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A numerical evolutionary model of interacting
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Abstract. Development of methods for the numerical modelling of global geodynamic
processes provided a possibility to study the driving mechanism of moving continents
periodically assembling to form supercontinents of the Pangea type. In our previous
studies, we developed a method for the numerical solution of a system of equations
governing the mass, heat and momentum transfer in a convecting viscous mantle and
Euler equations describing the motion of solid continents. The convection and Euler
equations are coupled through the conditions of no-slip, impermeability and continuity
of temperature and heat flux at the continent surface submerged into the mantle. These
studies demonstrated the capability of continents to assemble into a supercontinent and the
capability of a supercontinent to break up. Based on an idealized spherical model, this work
presents results of a numerical experiment with long evolution of 12 floating continents.
The mantle was modelled by a spherical shell of a constant viscosity heated from below
with the Rayleigh number Ra = 107. The continents were represented by thick rigid discs
with angular dimensions of about 40°x40°. The initial state was modeled by the present
mantle with a temperature distribution estimated from seismic tomography data. In this
state, the distributions of the surface heat flux and mantle flow velocities are consistent with
observations. The continents in the initial state are uniformly distributed over the mantle
surface. The long-term evolution of the mantle-continents system, lasting a few billions
of years, was calculated. A numerical experiment conducted within the framework of this
idealized model showed that, for the most time, the continents are located above mantle
downwellings and move together with them. If two mantle flows accidentally approach one
another, a zone arises that pulls adjacent continents in (along with underlying mantle flows).
As a result, mantle downwellings and the related continents start joining. Our numerical
experiment showed that the continents first form groups of four to five continents and a
large supercontinent is then assembled from these groups. The overheated mantle under the
supercontinent gives rise to new convective upwellings. As a result, the supercontinent first
divides into two smaller supercontinents. Afterward, the latter also break up. One of the
smaller supercontinents (similar to Laurasia) first breaks up into five continents, after which
the second supercontinent (similar to Gondwana) also divides. Afterward, the continents
scatter all over the mantle surface. The convergence and divergence events repeatedly occur
during the evolution.

1. Introduction
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Thermal convection is the driving force of global geo-
dynamic processes in the Earth. A hot and lighter (due
to thermal expansion) material ascends during the thermal
convection; upon releasing its heat to the environment, this
material becomes heavier and descends back into the man-
tle. This gives rise to a material circulation and heat flux
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maximums form above the mantle upwellings. The heat flux
value is proportional to the convection velocity. The ob-
served heat flux distribution over the Earth and variations
in the thickness of the oceanic lithosphere are controlled by
the thermal convection.

Thermal convection arises if the temperature increases
downward with a superadiabatic gradient. The adiabatic
gradient in the Earth is about 0.4 K/km, which gives a tem-
perature drop through the mantle of about 1200 K (e.g. see
[Trubitsyn, 2000a]). An ascending material dilates and cools
due to the decreasing pressure. If the real temperature in
the Earth were lower than its adiabatic value, the ascend-
ing material would become colder and heavier than the sur-
rounding medium just on the way, and its further ascent
would become impossible. The temperature which an as-
cending material would have when reaching the surf ace is
called a potential temperature. It is equal to the excess of
the actual temperature of the material at a given point above
the adiabatic temperature and therefore causes thermal con-
vection in a nonviscous mantle. In order to induce thermal
convection in a viscous mantle, the temperature should ex-
ceed this superadiabatic temperature by a value at which
the buoyancy force of the material overcomes the viscous
drag forces. The convection intensity characterized by the
dimensionless Rayleigh number is proportional to this value
of the superadiabatic temperature excess. Vigorous thermal
convection in the mantle with a Rayleigh number of about
107 develops at a total superadiabatic temperature drop of
about 2500 K. The onset of thermal convection in a Carte-
sian model with free-slip boundary conditions takes place at
a critical Rayleigh number of 657. Given a superadiabatic
temperature increment in the mantle as low as ~0.25 K,
the mantle convection intensity corresponds to a Rayleigh
number of about 10%.

