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ABSTRACT SUMMARY

3-D SPHERICAL MODELS OF MANTLE CONVECTION
WITH FLOATING CONTINENTS

One of the major questions within the Earth Sciences is to understand the
mechanism behind plate tectonics, which results in the quasi-periodic assembly of
the continents into a super continent similar to Pangaea. In addition to understanding
the tectonics of the oceanic plates, we are attempting to carry out quantitative
analysis to describe the forces behind continental plate motion. The first fully self-
contained 3-D spherical numerical model of mantle convection with eight freely
floating continents is presented. The mantle is modeled by a spherical liquid layer,
which is heated from below. The viscosity of the liquid depends on temperature and
pressure. The continents are modeled by thick, rigid, buoyant plates.

Mantle flow velocities, temperature and pressure are determined from the
space and time coordinates from the well-known equations of thermal convection
(equations of mass, heat and momentum transfer). To find the velocities of the
continents, we first use Euler’s equations of motion for a solid 3-D body. These two
systems of equations assume strong coupling by the boundary conditions on the
surfaces of the continental plates (due to heat and momentum exchange). We use an
original numerical method for solving these equations.

The eight modeled continents are similar in shape and size to the real
continents (North and South America, Africa, Eurasia, Australia, Antarctica and two
large islands: Madagascar and Kalimantan). As an initial state, we assume a
motionless mantle with a 3-D temperature distribution T=T(r, 0, ¢, t=0),
recalculated from seismic tomography data. The initial positions of the continents
are similar to their present state. A numerical solution to the coupled models of
mantle convection and floating continents results in a distribution over 3-D space
and time of temperature, viscosity, and mantle flow velocities, as well as continental
movement.

The main results of our numerical model are as follows:
1. We obtained a repeatable model for the assembly and dispersion of the continents
into a super continent similar to Pangaea.
2. The distribution of the aforementioned parameters describes the evolution of the
asthenosphere and lithosphere because, by definition, the asthenosphere and



lithosphere are areas of anomalous low and high viscosity. The appearance of deep

continental roots was obtained and is of particular interest.

3. The solution shows the evolution and break-up of subducted slabs, and the
splitting and pulsation of giant plumes under the Pacific and Africa.

Comparisons of calculated continental velocities with observed data (e.g.
GPS data) will give new constraints for the interior structure of the Earth and its
dynamics.
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INTRODUCTION

In the 1960s and 1970s there were radical changes in the theories of the
Earth’s internal constitution and those processes that shape the Earth’s surface.
Having an opportunity to study these processes at the bottom of the oceans,
American and European scientists created the theory of plate tectonics. They found
that the oceanic lithosphere takes part in the global circulation of the mantle by
convection. The oceanic lithosphere is born at oceanic ridges by magma
differentiation and solidification, becoming thicker and heavier as it moves away
from the ridge, passing through the horizontal portion of the convection cell. It then
dips into the mantle at the subduction zones.

The theory of plate tectonics consists of two branches: kinematics and



dynamics. Kinematic plate tectonics studies the history and future of oceanic plate
movements, while dynamic plate tectonics investigates the driving forces of the
plates and studies mantle convection. The equations of mantle convection with
temperature dependent viscosity describe the oceanic lithosphere as resting on an
area of mantle with anomalously high viscosity and where the temperature is less
than the solidus temperature (1100-1300 °C). The mean length of the oceanic
lithospheric plates is about 5,000 km and their mean velocity is about 5 cm/yr;
therefore, the average age of the oceanic lithosphere is about 100 My. The present-
day map of plate configuration shows that there are no purely continental plates.
Each continent is partly frozen within a lithospheric plate. The theory of plate
tectonics thus considers the continents as buoyant bodies moving passively along
with oceanic plates.

According to the modern theory of plate tectonics, global geodynamics is
managed by a non-steady state, semi-chaotic mantle convection with variable
viscosity, including a highly viscous oceanic lithosphere. From this point of view,
the assembling of all continents into one super-continent and then dispersing them is
a simple result of chaos and disorder.

This view of Earth’s dynamics conflicts with some newly observed data. We
would like to emphasize three unsolved problems concerning the continental
lithosphere. Present-day geodynamics presents these questions as some of the most

important among the unsolved problems in the Earth Sciences.

1. Continents prevent heat from escaping the mantle. Therefore the sub-
continental mantle must be warmer than the sub-oceanic mantle. However,
observational data shows that the temperature under the continents at a

depth of 200-300 km (in the continental lithosphere) is about 200 °C less



than that under the oceans. Why is the continental lithosphere colder and
two to three times thicker than the oceanic lithosphere?

2. The continental crust is soft compared to the rigid oceanic plates. Why do
the oceanic plates not squash the continents? Why is the age of the
continental crust forty times greater than the oceanic crust?

3. Tomographic data reveal two giant hot anomalies in the mantle beneath

Africa and the Pacific. What is their origin?

Present-day tectonics has not yet answered these questions. The theory
presented in this paper explains the formation and evolution of the oceanic
lithosphere, but it does not consider the origin and evolution of the continental
lithosphere, nor can it explain the laws of continental drift or some features of
mantle dynamics. The aim of the presented report is to advance our present
understanding of the above-mentioned problems to create a new quantitative
concept - the tectonics of floating continents should be considered in addition to the

tectonics of the oceanic lithosphere.

HISTORY OF THE PROBLEM

A lot of numerical modeling of mantle convection has been done to date.
Two-dimensional, 3-D Cartesian and 3-D spherical models have been used to
explain the effects of variable viscosity, phase transitions, and internal heating as
functions of temperature and stress [e.g. Jarvis and McKenzie, 1980; Christensen,
1983, 1984; Christensen and Yuen, 1984; Glatzmaier, 1988; Machetel and Weber,
1991; Schubert, 1992; Balachandar et al., 1992; Lenardic and Kaula, 1994; Solheim
and Peltier, 1994; Tackley et al., 1994; Parmentier et al., 1994; Bunge et al., 1997,

Brunet and Machetel, 1998]. These models show how the oceanic lithosphere was



created at the oceanic ridges and how it evolved as a viscous area of convecting
mantle [Jacoby and Schmeling, 1982].

Despite the great success of numerical modeling, the current theory of plate
tectonics is not complete. There is no model that consistently describes the origin,
movement and break-up of the viscous oceanic lithosphere into separated plates.
Nor does plate tectonics explain why the continental lithosphere is colder, thicker
and older than oceanic lithosphere.

The statement that there are no continental plates concerns only a small time
interval. Oceanic lithospheric plates are recycled many times during the four billion-
year-age of the continents. Therefore we cannot consider a continent to be a
passive insertion in an oceanic plate. To study the properties and movement of
oceanic plates, observational data from the ocean bottom were used. Continental
lithosphere dynamics, however, can only be studied by the numerical modeling of
mantle convection coupled with drifting continents using all available data.

Trubitsyn and Fradkov [1985] showed how mantle convection under large
continents can be suppressed, and how mantle heat flow through the continents can
be three times less than through the oceans. They noticed that the oceanic plates do
not prevent mantle heat from escaping. Instead, oceanic plates take part in the
convective circulation of the mantle, and in doing so, increase conductive heat loss.
Trubitsyn et al. [1993,1994], Trubitsyn and Bobrov [1993,1996,1997], Lowman and
Jarvis [1993, 1995,1996], Bobrov and Trubitsyn [1996], Nakakuki et al. [1997] and
others numerically showed that a fixed continent at first suppresses convection, but
increases the size of the convection cell and changes the structure of the mantle. A
new hot upwelling could then appear after some hundreds of millions of years.

If the continents were allowed to move the new effects in mantle convection

could still take place. At first, the models took into account the mechanical effects



of moving continents as a boundary condition. Lux et al., [1979], Trubitsyn and
Fradkov [1986], and Doin M. -P. et al. [1997] assigned a horizontal velocity to the
continent instead of assuming a stationary but thick continent. Further, the
investigations of continental effects were modeled in two different ways.

In the first case, the continent is modeled simply as a highly viscous area of
the mantle [e.g. Hager, 1984; Tackley, 1998; Bercovici, 1998, and others] giving the
same equations of mantle convection with variable viscosity. 2-D models with two
free-floating, highly viscous plates were created showing that continents could
assemble and later move apart, similar to the history of Pangaea. This description of
continents as a highly viscous, buoyant area of the mantle is natural and
understandable, but there are mathematical difficulties in calculating the rotation of
the continents.

Trubitsyn and Rykov [1995, 1997,1998a, 1998b, 1999], and Rykov and
Trubitsyn [1996a, 1996b] proposed another way to incorporate the continents into
mantle convection. They considered the continent to be a rigid, thick, buoyant plate,
floating freely in the mantle. To describe the floating continental movement they
used Euler’s general equation for solid 3-D bodies. The free-floating continent
moves due to the viscous forces on all sides of the submersed continent.

