Parmentier et al., 2002; Roberts and Zhong, 2006). A
degree-1 planform can also be obtained with a moderately
strong lithosphere and without a weak asthenosphere for
Earth-like mobile-lid convection (McNamara and Zhong,
2005b; Harder, 2000; Yoshida and Kageyama, 2005), but
only under moderate convective vigor or Rayleigh number
(McNamara and Zhong, 2005b).

There are two objectives in this study. The first is to
examine the effects of temperature-dependent viscosity,
lithospheric viscosity and viscosity increase at 670-km
depth on the planform of mantle convection, particularly
the degree-1 planform, in mobile-lid convection. The
second is to investigate the role of the planform of mantle
convection in supercontinent cycles and their implica-
tions for time evolution of mantle structure, TPW, and
the present-day Earth’s mantle structure. The paper is
organized as follows. First, the models and methods used
are described in Section 2. Next, the model results on the
planform of mantle convection and the associated TPW
are presented in Section 3. Section 4 contains a dis-
cussion of the implications of our results for supercon-
tinent cycles and TPW. Finally, our conclusions are
summarized in Section 5.

2. Methods and models

This study uses three-dimensional spherical shell
thermal convection models for an incompressible fluid
with the Boussinesq approximation. The conservation
equations of the mass, momentum, and energy and their
non-dimensionalization schemes are described in Zhong
etal. (2000). The nondimensional inner and outer radii are
r,=0.55 and =1, respectively. The models include both
the basal and internal heating, and constant material
properties and thermodynamic constants except for
mantle viscosity which is both depth- and temperature-
dependent. Depth-dependent thermodynamic parameters
(e.g., coefficient of thermal expansion and thermal
conductivity) may affect convective planform (Zhang
and Yuen, 1995), but their effects may not be as strong as
the depth-dependent viscosity (Roberts and Zhong,
2006). Therefore, we focus the effects of depth-dependent
viscosity in this study.

A linearized viscosity equation with a nondimension-
al form is used: =9, (r)exp[E(0.5—T)], where Tand E



554 S. Zhong et al. / Earth and Planetary Science Letters 261 (2007) 551-564

are the temperature and activation energy, respectively,
and the pre-exponential constant 7y(r) reflects the depth-
dependence. In this study, £ is chosen to be 6.9078,
which gives rise to a factor of 10° viscosity variation for
temperature varying from 0 to 1 and mobile-lid con-
vection with moderately strong lithosphere.

Two controlling non-dimensional parameters in our
thermal convection models are internal heat generation rate
v and Rayleigh number Ra. Internal heat generation rate
y=Hh?/kAT and Rayleigh number Ra=pgaATh® /kn,,
where H, p, k, and o are the volumetric heat generation
rate, density, thermal diffusivity, and coefficient of thermal
expansion of the mantle, respectively, #, is the reference
viscosity and is the lower mantle viscosity at 7=0.5, g is
the gravitational acceleration, AT is the temperature
difference across the mantle, and /% is the mantle thickness.
The models are computed on a numerical grid with either
1.4 million or 3.3 million nodes, depending on Ra. The
calculations are done on a 48-processor PC-Cluster using a
3-D spherical convection code CitcomS (Zhong et al.,
2000) which is modified from the Cartesian Citcom
(Moresi and Gurnis, 1996).

Two types of models are computed, one with no con-
tinents and the other with a supercontinent. For models
with no continents, free-slip and isothermal boundary
conditions are applied at the surface and CMB. For cases
with a supercontinent, velocity boundary conditions are
applied differently at the supercontinent, while boundary
conditions remain the same for CMB and outside of
supercontinent. The supercontinent is modelled as a high
viscosity, fixed disc that is 150 km thick and occupies
30% of the Earth’s surface area. Surrounding the
supercontinent is a 300 km wide weak zone that facilitates
circum-supercontinent subduction (Gurnis, 1988; Zhong
and Gurnis, 1993). The viscosity of the supercontinent is
taken as 30 times larger than that of other parts of the
surface, while the viscosity of the weak zone is reduced by
a factor of 10 relative to the non-supercontinent surface
(Gurnis, 1989; King and Hager, 1990), both of which are
accomplished via varying the pre-exponential constant.
This technique is similar to that used in Gurnis (1988) and
Zhong and Gurnis (1993). More discussions on modelling
the supercontinent will be presented later.

For models with no continents, initial temperature
conditions consist of a radial temperature profile 7(r)
superimposed with either random perturbations or
perturbations at a given spherical harmonic degree / and
order and m. To(r) is 0.5 for the mantle interior and
changes linearly to boundary temperatures 0 or 1 across
the top and bottom thermal boundary layers, respectively.
The magnitude of the perturbations is 0.01. As we will
demonstrate later, our results for models with no con-

tinents do not depend on initial conditions. The initial
temperature for models with a supercontinent is from
corresponding models with no continents and will be
discussed later.