Compositional convection can develop in a multicompo-
nent material. The process of chemical differentiation con-
trolled the convection structure in the early period of the
Earth’s history, when the iron core was growing. Settling
iron entrained silicates, and compositional convection oc-
curred along with thermal convection. The gravitational
energy converted into heat which continues to be released
even presently, accounting for as much as 30% contempo-
rary heat flux of the Earth. Geochemical evidence indicates
that the growth of the core was largely accomplished over the
first 60-100 Myr after the Earth’s formation [McCulloch and
Bennet, 1998]. According to the current ideas, the chemi-
cal differentiation contribution to the driving forces of the
recent global geodynamics is much smaller than the contri-
bution of thermal convection. However, the chemical differ-
entiation and mineral transformations are essential to both
the origin of the crust and anomalously low density and high
strength of the continental lithosphere. Moreover, the study
of the global repartitioning of isotopes gives constraints on
their transport by mantle flows and on the evolution of the
global convection structure. Since buoyancy of continents is
due to the contrast of their mineralogical and chemical com-
position with respect to the mantle, the mantle convection
with floating continents can be viewed as a special type of
thermocompositional convection.

The thermal convection in the mantle is characterized by

the following five major properties which control the con-
temporary geodynamics of the Earth.

(1) Although the mantle flow velocities are comparatively
small (~1-10 cm/yr), the mantle convection is nonstation-
ary and quasi-turbulent. The convective heat transfer con-
tribution is characterized by the Nusselt number Nu. The
nonlinear coupling between the heat and mass transfer pro-
cesses (described by the term VVT) is strong even at Nu>10
(Ra>10%). For this reason, a regular circulation of the man-
tle material is accompanied narrow jets, plumes, diapirs, and
floating-up thermals.

(2) The endothermal olivine-perovskite transition at a
660-km depth results in partial stratification of the man-
tle. Whereas the upper mantle became depleted at the ex-
pense of incompatible elements that escaped into the crust,
the composition of the lower mantle material is close to the
primordial composition. This gives rise to specific plumes
generated in the primordial or recycled layer at the mantle
base, crossing the phase transition boundary between the
lower and upper mantle and appearing on the surface as
hotspots. In the former, hotter mantle, the phase boundary
effect was stronger, and the mixing of the upper and lower
mantle material was episodic but fairly intense, entraining
large volumes of the oceanic and partly continental crust to-
ward the lower mantle bottom. As the mantle cooled, the
phase boundary barrier weakened and hotspot plumes could
develop into regular flows of the whole-mantle convection.

(3) The viscosity drastically drops with increasing tem-
perature and increases with pressure. Under mantle condi-
tions, the viscosity changes by more than 20 orders, from
~10% in basalt melts of magma chambers to ~10*® in cold
lithosphere. Since during convection the average tempera-
ture abruptly increases in the upper and lower conductive
boundary layers, asthenospheric low-viscosity layers arise at
depths of 100 to 200 km and at the mantle base. Their
thicknesses vary because the horizontal temperature varia-
tions associated with the thermal convection in mantle reach
300 K.

(4) The average temperature of lithosphere is much lower
than the melting temperature. Therefore, the lithosphere
material is more brittle compared to the rest of mantle, and
sharp variations in stresses break up the lithosphere into
plates that move, similar to a conveyer, over the Earth’s
surface. Rigid plates can move over and under one another
only at small angles. The oceanic lithosphere can experience
strong deformations and sink in subduction zones because,
under the action of prolonged bending stresses, the litho-
sphere material acquires plasticity properties.

(5) Continents, occupying nearly one third of the Earth’s
surface, hinder the heat release from the mantle. With an
average mantle flow of about 70 mW/m? (without the ra-
dioactive heat of continental lithosphere), the oceanic heat
flux is about 90 mW/m? and its continental value is three
times as small, about 30 mW/m?. Since continents restruc-
ture the heat released from the mantle, they should have a
strong effect on the entire pattern of mantle convection. The
mechanical and thermal coupling of mantle with continents
is essential to the explanation of the continental lithosphere
formation, the state of the mantle under continents, forma-
tion and breakup of supercontinents, and so on.
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The first three properties of the mantle convection and
their signatures in the global geodynamics have been stud-
ied over a few decades. In particular, these studies resulted
in the creation of the kinematic theory of plate tectonics
and the theory of mantle convection including phase tran-
sitions. Presently, comprehensive studies have been con-
ducted on models of both layered convection [Allegre, 1982;
Allegre et al., 1983; Anderson, 1981, 1982; DePaolo, 1980,
1981; DePaolo and Wasserburg, 1976, 1979; Dobretsov and
Kirdyashkin, 1994; Jackson, 1998; Jacobsen and Wasser-
burg, 1979, 1981; Jeanloz and Knittle, 1989; O’Nions and
Ozburg, 1983; O’Nions et al., 1979] and whole-mantle con-
vection [Davies, 1974, 1979, 1984; Grand, 1987, 1994; Grand
et al., 1997; Hoffmann and White, 1982; Jackson, 1998; Jor-
dan, 1977; Van der Hilst, 1995; Van der Hilst et al., 1991,
1997]. Detailed numerical models of the present Earth have
been constructed [Becker et al., 1999; Brunet and Machtel,
1998; Bunge et al., 1997; Kellogg et al. 1999; Machetel and
Weber, 1991; Solheim and Peltier, 1994; Steinbach et al.,
1993; Tackley, 1994, 1996]. Hypothetical geochemical mod-
els providing insights into the origin of various geochemical
reservoirs have been analyzed [Tackley, 2000].