The numerical solution of the coupled system of equations for the viscous
mantle and solid continents is provided. The first fully self-contained 3-D model of
mantle convection with two floating continents [Trubitsyn and Rykov, 1995]
revealed many new interesting effects in addition to reproducing the main periods of
the assembly and dispersal of the continents. Structures similar to the Atlantic and
Pacific Oceans appeared after the super continent dispersed. The calculated
downwelling on the western boundary of the Pacific shows a near vertical dip, while

on the east, the dip is almost horizontal. These are similar to the Eurasian and S.



American subduction zones. For another trial, Rykov and Trubitsyn, [1996b] used
two continents that coupled similarly to what is believed to have occurred with
North and South America.

A simplified method to incorporate the thick, rigid, free-floating continent
with mantle convection was also proposed by Bobrov and Trubitsyn [1996], and
Trubitsyn and Bobrov [1994, 1997]. They used a two-region method. For any time
interval, they calculate mantle convection within a box, with the area placed on the
moving continent. All boundaries of the box, including the continent-mantle
interface, are taken to be slip-free. They then solved the equation for mantle
convection and found the mean mantle velocity of the mantle flow (V) beneath the
continent. Next, they prescribe this velocity to the rigid continent and shift it a
distance Al = V.At, until a new velocity is found. The temperature for the continent
is calculated by a conductive heat transfer equation, and for the mantle, by the
equation of convection. This approach is very simple and can be used to test these
models.

Trubitsyn and Rykov [1997, 1999] showed that one additional reason for the
inclination of the subduction zones could be the influence of the overriding
continent. They used a very low Rayleigh number (Ra=210%) to exclude the chaotic
effects of mantle convection. In a first approximation a cold, highly viscous area of
mantle was used to describe the dynamics of the oceanic lithosphere. Vertical
downwelling declined when a free-floating, rigid, thick continent approached it.
Additional numerical experiments for continents moving with a prescribed
horizontal velocity showed that the dip angle of downwelling increases with an
increase in continental velocity.

Trubitsyn and Rykov [1998b] checked the effect of the diminishing

upwellings under the continent on a 2-D model of mantle convection. The
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assumptions included: a constant viscosity incorporating one free-floating continent
with Rayleigh number Ra=10°in an elongated box (10:1 ratio) with a grid of
200x80; the thickness of the continent (d) = 90 km; and the length (1) = 6,000 km.
This was found to be similar to convection under the Pacific with a moving Eurasia.
The model shows how even a thin continent can change the structure of mantle
flow, despite the chaotic style of mantle convection.

An Internet review of 2-D and 3-D geodynamic models with attached long
films was made by Trubitsyn and Rykov [1998b]. They illustrate four main features
of global geodynamics: a) plume style of mantle convection, b) effects of a highly
viscous oceanic lithosphere, c) the rate of mass exchange between the upper and
lower mantle due to phase transitions, and d) the effects of floating continents on
mantle convection.

In 1998 Trubitsyn and Rykov [1998a] proposed incorporating the tectonics
of the floating continents with the tectonics of oceanic lithospheric plates. Plate
tectonics explains only the dynamics of oceanic lithosphere coupled with mantle
flow by mass and heat exchange. The tectonics of the floating continents
additionally explains the dynamics of the continental movement coupled with mantle
flow by mechanical and thermal exchange.

In an Internet paper of Trubitsyn and Rykov [1998b] a long film was
attached, demonstrating the drift of five continents (resembling North and South
America, Africa, Eurasia and Australia) on a 3-D Earth with mantle convection. The
film demonstrated the history of Pangaea: the assembled continents in Laurasia and
Gondwana; the assembly of six continents into one super continent like Pangaea;
and their dispersal. The initial position of the continents was taken to be similar to
their present state, but the initial state of the mantle with non-steady state convection

was taken as arbitrary. This model, therefore, showed only the principal history of

11



Pangaea.

This report presents the first 3-D spherical, geodynamic model for the real
Earth. The shapes and sizes of the eight continents were taken to be similar to the
real continents and as an initial value for the calculation we took the temperature

distribution calculated from the seismic tomography data for the present-day Earth.

1. THE MODEL

The Earth is modeled by a viscous sphere. We do not consider the effects of
core-mantle coupling and assume a fixed temperature T=T as a boundary condition
on the core-mantle boundary (c-m.b.). This boundary condition implies that the
mantle is heated from below, but the temperature at the c-m.b. is always fixed. We
believe that any lateral inhomogeneities in relief or heat flow at the c-m.b. are
generated not by core processes, but by those of the mantle.

The mantle is modeled as a liquid of high viscosity. The continents are
modeled as thick, rigid plates, partially submerged into the mantle. They move atop
the mantle as a result of viscous drag forces. Continents can move on a spherical
Earth and rotate around an instant vertical axis (from Euler’s theory of solid body
motion we describe the motion of each continent on the Earth’s surface with two
spherical components of vector velocity u=Uy and v=U,, of the center of gravity and
the angular velocity of continent rotation around an instant vertical axis m;=d¢/dt).
Each continent floats freely until there is a collision and we do not consider the
deformation of the continents. Instead, we describe collisions only as forces
introduced at the points where the continents begin to overlap. Therefore the
continents have no contact with each other except at points which overlap.

The continents can assemble and form super continents similar to Pangaea,

but we do not consider any mass transfer between the continents at their contact
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points. We assume the super continent is a system of continents that are only very
closely spaced with respect to each other. In this way, we model the break-up of the
super continent as a dispersal of continents when the viscous force becomes greater
than the critical stress value.

Constant temperature, heat flow and velocity values are assumed at all the
continent-mantle interfaces. The continents do not drift passively, but can change
mantle convection due to mechanical and thermal interactions that occur.

The viscosity of the mantle is taken as a function of temperature and pressure
due to a simplified version of Weertman’s law. The viscosity can also be a function
of phase and chemical factors. The coefficients of the Weertman formula are chosen
to obtain the calculated viscosity as a function of the depth in accordance with the

available observational data.

The input data are as follows:
1. The known Earth parameters (radius of the Earth R and its core R,
acceleration due to gravity g, mean thermal expansion o, mean thermal
conductivity k and mean density p)
2. The viscosity n(T, p) as a function of temperature and pressure (as a
property of the material only)
3. The initial temperature distribution Ty(r,0,0), taken from seismic

tomography data.

Seismic velocities depend on density and elasticity. As a result, they depend
greatly on the temperature (T) and less on the chemical composition (C). To a first
approximation, we can find the variation of temperature by the simple formula

dV=(dV/dT ) 8T, taking the value for the coefficient (dV/dT .)from theoretical
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and experimental data.

The output data are as follows:
1. The Mantle flow velocities V(r,0,0, t)
2. The velocities of continental drift (as functions of 6,$, and t)
3. The temperature distribution T(r,0,¢, t)
4. The viscosity distribution n(r,6,¢, t)
5. The heat flow distribution q (1,6,¢, t)
6. The history of continental drift (location of continents, assembly and
dispersal of continents

7. The relief of the ocean bottom h (6,9, t)

We input the minimum data and attempt to create a preliminary global geodynamic

Earth model.

2. EQUATIONS FOR MANTLE CONVECTION

The thermal convection of a viscous mantle is described by the distribution of
convective flow vectors V; (X, y, z), temperature T (X, y, z) and pressure p (X, y, z).
In the Boussinesq approximation these unknown functions are found by solving a

system of three equations: mass, energy and momentum transfer:

pdV/dt= -0p/ox;+3S; /Ox;+ p g8; (1)
dT/dt= oa(koT/ox; )ox; + Q (2)
dp/ot + AVip)/oxi=0 (3)

i=1,2,3

where p is the density of the mantle, g; is the gravity, T (potential temperature) is the
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temperature variation relative to an adiabatic thermal state (T,), k is the thermal
conductivity, Q is the rate of internal heat flow per unit volume, 3 j is Kronecker
delta function which is equal to 1 if i = j and equals 0 if i # j. S;;is a deviatoric
stress tensor [Landau and Livshitz, 1959] where

Sij = (0Vi/ 0xj+ OV;/0x;) 4)
and n is the viscosity.

The value of the inertial terms on the left-hand side of the momentum
(impulse) transfer equation is approximately kp/n ~ 10, relative to the viscous
force on the right side. Therefore we can neglect the inertial terms. For the
Boussinesq approximation the density depends on the temperature but not on the
pressure, P = Py(1- aT) and this dependence is taken into account in the buoyancy
term of equation (1) only. Here « is the thermal expansion. The pressure variation
will be calculated relative to the hydrostatic [po(z)] distribution [Vpy =-pog]. We use
the following dimensionless variables: length, D; velocity, D/k; time, D*/k;
temperature, T*. viscosity, 1o; pressure, nok/D?; rate of internal heating, kT,/D?,

where k is thermal conductivity.