The Earth’s rotational stability is controlled by degree-2
geoid anomalies (Goldreich and Toomre, 1969). TPW
occurs to place the negative long-wavelength geoid at the
poles and the positive at the equator (Steinberger and
O’Connell, 1997; Richards et al., 1997). TPW calculations
are done for a number of representative cases to predict the
rotational pole positions. The TPW calculations consist of
three steps. 1) Using CitcomS and post-processing pro-
cedures (Zhong and Davies, 1999), the geoid is computed
by considering the dynamic compensation effects (Hager
and Richards, 1989). 2) The degree-2 components of the
geoid are used to construct the moment of inertia tensor
(Lambeck, 1980). 3) Determine pole positions by solving
an eigen-value problem in diagonalizing the moment of
inertia tensor. This procedure is used in Roberts and Zhong
(2007) and is similar to that in Steinberger and O’Connell
(1997). Relevant model parameters needed for computing
the geoid are listed in Table 1, along with other parameters.
While the magnitude of the geoid depends on the choice
of the parameters, the pattern of the geoid and TPW
calculations is independent of the model parameters.

3. Results

This section first presents results for planform of
mantle convection in models with no continents, which is
then followed with results on the effects of a supercon-
tinent on the thermal structure. TPW calculations are then
presented for models relevant to supercontinent cycles.

3.1. Planform of mantle convection in models with no
continental block

Case 1 uses Rayleigh number Ra=4.56 x 10°, internal
heating y=10.1, and pre-exponential factor #y(r)=1
throughout the mantle (Table 2). The initial temperature

Table 1

Material properties

Parameters Value
Earth’s radius, R 6370 km
Mantle thickness, % 2866.5 km
Gravitational acceleration, g 9.8 m's 2
Mantle density, p 3300 kg'm >
Thermal diffusivity, 100 m*s ™!
Coefficient of thermal expansion, o 3x10 K !
Temperature difference, AT 2500 K
Thermal conductivity, & 33Wm "K'
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Table 2

Model parameters and output

Case® Ra b Hotitn Noum® I.C. 13 0,4 4 Structure
(x10% (Lm)© (%) (mW/m?) (cm/yr)

1 4.56 10.1 1 1 (3.2) 50 48 0.5 =6

2 4.56 10.1 1/30 1/30 (3.,2) 44 53 1.5 =8

3 4.56 10.1 1 1/30 (3.,2) 40 44 3.1 (74,275)

4 4.56 10.1 1 1/30 Random 37 43 2.9 (84,68)

5 4.56 10.1 1 1/30 (6,4) 38 44 3.0 (—65,254)

6 4.56 26.3 1 1/30 (3.,2) 61 56 3.4 (—83,353)

7 1.37 10.1 1 1/30 (3.,2) 38 31 1.4 (25,131)

8 13.7 10.1 1 1/30 (3.,2) 29 56 5.9 (26,283)

9 13.7 20.2 1 1/30 Random 42 64 6.1 (—0.2,132)

10 4.56 10.1 0.4 1/30 (3.,2) 41 49 42 (36,282)

11 4.56 10.1 0.2 1/30 (3,2) 48 54 2.9 1=2,4

3A 4.56 10.1 1 1/30 Case 3 36 40 1.7 =2

? Cases 8 and 9 with high Ra use 3.3 million nodes (i.e., 65 nodes in each dimension for each of the 12 caps using CitcomS discretization), while
other cases use 1.1 million nodes (i.e., 49 nodes in each dimension for each cap). Grid refinement is applied in the top and bottom thermal boundary
layers.

b Notith and Moum are pre-exponential factors for the viscosity equation for the top 150 km and between 150 km and 670 km depths. 7, for the lower
mantle is 1.

¢ 1.C. represents the initial conditions which are either random perturbation or perturbation at some given spherical harmonic degree / and order m,
or from a temperature field of other calculation.

4 £ is the internal heating rate, and O and V; are representative mean surface heat flux and mean surface velocity that are dimensionalized using
parameters in Table 1.

¢ Under column for structure, if the stable degree-1 platform with one downwelling and one upwelling is achieved, the latitude and longitude of the

centroid of the single downwelling are given in the parentheses. Otherwise, the dominant harmonic degrees are given.

has a perturbation at spherical harmonic degree /=3 and
order m=2. We compute the case for ~ 50,000 time-steps
to a statistical steady state. The representative planform of
mantle convection is characterized by relatively short-
wavelength structure with a large number of evenly
distributed upwellings and downwellings (Fig. 2a). Power
spectra for temperature within the bottom thermal
boundary layer display a maximum amplitude at degree
6 (Fig. 3a). The horizontally averaged viscosity shows a
relatively strong lithosphere due to temperature-dependent
viscosity (Fig. 3b). Internal heating rate computed by time-
averaging surface and bottom heat flux is ~50% (Table 2).