The recent successful development of the comprehensive
theory of oceanic lithosphere have been mainly associated
with works by Tackley [2000], Gurnis with coworkers [Zhong
et al., 1998]. Since this theory includes rheological properties
of the lithosphere in the equations of mantle convection, the
bending and subduction of the oceanic lithosphere, as well
as its breakup into rigid plates are not preset but are derived
from the solution of a self-consistent set of equations.

Mantle convection including continents was first studied
with immobile continents [Lowman and Jarvis, 1995, 1996;
Nakanuki et al., 1997; Trubitsyn and Bobrov, 1994; Trubit-
syn and Fradkov, 1985]. However, later it was understood
that main significant features of global tectonics are con-
trolled exactly by motions of continents nonlinearly coupled
with mantle flows. Two approaches are applied to the mod-
eling of the mantle convection interaction with mobile conti-
nents. Gurnis [1988] and Gurnis and Zhong [1991] calculated
2-D models which, rather than to use explicit equations de-
scribing motions of continents, represent continents as high-
viscosity regions in the mantle whose motions are actually
traced with the use of markers. One may state that this
approach treats the mantle convection with floating conti-
nents in terms of thermocompositional convection. Trubit-
syn and Rykov [1995, 1998a, 1998b, 2000; Trubitsyn et al.,
1999] developed a different approach and laid down founda-
tions of the theory of mantle convection with floating solid
continents. The equations of mantle convection were com-
plemented by the Euler equations describing the translatory
motion and rotation of solid continents interacting with the
mantle with one another. The theory of mantle convection
with floating continents [Trubitsyn, 2000b; Trubitsyn and
Rykov, 2000] treats the model of floating solid continents
as a first approximation. This model determines the posi-
tion and velocities of continents, temperature distributions
within them, all mantle forces applied to the continents (to
their surfaces submerged in the mantle), and forces involved
in the collision of continents. Since the continent strain val-
ues are much smaller than the global displacements of conti-

nents, intracontinental strains and stresses can be calculated
in the next approximation based on a different rheological
model with external forces that are already found.

The theory of mantle convection with floating solid conti-
nents is based on numerical experiments, i.e. on the numer-
ical solution of a system of equations describing the energy,
mass, momentum and angular momentum transfer in the
mantle-continents system. In their previous studies, these
authors showed that continents are not passive bodies but
can have a substantial effect on the evolution of mantle con-
vection. Only within small intervals of the geological time
scale may one consider them to be “frozen” in the oceanic
lithosphere. The continental lithosphere arises and exists a
few billions of years solely because the floating continents
are pulled toward cold mantle downwellings, which ensures
the existence of a cold, highly viscous and strong continental
lithosphere. Due to the thermal screening effect, the mantle
under an immobile continent is inevitably heated (over time
intervals of 200 to 500 Myr), giving rise to hot upwellings
tending to melt and break up the continental lithosphere
and crust.

This work presents results of a long numerical experiment
with an idealized model including 12 contributions floating
on a spherical mantle and accounting for their mechanical
and thermal interaction with the mantle and between each
other. The purpose of this work is to check whether conti-
nents floating on a spherical model can repeatedly assemble
and diverge without invoking any additional controlling pro-
cesses.