The dimensionless equations (1)-(3) are derived as follows:

0= -ap/aXi+aSij/an+ RaT 6{3 (5)
OT/Ot+VVT = KOT/0x; )ox; + Q (6)
OV/ox;= 0 (7)

where Ra is the Rayleigh number, thus,
Ra=apogT*D*/kn, (8)

Our aim is to study the effects of the continents on mantle convection. For
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simplicity we neglected internal heating (i.e. Q=0), the depth dependence for the
thermal expansion (o) and the thermal conductivity (k). Their variations have an
influence on the mantle convection, which is insignificant relative to the viscosity

variations.

3. EQUATIONS FOR A FREE-FLOATING RIGID CONTINENT

We will consider each continent as a rigid body, floating on the mantle. We
assume they are partially submerged into the mantle (below a free mantle surface).
The forces acting on the continent are as follows: 1) The gravity of the Earth acting
on the entire continent, and 2) the viscous forces of the mantle (pressure and shear
forces) acting on any point of the continent surface that is submerged into the
mantle.

The motion of the continent can be found by Euler’s general equations for any
solid body. According to Euler, the velocity components for any point of the solid
continent u (u, v, w) can be written as follows [Landau and Livshitz, 1958]

u(X, ¥, z) = Uk - &k 0i (XXj0) 9)
where Uy is the vector of the instant velocity of the center of gravity Ug=(uy, vy,
Wwy); @;is the vector of the instant angular velocity of rotation relative to a center of
gravity; o=(wy, 0y, ®,); X; is the co-ordinate of any point on the continent; x;o is the
co-ordinate of the instantaneous center of gravity; and g;x is Levi-Cheviot’s symbol
(which is equal to 0 for the equality of any two indices, equal to 1 for the even
transposition of the index relative to 123, and equal to —1 for the odd transposition).

The vector of the instantaneous velocity of the center gravity is calculated as

Ui = (I/M) [pcucdt , M=] p. dt (10)
where p. is the density distribution in the continent, dt is the volume element, and M

is the mass of continent.
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The general Euler’s equations for a solid body are as follows [Landau and
Livshitz, 1958]

MoU/ét = Fy (11)

dMydt =K, (12)
where F; represents external forces, and M; is the impulse moment

M=l (13)

Lk is the moment tensor

Li=Ipe [(xim%10) 785~ (XimXio)(Xk=Xio) 1V (14)

The whole moment of force K; is the sum of force moments k; for each body
element k;

Ki =gij (Xi-Xio)f; (15)

The forces acting on the continent are as follows: the gravity force (acting on
the center of gravity); and the viscous coupling forces which act on the portion of
the continental surface, which is submerged into the mantle. Under these forces the
continent floats in the mantle, moving along its surface and rotating around its
vertical axis.

The pressure and velocity of the mantle flow changes in space and time. In
the general case the vertical center of gravity velocity (wy) and the angular velocities
oy and oy, around the x and y axes are not equal to zero. We assume the continents
can sink and rise with the mantle and also that these changes can be different on
various sides of the continent. For simplicity we will consider the horizontal motions
(for Cartesian models) and the motion along a spherical surface (for spherical
models) of the continents and their rotations along vertical axes only, neglecting all
other effects. We therefore set wy = 0 and 0,= @, = 0.

The gravity force acts on the center of gravity and balances the hydrostatic

buoyancy force, leaving the viscous coupling force as the only external force acting
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on the continent. In this way, p is the pressure variation relative to the hydrostatic
pressure py(z). Also,

F=/{ (-p 8+ Six ) nidf (16)
where df is the absolute value of the surface element of the rigid continent and n; is a
normal unit vector directed to the external continent surface. The integral is taken
over the entire surface that is submerged in the mantle.

As a result, in a case of horizontal motion and rotation around a vertical axis z

of the continent, Euler’s equations reduce to a system of three equations

Mduy/dt = [[(-p 8;;+ Sy;)n; df (17)
Mdvy/dt= [[(-p 825+ Sy )n;df (18)
Iy;dos/dt = [[e5 (xi-xo))(-p Sj+ Sik ) ndf (19)
where dx/dt=uy, dy/dt=v,, de/dt=w; (20)

and where x.(t) and y.(t) are the co-ordinates of the center of gravity of the
continent, and ¢ is the angle of continental rotation.

In the special case of infinitely thin continents and assuming a Cartesian
model, there is a single viscous force on the bottom of the continent and the normal

vectors reduce to n,=(0,0,-1). In this case, Euler’s equations reduce to:

Mou, /ot = - [J Sy, dx dy (21)
Mav, /ot = - [[S,dx dy (22)
100/0t = [[[(y’-y’0)Sxz (X’ -X"0)Syz] dx dy’ (23)

where I is the inertial moment of the continent relative to the z axis, with the center
co-ordinate at the center of gravity in the moving frame [Trubitsyn and Rykov,
1997, 1998b, 1999]. The x’ and y’ axes must be directed along the main inertia axes

of the continent.

I=pcl(x-x0 ) + (y-y0)’] dt (24)
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Similar to the equations for mantle convection the inertial terms in the left-
hand side of Euler’s equations (11-12) or (17-19) are in the order of kp/n ~ 102
and can be neglected.

As a result, we have six equations with six unknown variables [Trubitsyn and
Rykov, 1997, 1998b, 1999]: three continent velocities uy(t), vo(t) and ws(t); two co-

ordinates of the center of gravity of the continent x.(t), y.(t); and the angle of its

rotation,
[[(-p &1+ Sy;)n;df =0 (25)
[1(-p 83+ S3;)n;df=0 (26)
[l (x-%o)(-p 8yt Sjx) medf=0 (27)
dx/dt=uy, dy/dt= vy, d /dt=w; (28)

The temperature inside of the solid continent (T.) can be found from the equation for

conductive heat transfer, taking into account advective heat transfer (9).
oT/ot+uV T, = (0T J/0x; )ox; + Q. (29)

where u is the continent velocity by (9) and Qc is the rate of internal heating due to

radioactive elements in the crust.

4. BOUNDARY CONDITIONS

The equations for mantle convection (1-3) and equations for continental
movement (17-19) and heat transfer (29) necessitate boundary conditions. On the
bottom (and sides of the box for Cartesian models) we assume slip-free and zero
mass flux conditions. This means that the normal velocity and tangential
components of viscous forces on these boundaries are zero.

Vini=0, Sit;=0, i=1,2. (30)

where - ny is the normal unit vector and 1;is the tangent unit vector for the boundary
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surfaces. On the surface boundary of the solid continent we assume a non-slip and

zero mass flux. That is, the mantle flow velocities are equal to the continent velocity
Vi=y €1y

on the surface of the continent, which is submerged into the mantle below the free

mantle surface.

The temperature on the c-m.b. is fixed. (in dimensionless form T=1.)

For Cartesian models we must define the boundary conditions on all sides of
the box. For these models (besides the slip-free boundaries) we assume a zero heat
flux on all sides of the box

oT/0 ng =0 (32)
where ny is the normal unit vector to the box side.

The temperature equals zero on the upper surface only for the oceanic part of
the mantle. On the submerged surface of the continent we assume constant
temperature and heat flow between the mantle and the continent.

T=T., dT/on =0T /on (33)

The temperature also equals zero on the upper surface of the continent.

T=0 (34)

We are left with the following mathematical problem. We have three
unknown functions (of co-ordinates and time) for mantle convection: the vector
velocity of mantle flow Vi(x,y,z,t); the temperature T(x,y,z,t); and the pressure
p(x,y,z,t). We also have four unknown functions for the continent. There are three
functions of time describing the movement of the continents as a unit, each function
having two components for instant velocity of the center of gravity uy(t) and v(t), as
well as one component of the instant angular velocity around the center of gravity
and o(t). The fourth unknown function is an unknown temperature distribution

inside of the continent T«(X,y,z,t). To find these seven functions we have seven
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equations: three differential equations of mantle convection (1- 3), three integral
equations (25-27) (reduced Euler’s equations), and the equation of heat transfer
inside of a moving continent (29). If we know the continent’s position in time and
its velocities [uy(t), vo(t) and w(t)], we can find its position at another time by
equation (28). Arbitrary constants of integration of the differential equations can be
found from the boundary conditions (30-34).

We consider a free-floating continent to be a more complicated case than a
fixed, motionless continent. We must include the boundary conditions for mantle
flow velocities and temperature with the position of the continent at a given time,
but this position as well as its velocity are unknown and must be found from the
coupled system of differential equations. If we have many continents, we must solve
the velocity equations (25-27) and temperature equation (29) for each continent
separately. At times of continent collision, however, we must change these
equations to accommodate the collision forces [Trubitsyn and Rykov, 1995, 1998a,
1998b; Rykov and Trubitsyn, 1996a, 1996b]. Here we present the results for the

evolution of continental drift until continent assembly.