Case 2 differs from Case 1 only in having a reduced
upper mantle and lithospheric viscosity with #o()=1/30
and 1 above and below the 670 km depth, respectively
(Table 2). Such a distribution in #(7) is similar to that in
Bunge et al. (1996). However, Bunge et al. (1996) did not
consider temperature-dependent viscosity. For Case 2 in a
statistical steady state, internal heating rate is ~44%
(Table 2), and the representative thermal structure is again
characterized by relatively short wavelengths (Figs. 2b
and 3a). Compared with Case 1, Case 2 has even shorter
characteristic wavelengths in its thermal structure. This
indicates that a viscosity increase at the 670 km depth may
not necessarily lead to an increase in structural wave-
lengths, suggesting an important role of temperature-
dependent viscosity.

Case 3 differs from Case 1 only in having a reduced
upper mantle viscosity with #y(r)=1/30 between 150 km
and 670 km depths and 5y(r)=1 elsewhere (Table 2).
Compared with Case 2, Case 3 has a stronger lithosphere.
The planform of mantle convection for Case 3 (Figs. 2¢, d
and 3a) has much longer wavelengths than either Cases 1 or
2. The final, stable flow structure is now predominantly
degree-1 in that one hemisphere is occupied by one major
upwelling while the other by one downwelling (Figs. 2d
and 3a). The single downwelling in the final degree-1
planform in Fig. 2d grows from one dominant down-
welling that absorbs other three smaller downwellings
(Fig. 2c). The surface heat flux increases during the
structural transition to the degree-1 planform (Figs. 4a
and b), mainly due to increased convective motion, as
evident in the surface motion (Fig. 4a). The internal heating
rate for Case 3 is ~40% (Table 2). Note that the
nondimensional times for the snapshots in Fig. 2¢ and d
are 0.00167 and 0.00278, respectively (Figs. 4a and b).

Cases 4 and 5 differ from Case 3 only in initial con-
ditions with random initial perturbation for Case 4 and /=6
and m=4 for Case 5 (Table 2). Notice that in Case 5 with
/=6, the perturbation is symmetric about the equator of
numerical grids. For both cases, the final, stable convective
structure shows a degree-1 planform that is nearly identical
to that for Case 3 (Fig. 2d) but with the single downwelling
centered at different locations (Table 2). A degree-1
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Fig. 2. Representative thermal structures for Cases 1 (a), 2 (b), Case 3’s early stage of a degree-1 planform (c) and stable degree-1 planform (d), and
Case 9’s early stage of a degree-1 planform (e) and stable degree-1 planform (f). Thermal structures are plotted as isosurfaces of residual temperature
T—T(r) with contour levels of —0.15 (blue for relatively cold mantle) and 0.15 (yellow for relatively hot mantle). The plots are orientated to best
illustrate characteristic features in thermal structure, but (c) and (d) have the same orientation and so do (e) and (f).
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boundary layer (a) and depth dependence of horizontally averaged
mantle viscosity (b) Cases 1, 2, 3 and 11. (a) and (b) have the same line
convention which is given in Figure 3a. The results for Cases 1, 2 and 3
are for thermal structures given in Figs. 2a, b and c, respectively.

planform of mantle convection was also obtained in a
calculation (not presented here) that employed the
temperature from Case 1 in Fig. 2a as initial condition
and used the same viscosity structure as in Case 3.

Additional cases with different Ra and  also produce a
degree-1 planform of mantle convection. These include
Case 6 that differs from Case 3 only in that y=26.3, Cases 7
and 8 that differ from Case 3 only in that Ra=1.37 x 10° and
1.37x107, respectively, and Case 9 that has Ra=1.37x 10’
but y=20.2 (Table 2). For these cases, internal heating rate
ranges from 29% to 61%, and Ra varies by more than one
order of magnitude. Convective vigor in Cases 8 and 9 is
close to that of the present-day mantle with averaged surface
velocity of ~6 cm/year and heat flux of ~60 mW/m?
(Table 2). Note that velocity and heat flux are scaled with </
R and kAT/R, respectively (Zhong et al., 2000), where the
parameters are given in Table 1.