2. Equations of Mantle Convection with
Floating Continents

2.1. Equations of mantle convection

The thermal convection in a viscous mantle is described
by distributions of the convective velocity vector V;(z,y, 2),
temperature T'(z,y,z) and pressure p(z,y,z). These un-
known functions are found by solving a system of equations
of the momentum, heat and mass transfer. In the Boussi-
nesq approximation, these equations are written in the di-
mensionless form as

0 = —0p/0z; + 0Si;/0x; + RaTdis
0T /ot + VYT = 9(0T /0x;)0x;

oV;/0x; =0,
where S;; is the deviatoric tensor of viscous stresses
Sij = n(9Vi/0x; + OVj/Ow:)

Ra is the Rayleigh number

Ra = apogT0D3/kn0 .
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The following units were utilized for the reduction to the
dimensionless form: mantle thickness D for length; D/k for
velocity; D?/k for time; Ty for temperature; 1o for viscosity;
and nok/D? for pressure and stresses. The pressure p is
measured from its hydrostatic distribution p(z) determined
from the equation Vpo = —pog-.

2.2. Equations governing the motion of a continent
driven by mantle convection

The continent is subjected to the gravitational force ap-
plied to its center and forces of coupling with the viscous
mantle applied to surface elements of the submerged por-
tion of the continent. Under the action of these forces, the
continent floats in the mantle, moving over its surface and
rotating about the vertical axis. Since the pressure and flow
velocities in the mantle vary in time and space, both the ver-
tical velocity of the continent center of gravity wp and the
angular velocities w, and wy of the continent rotation about
the instantaneous horizontal axes z and y generally do not
vanish.

Continents can descend (when above a downwelling) and
ascend (above an upwelling) together with or relative to the
mantle surface. Their downward or upward displacements
can be different at different ends of a continent. In what
follows, I consider only the horizontal displacements of the
center of gravity of a continent and rotation of the continent
about a local vertical axis, ignoring all of the remaining small
effects, i.e. setting wo =0 and w, = wy = 0.

Since the gravity is in equilibrium with the buoyancy
force, external forces applied to the continent reduce to the
force of viscous coupling with the mantle, and the pressure
p is measured from its hydrostatic distribution po(z). Then,
the Euler equations describing horizontal movements and
rotations about an instantaneous vertical axis of a solid con-
tinent of an arbitrary shape reduce to a system of three dy-
namic equations and three kinematic equations [Trubitsyn,
2000; Trubitsyn and Rykov, 1998a, 1998b, 2000]:

Mduo /dt = / / (=pdrj + Sij)nydf (6)

Mdvo/dt = / / (—pdaj + Saj)mydf (M

Issdws/dt = // eija(i — xoi) (—pdjk + Sjk)nedf ,  (8)

dzc/dt = uo, dyc/dt =vo, do/dt = ws , (9)

where M is the mass of the continent, I33 is its moment
of inertia relative to the vertical axis, z.(t) and y.(t) are
coordinates of its center of gravity, y is its angle of rotation,
;5 is the Kronecker delta equal to 1 at 4 = j and 0 at ¢ # j,
and ;51 is the Levi-Civita symbol equal to 0 for any two
coinciding indexes, 1 for an even transposition of indexes
from 1, 2, 3, and —1 if such a transposition is uneven.
Since the dimension relationships imply that, similar to
the equation of the momentum transfer in a viscous liquid

(1), the inertial terms on the left-hand side of equations (6)—
(8) have an order of magnitude of kp/u =~ 1072*, these terms
can be set at zero. Then, the Euler equations governing the
motions of continents give six relations for six unknowns (co-
ordinates of the continent center of gravity z.(t) and y.(t),
rotation angle of the continent ¢ and its velocities wuo(t),
vo(t) and ws(t))

//(—p61j + Sij)n;df =0,
//(—p5zj + Soj)nidf =0,

/ / 1o (i — 200) (—pbys + Sy)medf =0, (12)

dzc/dt = uo, dyc/dt =vo, dp/dt =ws . (13)

The equation describing the distribution of temperature
T. within a solid continent in an initial immobile system of
coordinates reduces to the heat conduction equation with
the advective heat transfer at a continent velocity u,

9T, |t + uVT, = d(dT./dx:)dx; . (14)

2.3. Boundary conditions

Equations of mantle convection (1)-(3), motion of a con-
tinent (6)—(8) and heat transfer within the continent (14)
are coupled via boundary conditions.

As mentioned above, the impermeability and free-slip con-
dition is adopted at the lower and lateral boundaries of the
model region (the normal component of velocity and the
tangential components of viscous forces vanish):

Ving =0, Spims =0, 1 =1,2, (15)

where ny, is the unit vector normal to a given surface and 7
are unit vectors tangential to the surface.

The impermeability and no-slip condition is adopted at
the boundaries of moving solid continents, which means that
the boundary velocities of the liquid mantle and a continent
coincide,

‘/i = U; (16)

at the entire surface of the continental portion submerged in
the mantle.