5. NUMERICAL CODE
5.1 ONE AND TWO-REGION METHODS

For Cartesian models we tested the numerical code for mantle convection by
well-known published standards. For mantle convection with floating continents we
compared the results of using both a one and two-region method. In the one-region
method we input the set of parameters and consider the continent to be a highly
viscous liquid. In the two-region method for each time step we solve the equations
for mantle convection and temperature inside of the solid continent separately. The

solutions are then re-examined to fit the boundary conditions. Both methods produce
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solutions that are in a good agreement with each other.

5.2 NUMERICAL METHOD FOR DIFFERENTIAL EQUATIONS OF MANTLE
CONVECTION
The solution of the equations of mantle convection with floating continents

was provided by a finite difference method [Rykov and Trubitsyn, 1997]. The
method of flux-corrected transport algorithms and alternating triangle matrix
decomposition with iterative parameters was obtained by the conjugate method of
Zalesak [1979] and was used for the numerical solution of the temperature
equations (6,29). The equations for velocity and pressure (5,7,25-28) are reduced
to elliptic equations with variable coefficients (generalized Poisson’s equations).
They are solved by the triangular method with a three-layer modification. The
iterative parameters are chosen by the method of conjugating gradients [Samarskii
and Nikolaev, 1978]. Further details of this numerical technique are published in
[Rykov and Trubitsyn, 1996a].

6. RESULTS

Most of the presented results were found for 3-D spherical models.
Therefore, the above equations were rewritten in spherical co-ordinates for the
spherical components of the mantle flow velocities V(r,6,¢, t), Vo(r,0,0, t), Vy(1,6,9,
t), the pressure p(r,6,0, t) and temperature T(r,6,9, t). We also used spherical co-
ordinates for the angular solid body velocity ®;(6,¢, t) around a local vertical axis
for a specific time frame and for the continental velocities at the center of gravity
(8,9, 1), uy(6,9, ).

To show the role that the continents play in global geodynamics we present

four models:

22



A very simple 2-D model of mantle convection with one small continent having a
low Rayleigh number. This model shows the mechanism of flow reversal due to
a moving continent.

A 3-D spherical model with five floating solid continents, floated in a mantle with a
constant viscosity for Ra=10° at arbitrary time (t) of the evolution of a non-
steady convection. This model demonstrates the assembly and dispersal of super
continents similar to Pangaea.

A 3-D spherical model of mantle convection with eight continents having variable
viscosity for Ra=5x10°. The initial state is taken from tomographic data. To save
computer time we assume a very rough grid to show continental evolution until
the time of Pangaea formation.

A 3-D spherical model similar to the previous model but with a finer grid. This
model shows only the beginnings of the Earth’s future evolution (during the
future Atlantic expansion), but reveals many new present-day features of the

current Earth’s interior.

6.1 2-D MODEL OF MANTLE CONVECTION WITH ONE FREE-FLOATING
CONTINENT

The mantle was modeled as a very viscous liquid in a box with an X:Z ratio =
10:1 and a grid 200x80. The viscosity is temperature and pressure dependent, with
very small convective variations in pressure. Hydrostatic pressure is proportional to
depth or (1-z) where z is the vertical axis. Similar to Christensen [1984, 1985] we
used a simplified formula for viscosity

n="no exp [-4.6052 T + 0.921 (1-z)] (35)
where m is surface viscosity. We chose the values for the coefficients of viscosity to

increase two orders.of magnitude due to temperature, and decrease a 0.5 order due
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to pressure. To exclude any chaotic effects of mantle convection we assume a low
surface Rayleigh number, Ra;=10. The mean viscosity was less than that on the
surface, therefore an effective Rayleigh number is equal to about Ra=210°.

Initially, we assumed a steady state mantle convection. Without continents
the convective cells are regular and downwellings (modeling subducted slabs) are
all near vertical. We then modeled continents by putting a small, rigid plate into the
mantle with thickness (d) = 0.1 D and length (I) = 0.7 D. The whole calculated
history of this continental drift and evolution of mantle flow are shown in Figs. 1.1-
1.17 for dimensionless variables. The Z-axis is directed vertically, and the X-axis to
the right. The upper curve shows the heat flow distribution (Nusselt number) on the
surface. Figs. 1.1 and 1.4 show vigorous convection occurring at time (t=2.556x10"
2) when a continent is put on the mantle. Figs. 1.2 and 1.3 show temperature and
viscosity distributions for t=2.556 102, Calculated by equation (35), the viscosity
depicts variations in the oceanic lithosphere, asthenosphere, lower mantle and c-
m.b. layer. Figs. 1.4-1.17 show the calculated evolution of the mantle/continent
system. The continent drifts to the nearby downwelling and attempts to override the
downwelling. At the same time the continent shifts the upper part of the subducted
zone and reduces the pressure in the subduction wedge. As a result, the
downwelling shifts from vertical to a steep angle. As revealed by additional
calculations this effect is proportional to the continent velocity, explaining why the
slabs subducted under slow-moving Eurasia dip close to vertical, while the slabs
subducted under the faster-moving South America dip very steeply. The structure of
mantle convection for time t=2.63 102 (Fig. 1.6) is similar to present day South
America. After some length of time (Figs. 1.8-1.10) upwelling is pulled under the
drifted continents. This structure is similar to the state of North America, beginning

at a time 40 Ma after the break-up of the subducted slab. Figs. 1.10-1.17 show the
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evolution of the nearby downwelling. As the continent prevents the heat from
escaping from the mantle, the sub-continental mantle becomes warmer and the
downwelling disperses. Figs. 1.14-1.17 show how the continent then approaches,

covers, and terminates the next downwelling.

6.2 3-D SPHERICAL MODEL WITH FIVE FLOATING CONTINENTS

The mantle is modeled as a spherical shell filled by a liquid with constant
viscosity that is heated from below with Ra=10°. As an initial state we assume that
vigorous convection took place within the mantle, which is in a non-steady state.
We assumed an arbitrary moment of mantle evolution and put into the mantle five
rigid plates whose shapes roughly resemble the continents of North and South
America, Africa, Eurasia and Australia. The initial positions of these plates were
taken to be similar to their present-day locations (Fig. 2.1). The thickness of the
continents was taken to be 100 km. The calculated history of continental drift is
shown in Figs. 2.1-2.12. We can see how three continents drift to the north to
assemble into a super continent similar to Laurasia (Fig. 2.3) and two others drift to
the south to assemble into Gondwana (Fig. 2.4-2.6). These results reveal the
mechanism of global mantle processes due to thermal and mechanical coupling of
the mantle and continents. Figs. 2.7-2.11 show how all five continents try to

assemble into a super continent, and Fig. 2.12 shows the dispersal of continents.

6.3 3-D SPHERICAL MODEL OF MANTLE CONVECTION WITH EIGHT
CONTINENTS AND TOMOGRAPHIC DATA ON A ROUGH GRID

To model the mantle we assume a 3-D spherical shell filled with a cold,
motionless, viscous liquid. Then we set eight thick, buoyant, solid plates into a

viscous mantle. The thickness of all the continents was set to d=0.02 and R ~ 130
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km. The shape of these plates was taken to be similar to the shapes and sizes of the
actual continents (North and South America, Africa, Eurasia, Australia, Antarctica
and two islands: Madagascar and Kalimantan).

The initial temperature distribution T(r,0,¢, t=0)=T(r,0,¢) for the real Earth
was obtained from seismic tomography data. Lateral variations of temperature can
be found directly from the formula 6V ~=(dV¢/dT.) 8T [Anderson et al., 1968] with
an effective coefficient (dVy/dT .)as a function of pressure and temperature [Cadek
et al., 1994]. We assume these lateral variations of temperature were similar to
those calculated by S. Sobolev (personal communication) from tomographic data.
To find the variation of temperature with depth we need to use additional constraints
from another data set. In the Boussinesq approximation, the depth-temperature
distribution for various values of the Rayleigh numbers is known from the theory of
thermal convection. The full temperature in the mantle is the sum of the Boussinesq
over-adiabatic (potential) temperature T(r,0,9, t) and the adiabatic temperature
Taa(r) calculated using the accepted parameters of the Earth. [e.g. Zharkov and
Trubitsyn, 1979]. Figs. 3.1-3.14 show the lateral variations of the temperature
distributions at various depths, taken as initial Ty(r;,0,4) in our calculations of mantle
convection for model 3 and 4. They are from the Sobolev (personal communication)
data and are shown graphically in Figs. 3.1-3.14. The scale for temperature variation
is on the left side.