Although Cases 3-9 all reach a stable degree-1
planform with a single downwelling, the evolution of
convection planform varies. Different from Case 3 in
which the single downwelling grows from one dominant
downwelling that absorbs other three smaller down-
wellings (Figs. 2c and d), in Case 9, the downwelling
hemisphere has two downwellings of similar sizes for

some extended period (Fig. 2e) before they merge into
one (Fig. 2f). The planform evolution for all these cases
largely falls into either of these two types. For simplicity,
we refer the planform evolution in Cases 3 and 9 as
asymmetric and symmetric evolutions, respectively.
Cases 1-3 suggest that lithospheric viscosity, in
addition to the viscosity increase at 670-km depth, has
significant effects on the formation of long-wavelength
structure, particularly the degree-1 planform. To further
examine these effects, we compute two additional cases,
Cases 10 and 11 in which different from Case 3, 1o(r)
for the top 150 km of the mantle is reduced to 0.4 and
0.2, respectively, but is still larger than 1/30 for Case 2
(Table 2). While Case 10 shows essentially the same
degree-1 planform as in Case 3, Case 11 displays
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Fig. 4. The time-dependent averaged surface heat flux, Q;, CMB heat
flux, Ocmp, and surface velocity, Vs (a), the power spectra of the
bottom thermal boundary layer at degrees 1, 2, 3 and 4 (b) for Case 3,
and time-dependent averaged O, Ocmp, and V5 for Case 4 (c).



558 S. Zhong et al. / Earth and Planetary Science Letters 261 (2007) 551-564

structures primarily at degrees 2 and 4 (Fig. 3a). For
these cases producing a degree-1 planform, the averaged
lithospheric viscosity is ~100—-300 times of upper
mantle viscosity. Such a lithospheric viscosity is gen-
erally consistent with that inferred from lithospheric
deformation (England and Molnar, 1997).

Our results show that mobile-lid mantle convection
with a relatively strong lithosphere and lower mantle is
expected to have a degree-1 planform. These models do
not include continents, and they should be applicable
when continents are scattered around the Earth’s surface
with relatively small sizes. Continents with small sizes
may not affect the global mantle flow significantly
(Zhong and Gurnis, 1993). We think that such a degree-
1 planform is responsible for supercontinent assembly
with continents converging in the downwelling hemi-
sphere, as suggested in previous kinematic models
(Monin, 1991; Evans, 2003).

3.2. Effects of a supercontinent on planform of mantle
convection

To understand supercontinent cycles, we must examine
the effects of a supercontinent on the mantle (Zhong and
Gurnis, 1993; Lowman and Jarvis, 1996; Lowman and
Jarvis, 1995; Phillips and Bunge, 2005). Continental blocks
with relatively large sizes, may collide to form a
supercontinent in the downwelling hemisphere before the
stable degree-1 planform with one downwelling such as in
Fig. 2d is reached. However, for simplicity, our models
with a supercontinent are started from the stable degree-1
planform of the preceding models but with a supercontinent
placed above the single downwelling. The goal is to
investigate the influence of a supercontinent on subsequent
evolution of a degree-1 planform of mantle convection,
assuming that the degree-1 planform causes the assembly
of a supercontinent.

Three cases with a supercontinent based on Cases 3, 6
and 9 are computed. For these calculations, the longitude
and latitude for the center of the downwelling from the
degree-1 planform for each of Cases 3, 6 and 9 are deter-
mined first (Table 2). A supercontinent is then incorpo-
rated by centering it directly above the center of the
downwelling. The temperature field from the degree-1
planform (e.g., Fig. 2d) is used as initial conditions for the
calculation with a supercontinent. Since the basic results
for these three cases with a supercontinent are similar, here
we only present Case 3Awhich is a continuation of Case 3.

For Case 3A, as circum-supercontinent subduction
starts, it drives return flow beneath the supercontinent that
quickly replaces the initial downwelling with a hot up-
welling in ~1.0 transit time (Fig. 5a). Transit time is

0.7 - L - 120
0.6 - & R
gl v B (==
. [
5] i : i =
0.5 ! 40
p ¥, L
] Ao B C E [
] s 1D = i
0.4 ‘-’Lf‘.'ll#.l.,...‘f‘. 0

0.000 0.002 0.004 0.006 0.008
Dimensionless Time

Fig. 5. Thermal structure for Case 3A with a supercontinent at ~one
transit time (a) and five transit times (b) after the calculation starts
(marked as A and E in (c), respectively), and time-dependence of sub-
continental mantle temperature, T, (solid line) and TPW with
respect to the initial pole position (dashed line) for Case 3A (c). Tgem is
averaged over a region of the mantle below the supercontinent within a
30° arc distance to the center of the supercontinent.
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defined as the time it takes for a fluid particle to travel
from the surface to the core—mantle boundary at
horizontally averaged flow speed at the surface (Zhong
and Gurnis, 1993). One transit time for the Earth is
~50 Ma, if the averaged surface plate motion is taken as
6 cm/year. The two antipodal upwellings transform the
initial degree-1 planform to degree-2 planform (Fig. 5b).
During the first transit time, the averaged sub-continental
mantle temperature over a region with arc radius of 30°
from the center of the supercontinent, 7., increases at a
dimensionless rate of d7.,,,/ds~ 80 (Fig. 5c), significant-
ly larger than internal heating y=10.1, suggesting the
upwelling as the cause for the temperature increase. 7.,
continues to increase afterwards but at a much slower rate
of dT.,,/dt ~ 9, which is comparable to 7y, suggesting that
the increase now is caused by internal heating and
supercontinent’s thermal insulation. The newly developed
upwelling plumes beneath the supercontinent may
eventually lead to volcanisms, rifting and breakup of the
supercontinent (Gurnis, 1988).