The temperature at the lower surface of the region is fixed
at T = 1. The zero heat flux condition is adopted at the
lateral boundaries (in the case of a finite region):

AT /ony =0 , (17)

where nj, is the unit vector normal to the lateral surface of
the region.

The mantle temperature at the upper free surface is zero
(T = 0) only in the oceanic area outside the continent.

The continuity condition is adopted for the temperature
and heat flux at the mantle-continent contact boundary:



TRUBITSYN AND RYKOV: A NUMERICAL EVOLUTIONARY MODEL 87

T =T., 8T/0n = dT./0n . (18)

At the upper surface of the continent, the temperature is set
at zero:

T.=0. (19)

Thus, the mathematical problem is reduced to the fol-
lowing. There are three unknown functions describing the
mantle convection (mantle flow velocity vector V;(z,v, z,t),
temperature distribution T'(z,y, z,t) and pressure distribu-
tion p(zx,y, z,t) and four unknown functions of time describ-
ing the motion of a continent as a whole (two instanta-
neous translatory velocity components of the center of grav-
ity uo(t) and vo(t), one instantaneous angular velocity com-
ponent of the continent rotating about its center of gravity
w(t) and the temperature distribution within the continent
Te(z,y,z,t). They are found from a system of coupled equa-
tions: three differential equations of convection (1)—(3) and
three integral equations (10)-(12), derived from the Euler
equations, and the equation of heat transfer in the continent
(14). If the position and velocities of the continent at a given
time moment wuo(t), vo(t) and w(t) are known, equation (9)
provides its position at the next time moment. The con-
stants of integration of the differential equations are found
from boundary conditions (14)—(16).

The problem with a freely floating continent differs from
the known problem with an immobile continent in that the
boundary conditions for flow velocities and temperature at
the mantle-continent boundary are specified for the position
occupied by the floating continent at each given time mo-
ment. The current position and velocity of the continent
are not known a priori but are found by solving the whole
system of coupled differential equations.

In the case of a few continents, equations of motion (10)—
(13) and temperature (14) are written out separately for each
continent. Moreover, a collision of solid continents requires
that the condition of their impenetrability into one another
be fulfilled. For this purpose, at collision time moments the
forces of viscous coupling with the mantle are complemented
by a repulsive force applied at the contact area of the con-
tinents and acting in the direction opposite to their relative
velocity. The magnitude of this force is found by fitting the
condition of impenetrability of the contacting continents into
one another at a given time moment.

3. A Model

The mantle is modelled by a spherical viscous shell. The
free-slip condition is adopted at its lower (core-mantle)
boundary and the temperature is fixed, T = Ty. The con-
tinents are modelled by thick solid discs floating, like ships,
in the mantle. The no-slip condition is adopted at the con-
tinent surface submerged in the mantle (at the base and
lateral surface); i.e. the normal and tangential boundary
velocity components of the mantle and continent coincide.
The thickness of continental portions jutting out above the
mantle is ignored. The temperature at the upper surface

is set at zero. A zero temperature is also accepted for the
upper surface of mantle unoccupied by continents.

The mantle viscosity is set constant, and phase transitions
in mantle were not accounted for. The Rayleigh number,
characterizing the mantle convection intensity, was set equal
to Ra = 107. The thermal diffusivity was taken to be the
same in continents and mantle and equal to 2:107°% m?/s.
All continents had the same thickness, namely 250 km.

At the initial moment, the continents were nearly uni-
formly distributed throughout the mantle surface. Their
centers had latitudes #=36°, 90° and 154° and longitudes
»=0°, 90°, 180° and 270°. The continents were specified
as octagons differing in shape. For simplicity, their size and
shape were taken from the condition that, at the initial mo-
ment, the coordinates of their angular points lie on 6§ and
¢ coordinate lines of the angular grid spaced (along great
circles) at df=36° and dp=40°.