The mantle viscosity was modeled as a property of the material (as a function
of pressure (p) and temperature (T)) and we assumed the simplified Weertman’s
formula

n(p, T)=Aexp{(Eotp Vo)(T+ Tas +To)}. (36)

Here T is the cut-off temperature (to prevent an infinitely great viscosity for T=0).
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We neglect the stress dependence of viscosity, so A is constant. The values of the
activation energy E, and activation volume V, are unknown for the lower crust and
poorly constrained for the upper mantle, since they can also depend on the chemical
and mineralogical composition, as well as on the rheology of the mantle. Therefore,
we considered this formula to be effective and chose the parameter values that gave
a calculated depth distribution for viscosity that is consistent with the available data.
In dimensionless form, we assume the p-T dependence for viscosity as follow:

n(p,T)=0.01 exp{(21-20 r)/(T+ 2.4-2.2 1)}, 37)

We assume a slip-free velocity and fixed temperature T+ T,q =3500 °C as a
condition on the core-mantle boundary. On the upper surface we assume T=0 and
the same slip-free condition to be valid on the oceanic part of the surface as well as
continuity for temperature, heat flow and velocities on the continent-mantle
boundaries.

We then set Ra=5x10°in the equations of thermal convection with floating
continents (1-3, 25-29) and carried out the numerical calculations. To save computer
time we calculated a history of continental drift on a rough grid of 32x32x32. Fig.
3.15 shows the initial positions of continents over the entire Earth. The calculated
evolution of the coupled mantle/continent system is shown in Figs. 3.15- 3.30.

The positions of the continents, the calculated heat flow distribution (shown
by the color scale on the left side of each figure), the calculated velocity of mantle
flow and velocities of the points for all eight continents (scale for velocity is in the
upper-left corner) are shown. We calculated up to the time at which all the
continents begin to assemble to form Pangaea. This calculation took about one week

(~200 hours) on a PC-IT Pentium-II 400Mhz.
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6.4 3-D SPHERICAL MODEL OF MANTLE CONVECTION WITH EIGHT
CONTINENTS ON A FINER GRID

In our next calculations we assumed the same model, but used a finer grid
(r0,0 = 32x72x144). Our numerical program used a variable grid with finer
spacing in the areas of greatest variation of the unknown function and rougher
spacing in areas of small variation. The previously mentioned value of the grid is a
mean value taken over the entire grid range. We calculated the present-day state of
the mantle under the oceans and continents and modeled the future Earth’s
mantle/continent system up to 200 My from now. The initial positions of the
continents were taken to be the same as used in the previous model. They are shown
in Fig. 3.15.

Fig. 4.1 shows the depth variations of the adiabatic, T, (r), over-adiabatic
Boussinesq potential temperature, Ty (r) and full initial temperature in the mantle,
To(r)+Taq (1).

If we put an initial temperature, Ty(r,0,¢) into this formula (37) for viscosity
(m(p,T)), we will find the 3-D space distribution of the viscosity in the mantle. Fig.
4.2 shows the calculated mean viscosity as a function of depth (averaged by 6 and
¢). To a first approximation this distribution fits the available data: highly viscous
oceanic lithosphere, low viscosity asthenosphere, and an increase of viscosity with
depth in the lower mantle [e.g. Mitrovica and Forte, 1997].

The main input data were as follows: initial positions of continents (Fig.
3.15), To(1,0,¢), and formula (37) for viscosity n(p,T). We again assumed Ra=5 10°.
To show the results in dimensional form we assumed the following values for the
relevant Earth’s parameters: a=2 10° K™, p=4,000 kg m *, cp=1.2 10°J kg"'K"',
T*=2,500 K, g=10 m s%, x=4.8 Wm'K"!, K=10® m*s”!, 114=10? Pas.
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Fig. 4.3 shows the initial temperature distribution, taken from tomography
data in a cross-section at ¢=15°. The color scale on the left side gives the
temperature. The continents are shown as a brown color. In this cross-section we
see Antarctica (bottom), a piece of N. America (upper-left), Africa (on the right) and
two pieces of Eurasia (upper-right). Figs. 4.4-4.28 show the calculated evolution of
the mantle convection with floating continents. Arrows show the calculated velocity
of mantle flow and all points of the continents, with the scale shown in the upper-
left corner of each figure. The red line outside the Earth shows the heat flow
distribution in this cross-section (¢=15"). The maximum and minimum of the
calculated heat flow are shown on the left side of the figures. The black line shows
the 670 km phase boundary between the upper and lower mantle.

From these figures we can see the coldest areas of mantle and those with
highest viscosity (pictured by the blue color). We see the thin oceanic lithosphere
and two giant hot anomalies under Africa and the Pacific. Fig. 4.4 shows the mantle
flow and continental velocities calculated after one time step. Recall that we
assumed a non-slip boundary condition under the moving continents. The evolution
of mantle flow is therefore shown to differ greatly in comparison to the models with
slip-free conditions currently being used in published papers. Near the beginning of
the 50 My time period our model already begins to show properties of the
continental lithosphere. This must occur due to the equations of mass, heat and low
momentum transfer. Figs. 4.5-4.17 show the evolution of giant plumes under Africa
and the Pacific.

The model we present is a preliminary one. Our scenario is only one possible
evolution of the future Earth. We can distinctly see the break-up of the subducted
slabs (Fig. 4.14) and the decrease in the uplift of the hot plumes (Fig. 4.16).

Beginning at t > 100 My, the asthenosphere spreads under the oceans and there is
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almost always no asthenosphere left beneath the continents. Our schematic model
predicts a very hot mantle in the north after 150 My have passed.

Let us compare the static tomography picture (Fig. 4.3) with the results of our
numerical calculations (Figs. 4.8-4.12). For example, we do not see any continental
lithosphere on Fig. 4.3 (Possibly new tomographic data will show it). After some
time t >100 My the numerical results distinctly show a continental lithosphere.
Numerical modeling can improve some of the mistakes in the initial tomographic
data by using the general equations of mass, heat and momentum transfer. The
distributions of all calculated geophysical fields must be fully repeatable with each
other and must even correct the initial tomographic data.

These results may indicate one of the possible paths for Earth’s future
evolution, predicting a hot North Pole in the next 100 My. This model also
indicates that a very long time should pass before the formation of the next
Pangaea (t ~ 1.0 — 1.5 By). This corresponds to the time necessary for the
continents to move a distance of about 10,000 km with a velocity of about 0.5
cm/y. The time of the previous Pangaea formations took 2-4 times less because
the Earth was 50-100°K hotter. The mantle viscosity, therefore, was 5-10 times

lower and the velocity of the mantle flow was 2-4 times greater.

7 CONCLUSION

Three main coupling processes manage global geodynamics: a non-steady
state semi-chaotic mantle convection, a highly viscous oceanic lithosphere, and
the motion of floating continents. We studied the third and found that floating
continents play a very important role in global tectonics.

1. First, to exclude the chaotic effects of thermal convection we assumed
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a very low Rayleigh number and used a simple 2-D model of mantle convection
with one small continent to reveal:

a) For low Rayleigh numbers without continents all upwellings and
downwellings are vertical. The continent moves due to viscous coupling with
mantle flow, is drawn towards a nearby downwelling and tries to cover the
downwelling. Simultaneously, the continent shifts the upper portion of the
subduction zone and reduces the pressure in the subduction wedge. As a résult
the downwelling reorients from vertical to a steep angle. This effect is
proportional to continental velocity. It was found that the slabs subducting under
a slow-moving Eurasia dip close to vertical, while the slabs subducting under
faster-moving South America are very steep.

b) During most of its “life” the continent exists over the coldest
(downwelling) part of the mantle. This explains why the lithosphere under most
of the continents is cooler than the average suboceanic lithosphere.

c¢) The insulating effect of the continent prevents heat from
escaping the mantle. The material beneath a continent consequently becomes
warmer and lighter. The downwelling beneath the continent eventually
disappears and is replaced by upwelling. About 200-400 My are required to
reverse the mantle flow under a large fixed continent. This effect may explain
the origin of the giant hot anomaly beneath Africa.

d) Beneath Africa an upwelling has split into two branches (similar
to the upwellings of the Atlantic and Indian ridges). This has resulted in Africa
being stationary for a long time but this state of mantle convection with a
floating continent is not stable. Mantle flow will eventually begin to push the
continent towards the next nearby downwelling that will result in the

downwelling being reversed.
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e) The substitution of upwelling for downwelling occurs as follows.
In some cases new upwelling comes from the core-mantle boundary, but often
existing nearby upwellings are pulled beneath continents. At the same time
active downwellings can be terminated.

2. 3-D spherical models of mantle convection with five floating continents
showed that the equations of mass, heat and momentum transfer lead both to the
assembly of continents into a super continent and to their dispersal. This process
is possible due to a strong mechanical and thermal interaction between the
mantle flow and the continents. The huge downwelling pulls the continents
toward downwelling trenches and assembles them, but the super continent
diminishes this downwelling and creates an upwelling that disperses the
continents once again.