3.3. TPW

The degree-1 planform that may cause superconti-
nent assembly, and degree-2 planform that is caused by

a)

a supercontinent represent a significant change in man-
tle structure associated with supercontinent cycles. Such
a change in long-wavelength mantle structure may affect
the Earth’s moment of inertia and rotational stability and
cause TPW. We now examine the relationship between
long-wavelength mantle convection, supercontinent
cycles, and rotational stability (i.e., TPW) predicted
from our models.

TPW occurs to place the negative long-wavelength
(i.e., degree-2) geoid at the poles and the positive at the
equator (Goldreich and Toomre, 1969; Steinberger and
O’Connell, 1997; Richards et al., 1997). Because the
geoid anomalies by definition exclude degree-1 compo-
nents, during supercontinent assembly with largely
degree-1 planform convection, the geoid is sensitive to
secondary features of the mantle flow. For the stable
degree-1 planform (e.g., Fig. 2d), the geoid is negative
above both the upwelling and downwelling with the
predicted rotational axis going through the centers of the
downwelling and upwelling (Fig. 6a for Case 3).
However, prior to this stable planform, the pole position
is variable for different cases. For example, for cases with
asymmetric downwelling growth such as in Case 3 where
the single downwelling in the degree-1 planform grows
out from a dominant downwelling absorbing smaller

-300 -200 -100

Fig. 6. The geoid and predicted rotational pole positions (black circle) for Case 3 with thermal structures in Figs. 2d (a) and ¢ (b), for Case 9 with
thermal structure in Fig. 2e (c), and for Case 3A with thermal structure in Fig. 5b at time E marked in Fig. 5c (d). In (d), pole positions at 6 different
times as marked in Fig. Sc are also plotted to show the polar wander path. The geoid in meters is scaled using the parameters in Tables 1 and 2.
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downwellings, the predicted pole stays near the center of
the dominant downwelling, but migrates with time
(Figs. 6a and b for Case 3). However, for Case 9 with
symmetric downwelling growth (Figs. 2e and f), the geoid
is positive between the two downwellings and the
predicted pole is such that the equator runs between the
two downwellings (Fig. 6¢), differing greatly from cases
with asymmetric downwelling growth (Fig. 6b). This
suggests that a supercontinent may form near the pole for
asymmetric downwelling growth cases (e.g., Case 3) or
near the equator for symmetric growth cases (e.g., Case 9),
assuming that for the latter scenario continental blocks are
sufficiently large to form a supercontinent before the two
downwellings merge.

We now examine the effect of a supercontinent on
TPW. For Case 3A, initially and even after the sub-
supercontinent upwelling is developed, the negative geoid
and the pole are at the center of supercontinent, similar to
those from the stable degree-1 planform in Case 3
(Fig. 6a). However, as Ty, increases and degree-2
structure strengthens, the geoid becomes positive above
both upwellings including one below supercontinent
(Fig. 6d), causing rapid TPW to place the two antipodal
upwellings and the supercontinent at the equator and the
poles at ~90° away (Figs. S5c and d). This suggests that
after two antipodal upwellings are formed as a result of
supercontinent assembly, the supercontinent is always
expected to locate at the equator. This implies that if a
supercontinent forms initially near a pole (e.g., for Case 3
with asymmetric downwelling growth), a subsequent
large TPW is expected to place the supercontinent at the
equator. However, if a supercontinent forms at the equator
as it may in symmetric downwelling growth cases (e.g.,
Fig. 2e for Case 9), the supercontinent may remain at the
equator as the sub-supercontinent upwelling and degree-2
structure develop.

4. Discussions

4.1. Very long-wavelength planform for mobile-lid
convection

Our modelling results demonstrate that mantle con-
vection with no continents is predominated by a degree-1
planform, provided that the viscosity of the upper mantle
is ~100-300 times smaller than the viscosity of litho-
sphere and ~30 times smaller than that for the lower
mantle. Such a viscosity structure for the mantle and
lithosphere is consistent with observations of the long-
wavelength geoid (Hager and Richards, 1989) and
lithospheric deformation (England and Molnar, 1997).
Our results indicate that a weak lithosphere promotes

small-scale boundary layer instabilities and leads to
reduced wavelengths of mantle convection. These re-
sults are insensitive to Rayleigh number (i.e., convective
vigor) and internal heating rates for models that we have
computed.