As the initial temperature distribution, we took the
present mantle temperature distribution. In a first approx-
imation, the laterally averaged temperature distribution is
known [Solheim and Peltier, 1994; Tackley, 1996; Tackley
et al., 1994; Trubitsyn and Rykov, 2000]. Figure 1 presents
simplified mantle distributions of the adiabatic temperature
(rose)’, superadiabatic, or potential temperature character-
izing the convection intensity (black) and total tempera-
ture (red). Since lateral variations in temperature are on
the order of up to 300 K, they can be considered as cor-
rections to the radial temperature distribution and can be
found under the assumption that lateral density variations
in the mantle are proportional to variations in seismic ve-
locities [Anderson, 1989]. The seismic conversion factor
dinp/dinV; is usually found from data of laboratory mea-
surements and model calculations for minerals. Kaban and
Schwintzer [2000] estimated it from the comparison of seis-
mic tomography data with gravity anomalies. A density
(p) distribution was first found from oceanic mantle grav-
ity data. The comparison of this distribution with S wave
velocities provided the dlnp/dinV, estimates in the oceanic
mantle. The seismic density conversion factor varies consid-
erably with depth. However, since the kinematic evolution
of continents was calculated at a constant viscosity, we as-
sumed for simplicity that dlnp/dinV; is equal to its average
value which is about 0.1.

The mantle density depends on both temperature and
chemical-mineralogical composition. Thermal convection in
the mantle mixes the material, thereby attenuating varia-
tions in its composition, but gives rise to lateral variations
in temperature. Assuming that density variations are mainly
due temperature, p = po(1—aT') and setting the thermal ex-
pansion coefficient o at 2-1075, we obtain that the coefficient
of conversion of seismic tomography data into temperature
is danS/dt:—Z-lof4 K~'. We took the S wave velocity
model distribution from [Ekstrom and Dziewonski, 1998].

Note that the approximation of a chemically homoge-
neous mantle does not apply to the continental lithosphere.
Since the continental lithosphere moves together with a con-
tinent and its material is not involved in the convective mix-

Here and below references to colors are corresponding to the
online version of the paper.
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Figure 1. a - Temperature distribution (quasi-linearly increasing adiabatic temperature Taq, superadi-
abatic temperature Ts and total temperature Toq + Ts.

ing process, chemical heterogeneities must have arisen in
the continental lithosphere during a few billions of years.
Volatiles could have transported iron (as well as other el-
ements and compounds) from the continental lithosphere
into the crust. According to Forte and Perry [2000], the
iron deficit makes the anomalous cold continental lithosphere
considerably lighter. Density changes caused by the iron
deficit and by temperature are comparable. On the other
hand, seismic velocities depend only slightly on chemical
variations.

4. Results

The initial temperature distribution and coordinates of
continents were substituted into the equations of thermal
convection with floating continents (1)—(18). The model re-
sults computed for the evolution of the mantle-continents
system are presented in Frames 0000-4290. The numbers of

Time 0.0000000 Ma

Depth 000 km
( 90,000; 0.000)
Scale . 700

Heat Flow(mW/m2)
HEl : 6.438E-01
I : 9.116E-01
N : 1.179E+02
: 1.447E+D2
3 : 1.715E+02
3 @ 1.983E+02
3 @ 2.251E+02

the plates are chosen for convenience to coincide with time
moments (in million of years) of the convection pattern and
configuration of continents shown.

For the convenience of copying animated illustrations (of a
few megabytes in volume), they are divided into five groups.
Group 1 consists of plates 0000a and 0000b showing the ini-
tial conditions. Groups 2, 3 and 4 include, respectively, 192,
55 and 60 plates showing the entire model motion evolu-
tion of continents on a developed sphere in respective time
intervals of 0 to 1000 Myr, 1000 to 2500 Myr and 2500 to
4300 Myr. Group 5 includes plates for selected time mo-
ments, showing more clearly the position of continents on a
hemisphere, distributions of heat flux through the continents
shown by their contours and temperature distributions at a
depth of 350 km under the continents. The latter show that
the continents invariably tend to profile pulled toward cold
mantle downwellings.

Figure 1a presents the initial (laterally averaged) temper-
ature distribution (adiabat in rose, superadiabatic tempera-
ture in black and total temperature in red). Figure 1b shows

Figure 1. b - Heat flux distribution and position of the continents at the initial time moment.
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Figure 2. Position of continents and mantle flow velocities at ¢ ~ 6Ma (Frame 0006).

the initial configuration of continents and the calculated heat
flux distribution consistent with the initial 3-D temperature
distribution. The outer surface is shown as a developed
spherical surface centered at 6=90° and p=0°. The con-
tinents are colored black. The heat flux from the mantle
(in units of mW/m?) is presented as a color plot with its
scale shown in the left-hand part. Maximums (red) and ele-
vated values (rose and yellow) of the heat flux coincide with
mid-ocean ridges and volcanic zones. The system of equa-
tions of convection with floating continents was numerically
solved in spherical coordinates using finite-difference itera-
tions [Trubitsyn and Rykov, 1998b, 2000]. The continents
were represented as spherical caps floating over the sphere.
The initial temperature distribution within the disc conti-
nents considered can be arbitrarily taken because its further
evolution is controlled solely by the solution of the equations.
For simplicity, it was taken to coincide with the mantle tem-
perature distribution derived from seismic tomography data
in the area occupied by a given continent.