3. 3-D spherical models with floating continents use an initial state taken
from the tomographic data and can be incorporated into a full, preliminary
geodynamic model. The model includes all three main processes mentioned
above to describe the global Earth’s tectonics. This model shows the evolution
of asthenosphere, continental lithosphere, splitting of the huge African
upwelling, division of upwellings, the break-up and separation of downwellings
(similar to those of subducted slabs) and the settling of downwellings to the

core-mantle boundary.

This model must be improved in future projects. A finer grid is needed as
well as more precise tomographic data and better values of the Earth’s
parameters for input purposes. At present, this model gives new output data and
three velocities for each continent. Comparisons of calculated continental

velocities with observed data (e.g. GPS data) will give new constraints which
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are very sensitive to the Earth’s interior structure. Numerical modeling of mantle
convection with the oceanic lithosphere and continents using tomography will
give a 3-D view through time of the interior’s structure and dynamics. We can
therefore predict the future geodynamic evolution of the Earth, and in principal,

reconstruct its history.
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LIST OF FIGURES

Fig.1.1 —1.17 2-D numerical model for evolution of mantle convection with one free-
floating continent with an effective Rayleigh number Ra=2 10°

Fig. 1.1 and 1.4 — calculated temperature and flow for developed non-stationary mantle
convection for the time when the continent is emplaced on the mantle. Elongated
box X:Z=10:1. Dimensional time and color scale for the temperature are shown
on the left. Upper curve - calculated dimensionless (Nusselt number) heat flow
distribution

Fig. 1.2-1.3 - calculated dimensionless temperature and viscosity as functions of the
depth: Z axis directed upwards, X axis is temperature and logarithm of viscosity

Fig. 1.4-1.17 show positions of floating continent and changes of mantle convection.

Fig. 2.1 —2.12 Calculated evolution of mantle convection with five floating
continents with Ra=10° for dimensionless variables. Temperature is shown by
color, velocity of mantle flow and continents are shown by arrows (see scale
on the left).

Fig. 2.1 - initial positions for continents on a convecting mantle.
Fig. 2.11 - time when all continents assembled.
Fig. 2.12 - time when continents dispersed.

Fig. 3.1 —-3.14 Lateral variations of temperature for various depths, calculated from
tomographic data and used as the initial temperature distribution for
calculation of mantle convection. The scale for temperature variation is
shown on the left.

Fig. 3.15 The initial positions of six continents and two islands on the cold viscous

sphere. The continents are shown in brown.
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Fig. 3.16 —3.30 Calculated mantle flow and continent velocities, and heat flow for
the various times in the evolution of mantle convection with floating
continents for the time from the present time (t=0) until 1.2 By in the future.
The continents are shown in brown, and arrows show vector velocities (scale
is on the left). The values of calculated heat flow are shown by color.

Fig. 4.1 The depth distribution of temperature T(r, t=0) in the Earth, taken as the
initial conditions for the calculations. The blue curve is the adiabatic
temperature, the red curve is the full temperature, and the black curve is the
over-adiabatic (potential) temperature, the evolution of which is calculated in
the Boussinesq approximation. The vertical axis is depth (km), the horizontal
axis is temperature (°C).

Fig. 4.2 The depth distribution of viscosity n(p, T, t=0) in the Earth, calculated by
formulas (36, 37), using the initial full temperature for the Earth.

Fig. 4.3 Cross-section of the mantle at latitude ¢ =15"at the initial time t=0.The
continents Antarctic (bottom), Africa (right), Eurasia (West Europe and
Scandinavia in the upper right) and Alaska (in the upper-left) are pictured by
the color brown. Lateral variations of the potential temperature are calculated
from tomographic data. The green color corresponds to a cold lithosphere, the
red color to a hot giant anomaly under the Pacific and Africa. The black
spherical curve shows the 670-km upper-lower mantle boundary.

Fig. 4.4 —4.28 The calculated evolution of the mantle convection with floating
continents for the present time (t=0) until 195 My into the future. The arrows
show the calculated mantle flow and the continental velocities. The scales for
temperature and velocities are shown on the left. Also, a maximum and

minimum calculated heat flow is shown.
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Czos=s R = {.000
135, ON0: 530, D)

Semle = i.BUUE ao
Velozity wvectozs
—+ : |,2B4E+03
[ow
L90sE-01
H E+00
E+00
E+00
E+00
E+O0
1E+HH
S9E+01
ISR +D1
_WE+|1
SE9E+01
Fa9E+01
HE+C1

s
II
_4_
1] -

0 00

1

It
|U]&J¢Hﬂl7!

LE) 5

1

I::I ) e
—— e e e

_rl L l
U

'—->—A-»—->—~._..._-.,_L,

1

[1-

|_ﬂ ..L.

J

1, 40Z28500E+01

!+

Czoss = 1,000

L1 55, DD].:”H Qoo
Scale = {,200E+00
VELD:ltq veCcltozs

— "1, 1BSE+03

HEG+ F,HU

e 9. 9084E-01
B O TiE-OD
B 0 (. CiRE+00
B 0 - :300E+00
R 5. 095E+00
Y 9, 370E+00
{ 1B E+O1
1. 342E+01
1, 519E+01
1, B9¥E+01
|.BY4E+01
o JC“E HI
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t+ = 1.4031100E+01
Czoss R = {.000
¢135.000;: 330, 0000
Scale = |.,200E+00

Veloz ity v-ctozs

—= : 9, 705E+0C
Heat Flow

: L FagE-01
L 1B5E+00
LBSEE+00
AATE+DOD
LBESE+D0
130E+00
B2{E+OC
JA1ELOY
.!bUE'Ui
L 409E+01
S59E 01
TO08E+D1
B5¥E+D1

I D

1Nt

C CO

I

||\Mj

t = 4.4031700E+01
Czoss R = 1,000
(135, 000; 330,000
Scale = 1. DDHE+UH
uwiu l+g VECTOZ=
—= : +1{,097E+03
HE‘EY*T F l_ oW
B 0 .. 0°0E-0O
Bl 0 (. O33E+00
R 0 5. 5F4iE+00
BN 0 . 0i4iE-00
Il @ . °SSE+00
B 0 <. .0oRE+00
: 9, {3RE+0OC
{.092E+0O1
1. 2028 «01
iz |, 3'BE+0O1
i {,430E+01
B {,63/E-01
ey 1,778k 01
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e l-t-tul=tn

i. Duu
g0 330, 0000
= .:qu+DD
I'fq r—‘l_'f'll <

: :13E+UJ

la
Flow
TE

e
|

t
E

[——r
=
[Tl
C

o L

— 1y
mn
)
1]

T
m

5
— 0O Wo

D.—rnw

i

RHRNNE. .
P Y
T

l IE II]
. B4B6E+00
S4{E+00
SBE+DO
CS31E+DD
LB2RE+DO
g,32{E+00
i, 082E+«01
{: 231E+01
1,3BLE+D1
|

i

i

il ==

) T

L SA0E 01
JEECE+CH
JEE9E 01

A036100E+01
- {.000
1135 000:330.000)
Scale {.200E+00
Yelosity wectozs
c o 1. D44E+03
(]
EE0E-01
. 185E+00
L FOZE+D0
JOOCE+DO
LFAYE+OO
L 255E+00
FA2E+O0
LA29E+01
.“BIE+DI
. 432E+01
. SE4E 01
L TARE D
.“BBE?DI

et

OO O UL to O T —

""—"'—“’—"—*’_“LUU_J\_
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Time 0.0065000 Ma
Depth 200.000 km
¢ 90.000;315.000)
Scale 1.000

—

ezutuze (C)

1.057E+03
1.088E+03
1.118E+03
. 148E+03
. 180E+03
.210E+D3
241E+03
271E+03
.302E+03
. 333E+03
1.363E+03

em

o

!!!QUU!!!!'

Time 0.0065000 Ma
Depth 400.000 km
¢ 90.000;315.000)
Scale 1.000

ezatuze (C2

1.213E+03
1.237E+03
1.261E+03
1.285E+03
1.310E+03
1.334E+03
1.358E+03
1.382E+03
1.407E+03
1.431E+03
1.455E+03

--l
=3
D

!!!UDU!!!!.'
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Time 0.0065000 Ma
Depth 600.000 km
¢ 90.000;315.000)
Scale 1.000

ezatuze R

1.246E+03
1.278E+03
1.311E+03
1.344E+03
1.377E+03
410E+03
A43E+03
.47B6E+03
.508E+D3
.542E+03
.975E+03

—]

em

o

!!!UD.U!!!!.