Our result that the combination of moderately strong
lithosphere and lower mantle produces very long-
wavelength mantle convection at high Rayleigh number
differs significantly from that of previous studies (Bunge
etal., 1996; McNamara and Zhong, 2005b; Harder, 2000;
Yoshida and Kageyama, 2005). Bunge et al. (1996)
showed in models with depth-dependent but not temper-
ature-dependent viscosity that a viscosity increase of a
factor of 30 from the upper to lower mantle may increase
the long-wavelength convection that is predominated at
spherical harmonic degree 6. However, their models used
lithospheric viscosity that is the same as that for the upper
mantle, which may be the reason that their models
produced significantly shorter wavelengths than ours. Our
results suggest that lithospheric viscosity plays an equally
important role in controlling the planform of mantle
convection as viscosity increase from the upper to lower
mantles. In fact, our models with temperature- and depth-
dependent viscosity indicate that the propensity of a
viscosity increase at the 670-km depth for increasing
convective wavelength can be completely offset by a
weak lithosphere that promotes short-wavelength struc-
tures (comparing Cases 1 and 2, in Figs. 2a, b, and 3a).
This indicates important effects of temperature-dependent
viscosity on the planform of mantle convection.

A moderately strong lithosphere can lead to a degree-1
planform in spherical shell mantle convection without a
viscosity increase from the upper to lower mantles
(McNamara and Zhong, 2005b; Harder, 2000; Yoshida
and Kageyama, 2005), but only for moderate convec-
tive vigor or Rayleigh number (McNamara and Zhong,
2005b). However, our results show that by combining the
moderately strong lithosphere and a factor of 30 viscosity
increase at the 670-km depth, the degree-1 planform is
achieved with convective vigor that is comparable with
that of the Earth (e.g., Case 9). In this study, we are mostly
concerned with mobile-lid mantle convection which is
more relevant to the Earth, and we did not attempt to
increase the lithospheric viscosity to sufficiently large
values to lead to stagnant-lid convection (Moresi and
Solomatov, 1995). However, the degree-1 planform can
also be obtained in stagnant-lid convection with suffi-
ciently large viscosity increase at some mid-mantle depth
(Roberts and Zhong, 2006).

It should be pointed out that as convective planform
evolves from shorter wavelengths to a degree-1 structure,
surface velocity increases significantly, and surface heat
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flux also tends to increase (e.g., Figs. 4a and b for Case 3).
Although such an increase in heat flux is less obvious or
more like a transient phenomenon for some cases (e.g.,
Fig. 4c for Case 4), this may be consistent with the
suggestion that a final, stable planform is such that the
heat is released more efficiently (Lenardic et al., 2005).

4.2. Supercontinent cycles and very long-wavelength
planform of convection

The degree-1 planform is generated from our models
with no continent. We think that the results are applicable
to the Earth with continental blocks scattered around the
surface and moving passively along with global mantle
flow without significant effects on global mantle flow.
This assumption is supported by previous 2-D modelling
studies (Zhong and Gurnis, 1993), but more modelling
studies with multiple continental blocks are needed to
further validate this assumption. We suggest that such a
degree-1 planform is responsible for supercontinent as-
sembly with the downwelling (upwelling) that pulls
(pushes) all the continents towards the downwelling hemi-
sphere. The time scale for forming a degree-1 planform in
our models is moderately dependent on initial conditions
and can be estimated in terms of transit times. For example,
for Case 3, the characteristic non-dimensional surface
velocity before a degree-1 planform is generated is ~ 1600
(Fig. 4a), and it takes non-dimensional time of ~2x 102
to reach the degree-1 planform (Fig. 4b) from an initial
structure with perturbation at /=3 and m=2. That is, it
takes ~ 7 transit times or ~350 Ma to generate a degree-1
planform, assuming that one transit time is ~ 50 Ma for the
Earth. This 350 Ma time scale is consistent with the time
scales for supercontinent cycles.