Given the initial temperature distribution and position of
continents at ¢ = ¢;1 = 0, the temperature distribution in
mantle and continents at the next time moment ty = t1 + dt
is found from equations (2) and (14). This new distribution
is then substituted into (1), and mantle flow velocities are
found. They are used for the determination of viscous forces
applied to the continents and their velocities, after which the
continents are rotated and moved in accordance with these
velocities and time interval dt.

Time 110.59820 Ma

Depth .000 km
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3 - 1.470E+02

Figure 2 shows the position of continents and distribu-
tions of heat flux and mantle flow velocities calculated at
the time moment ¢t = t2 = 6.6 Myr. The velocity scale is
specified by the length of the arrow shown in the left. The
time is measured in millions of years.

The next frames (0013 to 4290) present the complete
model evolution of the “heated viscous mantle-floating solid
continents” system. The model results show that the conti-
nents first move in the mantle flow field consistent with the
initial temperature distribution and are drawn into down-
welling areas by a time moment of ¢ ~60 Myr (Frame 0065).
Note that the calculation of long-term evolution of a 3-D
spherical model a very fast computer. All results presented
in this paper were obtained on a Pentium-III PC, and we
were compelled to use rather rough computational meshes
(Rx0x¢p=326%x36x72and Rx 0 xp=16 x 16 x 32).
Both meshes gave qualitatively similar results, but the finer
mesh gave a somewhat smoother heat flux distribution and
somewhat smaller velocities.

The continents tend to join into groups after about
100 Myr (Figure 3). The possible mechanism of this process
consists in that each downwelling sucks in adjacent floating
continents (like chips of wood in a whirlpool).
each continent remains above its mantle downwelling and
most time moves together with it because the continent-
mantle viscous coupling is very strong at viscosity of about
10?2 Pa s. For this reason, not only the continents but also
cold mantle downwellings converge. The suction force of the

However,

Figure 3. Position of continents at ¢t ~ 110Myr, when they start to assemble into groups (Frame 0110).
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Figure 4. Assemblage of continents into a supercontinent at the time moment ¢ ~ 585 Myr (Frame
585): (a) position of the continents on a hemisphere centered at # = 120° and ¢ = 20° (Frame 585a).

resulting group of downwellings increases and pulls in even
remote continents. By the time moment ¢ ~250-300 Myr
(Frames 0253 and 0305) two groups of three and five con-
tinents form. At the time moments t=351 and 409 Myr
(Frames 0351 and 0409) only outlines of the continents are
shown to demonstrate that they occupy the coldest areas
with minimum heat fluxes.

By the time ¢ ~500 Myr (Frame 0500) both groups of
continents actually join to form an elongated supercontinent
including ten of twelve continents. At the time t=585 Myr
(Figure 4) the newly formed continent is most clearly seen in
a hemisphere centered at (=120°, p=20°). The next plate
(Figure 4b) shows only outlines of the continents thereby
displaying heat flux minimums. Figure 4c presents, for the
same time, the temperature distribution in mantle at a depth
of 300 km, i.e. under the continents 250 km thick. This plate
demonstrates that the floating continents invariably tend to
occupy areas above mantle downwellings.

At the time moment ¢ ~700 Myr (Frame 0689) the super-
continent starts breaking up into two groups, each consist-
ing of five closely spaced continents. A band of hot man-

tle upwellings arises between these groups, which diverge
by 1000 km over a period of 130 Myr (Frame 0721). As
seen from Frame 0786, each group of continents overlies con-
tiguous downwellings. However, beginning from the time
t ~900 Myr (Frame 0916, Figure 5) a hot, gradually strength-
ening mantle upwelling arises under the middle area of the
group shown in the upper parts of Frames 0916 to 1014. Its
lateral size reaches about 3000 km at ¢ ~1200 Myr (Frame
1209, Figure 6). By the time moment ¢t ~1400 Myr (Frame
1404) the upper group divides into two sets of three and two
continents.