( 90.000:315.000)
Scale 1.000

Tempezufuze (C)

i 1.236E+03
M : {.287E+03
B : 1.337E+03
B : 1,388E+03
e B BRI P o e LR
B : 1.489E+03
Bl : 1.540E+03
BB : 1.591E+03
Em :  1.642E+03

R ﬂ .‘“\\“‘m
L7

SN

f\)d



Time 0.0065000 Ma
Depth 1000.000 km
¢ 90.000;315.000)
Scale 1.000

Tempezatuze (C)

T 1.179E+03
1.230E+03
1.281E+03
1.332E+03
. 383E+03
«434E+03
. 4B6E+03
. 937E+03
.58BE+03
.B639E+03
.690E+03

M

Time 0.0065000 Ma
Depth 1200.000 km
¢ 90.000;315.000)
Scale 1.000

e

em

0

ezatuze (C)

: 1.210E+03
1.257E+03
1.303E+03
1.350E+03
1.396E+03
1.443E+03
1.488E+03
1.536E+03
1.582E+03
1.629E+03
1.675E+03

RNRCCLNNE

W
n
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Time 0.0065000 Ma
Depth 1400.000 km
¢ 90.000;315.000)
Scale 1.000

'—l

ezatuze (C)

] 163 <03
1.211E+03
1.258E+03
1.306E+03
. 394E+03
LA01E+03
449E+03
. 497E+03
.544E+03
.592E+03
.640E+03

em

g3

!!!.U.DU!!!!'

Time 0.0065000 Ma
Depth 1600.000 km
( 90.000;315.000)
Scale 1.000

"-i

ezatuze (C)

1.117E+03
1. 177E+03
1.236E+03
1, 295E+03
1.350E+03
1.414E+03
1.474E+03
1.533E+03
1.583E+03
1.,B652E+03
1.711E+03

em)

B

!.'.;';DUU!!!!.'
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Time 0.0065000 Ma
Depth 1800.000 km
¢ 90.000;315.000)
Scale 1.000

—i

ezatuze (C)

1.134E+03
1.195E+03
. 257E+03
.319E+03
. 380E+03
A442E+03
.S04E+03
.566E+03
.B27E+D3
.B683E+03
.Z51E+03

em

"D

s 85 ss 88 3s ss es ss ss as
e e R R S S e e

Time 0.0065000 Ma
Depth 2000.000 km
¢ 90.000;315.000)
Scale 1.000

x|

ezutuze (C)

1.05BE+03
1.122E+03
1. 186E+03
1.250E+03
1.314E+03
1.378E+03
1.442E+03
1.50BE+03
1.570E+03
1.634E+03
1.B698E+03

em

o

!!!D.UD!!!!;'




Time 0.0065000 Ma
Depth 2200.000 km
¢ 90.000;315.000)
Scale 1.000

'—l

pezatuze (C)

8.640E+02
1.043E+03
1.121E+03
1.200E+03
.278E+03
. 307E+03
. 435E+03
.014E+03
«992E+03
671E+03
748E+03

!!!.U.Uﬂ!!!!'

(=]

ezutuze (L)

9,822E+02
1.067E+03
{.152E+03
1.236E+03
1.321E+03
1.406E+03
1.490E+03
1.575E+03
1.660E+03
1.743E+03
1.829E+03

em

B

!!!DUQ!!!!;'
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Time 0.0065000 Ma
Depth 2600.000 km
¢ 90.000;315.000)
Scale 1.000

Tempezatuze (C)

BN : 1.008E+03
Wl : 1{.096E+03
Bl : 1.185E+03
Bl : 1.274E+03
B : 1.362E+03
[ : 1.45{E+03
Bl : 41.540E+03
EEE : 1.628E+03
B : 1.717E+03
Bl : 1.806E+03
B - 1.894E+03

Time 0.0065000 Ma
Depth 2800.000 km
( 90.000;315.000)
Scale 1.000

—]

em

0

ezatuze (C)

: 1.010E+03
1.101E+03
1.192E+03
1. 282E+03
1.373E+03
1.463E+03
1.554E+03
1.644E+03
1.735E+03
1.826E+03
1.816E+03

o ot
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Time 0.0000000 Ma

Depth .000 km
(¢ 80.000; 0.000)
Jdcale .800

Heat Flow(mW/m2)

Time 0.0065000 Ma

Depth .000 km
( 80.000; 0.000)
Scale . 800
Velocity (cm/y)
—=  4.217E-04
Heat Flow{mW/m2)
B : 4.888E+01
B : 5.241E+01
B : 5.595E+04
B : 5.94BE+01
1 : B6.302E+01
(3 : 6.655E+01
B : 7.009E+01
B -  7,362E+01
B

L
NN

NN

\

: F.7ABE+D1 [
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Time 130.21260 Ma

Depth 000 km
¢ 90.000; 0.000)
Scale . 800
Velocity (em/y)
— : 1,205E+00
Heut FLow(mN/mQ)
2.685E+01
Bl : 3.515E+01
B :  4.345E+01
BN : 5.175E+01
B : 6.005E+04
1 : B.835E+04
[ : 7.B665E+0D1
] : B.485E+D1
BN : 9.325E+01
Bl : 1.016E+02
BN - 1.099E+02

Time 260.21290 Ma

Depth .000 km
¢ 80.000; 0.000)
Scale . 800

Velocity (cm/y)
—~ : 1,913E+00
Heat FLow(mN/mQJ
1.870E+01
2. 730E+01
3.989E+01
4,448E+01
0.307E+M
6.166E+01
7. 026E+01
7.885E+01
8.744E+01
9.603E+01
1.04BE+02

!!!DDD!!!!'
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Time 195.42220 Ma

Depth .000 km
¢ 80.000; 0.000)
Scale .B00
Velocity (em/y)
—= : 1,080E+00
Heat F'Low(mN/mQJ
R 2.160E+01
W : 2.973E+01
B : 3.785E+01
B : 4.597E+01
BN : ©5.409E+01
C—1 : B6.222E+01
C : 7.034E+01
C—1 @ 7.84BE+01
EEE : B.658E+01
BN : O.471E+D1
BN : 1.028E+02

Time 325.07420 Ma

Depth . 000 km
( 90.000; 0.000)
Scale . 800
Velocity (em/y)
— 2.251E+00
Heat FLow(mN/mQ)
[ 1.795E+01
Bl : 2.633E+01
B : 3.471E+01
Bl : 4.309E+D1
Bl : 5.147E+01
1 : 5.986E+01
B : 6.824E+04
[ : 7.662E+01
BN : 5.500E+01
BN : 9.338E+01
B : 1.01BE+02
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Time 455.07170 Ma

Depth .000 km
¢ 90.000; 0.000)
Scale . 800
Velocity (cm/y)
—= : 2,589E+00
Heat FLow(mN/mQJ
(e 1.983E+01
T : 2.813E+01
BN @ 35.643E+01
B : 4. 474E+D4
B : 5.304E+01
C—1: B.135E+D1
1 - B.965E+01
B ¢ 7.796E+D1
BN : 8.626E+01
B : O.456E+01
Bl : 1.020E+02

Time 520.01630 Ma

Depth .000 km
¢ 90.000; 0.000)
Scale . 800
Velocity (em/y)
—= : 1,984E+00
Heat FLow(m'N/mQJ
] 1.833E+01
Bl : 2.724E+01
B : 3.615E+D1
Bl : 4.505E+D1
Bl : 5.396E+D1
1 : B6.287E+01
EE @ 7.17BE+04
/1 : B8.069E+01
BEEES : B§.960E+01
EEl : 9.850E+01
EEl : 1.074E+02

N



Time 585.31640 Ma

Depth 000 km
( 90.000; 0.000)
Scale . 800
Velocity (em/y)
—t= 1.,786E+00
Heat Flow(mW/m2)
BN : 1.832E+01
Bl : 2.653E+01
Bl : 3.474E+01
B :  4,296E+01
B : 5.117E+01
1 : 5.938E+01
] : B.758E+01
E= ¢ 7.581E+0D1
B : G.402E+01
Bl : 9.223E+01
BN - 1.004E+02

Time B650.43760 Ma

Depth . 000 km
( 90.000:; 0.000)
Scale . 800
Velocity (em/y)
—= 2.131E+00
Heat Flow(mW/m2)
BN : 1,846E+01
Bl : 2.636E+01
Hl : 3.425E+01
B 0 4.215E+01
B : 5.004E+01
[ ¢ 5,794E+01
] : B6.583E+01
B « 7.372E+01
B : B.162E+01
EEE : 8.951E+01
BEEs @ 9.741E+04
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Time 715.03980 Ma

Depth .000 km
¢ 90.000; 0.000)
Scale . 800

Velocity (cm/y)
—= :  2.462E+00
Heut FLow(mN/mQJ
1.45BE+01
2.2B2E~D1
3.106E+01
. 929E+01
. 753E+01
. 377E+01
.401E+01
. 225E+01
.048E+01
. 873E+01
.696E+01