Our calculations also show that a supercontinent,
once formed in the downwelling hemisphere, induces
another upwelling system below the supercontinent,
transforming the degree-1 planform that drives the
supercontinent assembly to a largely degree-2 planform
with two antipodal upwellings. Our calculations dem-
onstrate that the sub-supercontinent upwelling plume (or
superplume) is developed on a relatively short time-scale
(~1 transit time or ~50 Ma), mainly as a result of a
return flow in response to circum-supercontinent
subduction. This is consistent with the relatively short
period of time from completion of supercontinent
assembly to continental volcanisms as observed for
Pangea and Rodinia (Li et al., 2004; Li et al., in press;
Smith et al., 1981). Thermal insulation from a super-
continent plays a minor role in developing the sub-
supercontinent upwelling plume (Lowman and Jarvis,
1996; Lowman and Jarvis, 1995), although it may help

further heat up the sub-supercontinent mantle. As sug-
gested by Gurnis (1988) and observed for both Pangea
and Rodinia (Li et al., 2003), the sub-supercontinent
upwelling plume may lead to continental rifting,
volcanisms and eventual breakup of the supercontinent.
Although time scale from the formation of the sub-
supercontinent plume to supercontinent breakup may
depend on the rifting process, it is estimated to be ca.
100 Ma for both Rodinia and Pangea (Li et al., 2003).

We suggest that after the supercontinent is dispersed
into small blocks that do not affect global mantle flow, the
mantle should return to a degree-1 planform again, thus
leading to assembly of another supercontinent and super-
continent cycles. This suggests that due to modulation of
continents, the Earth’s mantle convection oscillates be-
tween a degree-1 planform and a degree-2 planform. Such
an evolutionary process leads to cyclic assembly and
dispersal of supercontinent at the Earth’s surface.

Our proposed scenario for mantle structure evolution
has important implications for present-day mantle seismic
structure. The present-day lower mantle structure is pre-
dominated by degree-2 structures with the Africa and
Pacific superplumes surrounded by subduction (Dzie-
wonski, 1984; Masters et al., 2000; Ritsema et al., 1999;
Romanowicz and Gung, 2002; Van der Hilst, 1997; Grand,
2002) (Fig. 1c). Furthermore, the Africa superplume is
approximately antipodal to the Pacific superplume and is
located below the center of Pangea. This is consistent with
our model prediction for the degree-2 planform of con-
vection with two antipodal upwelling plumes that results
from dynamic interaction between an initially degree-1
planform and a supercontinent. This suggests that the
present-day long-wavelength structure in the lower mantle
(i.e., the Africa and Pacific superplumes) is largely the
same as that in the Pangea time, which may be expected
considering that the present-day plate motion largely
reflects a continuation of the breakup process of Pangea
that started ~175 Ma ago (Smith et al., 1981; Scotese,
1997; Lithgow-Bertelloni and Richards, 1998; Anderson,
1982). This is also consistent with the recent suggestion
based on surface volcanism that the locations of the Africa
and Pacific superplumes have not changed significantly for
at least the last 250 Ma since the eruption of the Siberian
Traps (Torsvik et al., 2006). Our model further suggests
that the Pacific superplume that drove the Pangea assembly
should be significantly older than the Africa superplume
which was formed after Pangea was assembled.

4.3. Supercontinent cycles and TPW

TPW occurs to place the negative degree-2 geoid at the
poles and the positive at the equator (Goldreich and
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Toomre, 1969; Steinberger and O’Connell, 1997;
Richards et al., 1997). For the present-day Earth, the
degree-2 positive geoid anomalies are over Africa and
Pacific (antipodal) and are controlled by the lower mantle
structures (Hager and Richards, 1989) including the
Africa and Pacific upwellings and circum-Pacific sub-
duction (Dziewonski, 1984; Masters et al., 2000; Ritsema
et al., 1999; Van der Hilst, 1997; Grand, 2002) (Figs. 1c
and d). The stability of these mantle structures may be
responsible for relatively small TPW in the last 120 Ma
(Steinberger and O’Connell, 1997; Richards et al., 1997).
We now examine the implications of our models for TPW
in supercontinent cycles.

An inference from these TPW calculations is the
equatorial location of a supercontinent at its final stage.
This is dictated by the positive geoid anomalies from the
two antipodal upwellings (Figs. 5b and 6d). This result
is consistent with Pangea and Rodinia’s equatorial po-
sitions before their breakup (Fig. la and b). In contrast
to Anderson (1982) who suggested that the Pangea’s
equatorial location results from two antipodal geoid
highs caused by Pangea’s insulation effects, we em-
phasize the role in producing antipodal geoid highs from
two antipodal upwellings that naturally arise from
supercontinent processes. The degree-2 structure with
two major antipodal upwellings surrounded by subduc-
tion should be stable for some extended period after
supercontinent breakup, as indicated by the present-day
mantle structure as aftermath of Pangea’s breakup. This
suggests that the TPW should be relatively small after a
supercontinent acquires its equatorial location and
during the breakup, possibly until the supercontinent
is fully dispersed and mantle convection starts to return
to a degree-1 planform.