During the time period from 1600 to 2100 Myr (Frames
1631 to 2100, Figure 7) the continents are actually dispersed
over the sphere, forming groups of two to four continents.

Afterward the process of repeated assemblage of conti-
nents starts. By the time moment ¢ ~2400 Myr (Frame
2405) a supercontinent incorporating four continents forms
in the lower right-hand part of the region. At ¢~2600 Myr
(Frame 2632) a hot mantle upwelling arises, as previously,
under its middle part and detaches two upper continents
from the supercontinent.
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Figure 4. Continuation. (b) mantle heat flux through the continents shown by their contours (Frame
585b); (c) temperature distribution at a depth of 350 km showing that the continents occupy the coldest

areas(Frame 585c).

By the time ¢ ~3000 Myr (Frame 3022) two closely spaced
groups of continents form near the south pole.

At the time moments ¢ ~3388 Myr and ¢ ~3445 Myr
(Frames 3388a and 3445a, Figure 8) a new supercontinent
joining ten of twelve continents is clearly seen to exist at
the south pole. As seen from Frame 3388b, no continents
are present at the north pole. Frame 3388c showing con-
tours of the continents displays that the continents overlie
the coldest mantle regions, as is evident from the heat flux
and temperature fields. Frames 4290a to 4290c exhibit a
similar pattern. This explains the fact that, in spite of the
heat screening effect of continents, the mantle at depths of
200-300 km under the present continents is colder than un-
der oceans by 200°, which makes the continental lithosphere
thick, highly viscous and strong.

5. Conclusion

The goal of this work was to calculate the long-term evo-
lution of the “mantle-floating continents” system in terms of
a 3-D spherical model, to gain insights into the mechanism
of the continental drift and to demonstrate that continents
are capable of assembling and dispersing. The computation
of the long-term evolution of a 3-D model is time-consuming
and requires the use of a high-performance computer. Since
personal computers only were at our disposal, we chose the
simplest model with coarse computational meshes (R x 6 x
»=326x36x72 and even R X # x ¢=16x16%x32). For this
reason, the inferred results are mostly of qualitative value.
Moreover, dimensional velocities and times depend on the
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Figure 5. Breakup of the supercontinent into two parts (similar to Laurasia and Gondwana).
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Figure 6. Breakup of one of the smaller supercontinents (similar to Laurasia).
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Figure 7. Breakup of both smaller supercontinents and dispersal of continents over the sphere: (a)
temperature distribution under the continents at a depth of 350 km (Frame 2054a).
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Figure 8. Repeated assemblage of continents into a supercontinent (Frame 3445). (a) position of the

continents on a hemisphere (Frame 3445a).

chosen value of thermal diffusivity. A twofold decrease in
this value increases twice all computing time intervals. The
use of a model with variable parameters and a finer mesh
can change the resulting values of the heat flux, tempera-
ture and velocities of mantle flows and continents. However,
as is evident from computations of 2-D Cartesian models,
basic evolutionary stages of the mantle-continents system
remain the same even if the mesh step changes by a factor
of 10 and more.

The calculations showed that motions of continents are
not chaotic and passive. They are governed by equations the
mass, heat and momentum transfer in the mantle-continents
system, and the structure of mantle flows is strongly affected
the presence and movements of continents.

Since mantle downwellings attract the continents float-
ing over the surface, the continents reside most of the time
above these cold downwellings and move together with them.
Since each mantle downwelling attracts all adjacent conti-
nents, continents tend to join. This process is favored by
the fact that, due to viscous coupling between the conti-

nents and underlying downwellings, the latter also tend to
assemble. This results in the formation of a joint system of
downwellings capable of attracting even remote continents.

Due to the heat screening effect of continents, the man-
tle under a supercontinent is heated, its material becomes
lighter, and cold mantle downwellings weaken and are re-
placed by hot mantle upwellings. Since the heat accumu-
lation process is more intense under the middle part of the
supercontinent, its breakup is more probably in the middle.

Evidently, other processes exist that affect the formation
and breakup of supercontinents. Since continents hinder the
heat release from the mantle, they decrease, to an extent,
the intensity of convection make it less chaotic. In the in-
teraction between the mantle convection and continents, the
former introduces elements of chaos, whereas the continents
have a regulating effect.
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Figure 8. Continuation. (b) heat flux through the continents (Frame 3445b); (c) temperature under

the continents at a depth of 350 km (Frame 3445c).
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