However, our model predicts that TPW is expected to
be more variable and larger during supercontinent
assembly and before a supercontinent acquires an equa-
torial location. This is because during supercontinent
assembly, the degree-2 geoid anomalies that control the
TPW are sensitive to more subtle secondary features of
largely degree-1 mantle flow that drives the assembly. For
example, thermal structures in Fig. 2c and 2e for Cases 3
and 9 both have a similarly strong degree-1 component
but differ at shorter wavelengths. However, the predicted
pole positions relative to the predominant downwelling
are significantly different (Figs. 6b and c).

Indeed, the observations for Pangea and Rodinia seem
to support this inference. After its formation, Rodinia may
experience a large TPW to move it from the pole to
equator (Li et al., 2004; Li et al., in press; Maloof et al.,
2006). This is similar to that from Cases 3 and 3A with
asymmetric downwelling growth in which the supercon-

tinent is predicted to form near the pole but subsequently
move to the equator due to TPW associated with the
formation of second upwelling plume below the super-
continent (Figs. 2¢, 6a, and 6d).

However, Pangea does not experience significant
TPW after its two major building blocks, Gondwanaland
and Laurussia, collide near the equator (Smith et al.,
1981; Scotese, 1997; Evans, 2003), although large TPW
was suggested for Gondwanaland (Van der Voo, 1994).
For symmetric downwelling growth as in Case 9, two
large continental blocks such as Gondwanaland and
Laurussia may collide to form a supercontinent near the
equator before two downwellings of similar strength in
the downwelling hemisphere merge into a single down-
welling (Fig. 2e and 6¢). The subsequent development of
sub-supercontinent upwelling plume may further stabi-
lize the equatorial location of the supercontinent, as for
Pangea.

5. Conclusions
Our results can be summarized as follows.

1 Mobile-lid mantle convection with observationally
constrained mantle and lithospheric viscosities (i.e.,
moderately strong lithosphere and lower mantle, relative
to the upper mantle) for a large range of Rayleigh
number and internal heating rate is characterized by a
degree-1 planform with one hemisphere predominated
by downwellings and the other hemisphere by upwel-
lings. We suggest that the degree-1 planform is
responsible for supercontinent assembly with down-
wellings (upwellings) pulling (pushing) continental
blocks to collide in the downwelling hemisphere.

2 A supercontinent, once formed in the downwelling
hemisphere, induces another upwelling system below
the supercontinent, transforming the degree-1 planform
to largely degree-2 planform with two antipodal up-
wellings. This upwelling plume may lead to volcanism,
continental rifting and breakup of the supercontinent.

3 We suggest that after the supercontinent is dispersed
into small blocks, the mantle should return to a
degree-1 planform again, thus leading to assembly of
another supercontinent and supercontinent cycles. We
further suggest that due to modulation of continents,
mantle convection oscillates between degree-1 and
degree-2 planforms.

4 The largely degree-2 structure with the Africa and
Pacific superplumes for the present-day lower mantle
is mainly generated at the Pangea time as a result of
dynamic interaction between supercontinent Pangea
and an initially degree-1 mantle convection which
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with the Pacific superplume as the main upwelling
system leads to the assembly of Pangea. While the
Africa superplume may form after Pangea, the
Pacific superplume should be significantly older.

5 A supercontinent should be located near the equator at
its final stage due to the degree-2 geoid anomalies
induced by two antipodal upwellings. This is consis-
tent with the observations for Pangea and Rodinia.
Relatively small TPW is expected after a superconti-
nent acquires its equatorial location and during its
breakup process as the degree-2 structure persists until
the supercontinent is fully dispersed and mantle
structure starts to turn into a degree-1 planform
again. However, TPW during supercontinent assembly
with degree-1 planform mantle convection is expected
to be more variable and large, because the degree-2
geoid which controls the TPW at this stage depends on
subtle secondary features of mantle convection.

There are a number of potential drawbacks and
assumptions that future studies should address. First,
our models with mobile-lid convection of moderately
temperature-dependent viscosity do not accurately ac-
count for plate tectonics at the Earth’s surface. We assume
that the length scale of plates is controlled by mantle
convection. Although we think that our mobile-lid
convection models capture the essence of the plate
tectonic style of mantle convection (e.g., the energy
transfer and subduction processes), future studies should
consider highly nonlinear deformation processes for the
lithosphere (Tackley, 2000; Bercovici, 2003) to validate
this assumption. Second, our models include either no
continent, or only a supercontinent. Future studies should
incorporate multiple continental blocks (Gurnis, 1988) to
investigate the dynamic interaction between continents
and very long-wavelength mantle convection with special
attention to different time scales of the relevant processes.
Third, future studies also need to provide better under-
standing on the physics controlling long-wavelength
planform of mantle convection including the role of ra-
dially stratified viscosity in promoting long-wavelength
structure (Zhong and Zuber, 2001; Lenardic et al., 2005)
and the control on asymmetric or symmetric downwelling
growth in degree-1 planform mantle convection.
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