!!!DUD.!!!!—

Time 845.32100 Ma

Depth 000 km
( 90.000; 0.000)
Scale . 800
Velocity (cm/y)
—t= 1.681E+00
Heat Flow{(mW/m2)
B : 1,979E+04
B : 2.874E+01
BN - 3.770E+01
B : 4.665E+01
Bl : 5.560E+04
1 : B.456E+01
BN : 7.351E+01
=3 : B8.246E+01
o 9,142E+01
BN : 1.004E+02
BN :  1.093E+02

12



Time 910.29280 Ma

Depth .000 km
¢ 90.000; 0.000)
Scale . 800

Velocity (em/y)

—+= 2,824E+00
Heut FLow(mN/mQJ
1.883E+01
- : 2.652E+01
Bl : 3.422E+01
B : 4,192E+01
B : 4.961E+01
L ¢ 5. 73lE+01
BN : 6.S01E+01
E=] ¢ 7.270E+01
B : S.040E+01
BN : 8.810E+01
BN : O9.579E+01

Time 1040.0160 Ma

Depth .000 km
¢ 90.000; 0.000)
Scale . 800

Velocity (cm/y)

—t= 4,124E+00
Heat F'Low(mN/mQ)
[ 1.383E+01
B : 2.224E+01
B : 3.063E+01
B : 3.903E+01
Bl : 4.742E+01
1 : 5.581E+01
[ : B.420E+01
[« 7.259E+01
B : 0.099E+01
BEEE : §,938E+01
B - 9.777E+D1
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Time 1105.6750 Ma

Depth 000 km
( 90.000; 0.000)
Scale .800

Velocity (em/y)

—= : 2,553E+00
Heat FLow(mN/mQJ
= 1.088E+01
BN : 1.900E+01
B - 2.713E+01
BN : 3,.525E+01
B : 4,338E+01
[ : 5.150E+01
Bl : 5,963E+01
(B2 : B.F75E+01
BN : 7,.587E+01
B : 8.400E+0D1
BNl - 9.212E+01

Time 1212.3320 Ma
Depth .000 km
¢ 90.000; 0.000)
Scale . 800
Velocity (cm/y)

: 3.118E+00
Heat FLow(mN/mQJ
1.340E+01
2.142E+01
2.844E+01
3.746E+01
4,549E+01
5.351E+01
6.153E+01
6.955E+01
7. 758E+01
8.560E+01
9.362E+01

!FWD!!!!'
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Time 0.0000000 My

Q¢min) =  0.000°
U¢max) = 180.000°
F{min) =  0.000°
Fimax) = 360.000°

%e Tempezatuze (C)
.0; 2500.0

*e Tad (C)
.0; 1075.0

o T+Tad (E]
.0; 3575.0

Time 0.0000000 Ma

Q¢min) = 0.000°
Q¢max) = 180.000°
Fimin) = 0.000°
Fimax) = 360.000°

@* (Log Viscos,)-22
-1.0002; .B8953

-1000

-2000

-1000

-2000

-1.00




Time 0.0000000 My

Czoss F = 15.,000°

( 0.000; 0.000)
Scale 1.300

,_.l

em

g

ezatuze (C)

: 1,3B9E+02
4,167E+02
6.944E+02
9,722E+02
1.250E+03
1.52BE+03
1.806E+03
2.083E+03
2.361E+03

M0

—  Heat(mW/m2)
51.439; 71.297
—— Phase lLine

Time 0.0130000 My

Czoss F = 15,000°

(¢ 0.000; 0.000)
Scale 1.300
Velocity (cm/y)

—= 1.313E+00
Tempezatuze (C)
BN : 1,389E+02
Il : 4.167E+02
Bl : 6.944E+02
BN : 9.722E+02
= & ¥.Z280E=D5
BN : 1.528E+03
B : 1.B806E+03
B : 2,083E+03
B - 2.361E+03

—  Heat(mW/m2)

51.433; 71.289

—  Phase line




Time 50.301860 My
Czoss F = 15.000°
(¢ 0.000; 0.000)
Scale 1.300
Velocity (em/y)

: 1,48BE-041
Tempezatuze (C)

: 1.388E+02
i 4,167E+D2
6.844E+02
8.722E+02
1.250E+03
1.528E+03
1.B806E+03
2.083E+03
2.361E+03

}

LI

—  Heat{(mW/m2)
34.132; 49,B33

—— Phase Lline

Time 75.094780 My
Czoss F = 15.000°
¢ 0.000; 0.000)
Scale 1.300
Velocity (em/y)

: 5.303E-01
Tempezatuze (C)
: 1.3B8E+D2
¢ 4.167E+D2
6.944E+02
8,722E+02
1.250E+03
1.92B8E+03
1.806E+03
2.083E+03
2.361E+03

y

LT

—  Heat{mW/m2)
- 28.235; 48.344

— Phase line

6™



Time 80.091420 My
Czoss F = 15.000°
¢ 0.000; 0.000)
Scale 1.300
Velocity (em/y)
9.015E-01
Tempezatuze (C)

: 1,3B8E+02
: 4,167E+02
6.944E+02
9.722E+02
1.250E+03
1.528E+03
1.B0BE+03
2.083E+03
2.361E+03

}

LT

—  Heat(mW/m2)
26.874; 50.682

— Phase Lline

Time 81.342770 My
Czoss F = 15.000°
¢ 0.000; 0.000)
Scale 1.300
Velocity (em/y)
—= 1 2,242E+00
Tempezatuze (C)
B : 1.389E+02
Bl : 4.167E+02
BN : 65.944E+02
BN : 9.722E+02
1 : 1.250E+03
| 1.528E+03
e :  1.806E+03
BN : 2.083E+03
Bl : 2,361E+03

—  Heat(mW/m2)
24,.322; B6.385
—  Phase line




Time 104.02520 My
Czoss F = 15,0009
¢ 0.000; 0.000)
Scale 1.300
Velocity (cm/y)

:  5.53B8E+00
Tempezatuze (C)
: 1.389E+02
1 4,167E+02
6.944E+02
9, 7226+02
1.250E+03
1.52BE+03
1.806E+03
2.083E+03
2.361E+03

v

M

—  Heat(mW/m2)
17.379; 110.023
— Phase Lline

Time 106.66760 My
Czoss F = 15.000°
(¢ 0.000; 0.000)
Scale 1.300
Velocity (cm/y)
—= : 5.D524E+00
Tempezatuze (C)
¢ 1.389E+02
: 4,167E+02
6.944E+02
9.,722E+02
1.250E+03
1.52BE+03
1.806E+03
2.083E+03
2.361E+03

—  Heat(mW/m2)
16.076: 127.830

—— Phase line




Time 109.30970 My
Czoss F = 15.0000
( 0.000; 0.000)
Scale 1.300
Velocity (cm/y)
: 5.503E+00

Tempezatuze (C)

: 1.389E+02
: 4,167E+02
6.944E+02
9,722E+02
1.250E+03
1.52BE+03
1.806E+03
2.083E+03
2.361E+03

v

MR

R Heat{mW/m2)
14.907; 139.447
— Phase Lline

Time 111.89160 My
Czoss F = 15,000°
( 0.000; 0.000)
Scale  1.300
Velocity (em/y)
—= ! B6.701E+00
Tempezatuze (C)
I : 1.389E+02
Bl : 4,167E+02
BN : 5.944E+02
BN : 9,722E+02
[ : 1.250E+03
[ : 1.528E+03

e © 1,806E+03
BE : 2,083E+03
BEE : 2.361E+03

—  Heat(mW/m2)
13,816 145.735
— Phase line




Time 117.05330 My
Czoss F = 15.000°
¢ 0.000; 0.000)
Scale 1.300
Velocity (em/y)

: 9.082E+00
Tempezatuze (C)
¢ 1,389E+02
: 4.167E+02
6.944E+02
9.722E+02
1.250E+03
1.528E+03
1.B806E+03
2.083E+03
2.361E+03

}

o

—  Heat(mW/m2)
11.080; 157.088

— Phase Line

Time 122.24300 My
Czoss F = 15.000°
¢ 0.000; 0.000)
Scale 1.300
Velocity (cm/y)
— : §,938E+00
Tempezatuze (C)

: 1.405E+02
¢ 4.216E+02
7.026E+02
9.836E+02
1.265E+03
1.546E+03
1.827E+03
2.10BE+D3
2.389E+03

il

—  Heat(mW/m2)
12.081; 163.335
—  Phase line




Time 127.43360 My
Czoss F = 15,0009
¢ 0.000; 0.000)
Scale 1.300
Velocity (em/y)
— : 1,096E+D1
Tempezatuze (C)
i 1.452E+02
1 4,357E+02
7.261E+02
1.017E+03
1.307E+03
1.597E+03
1.888E+03
2.178E+03
2.469E+03

i

— Heat(mW/m2)
18.770; 174.B693

— Phase Line

Time 132.68100 My
Czoss F = 15.000°
( 0.000; 0.00D)
Scale 1.300
Velocity (em/y)
: 1.086E+01
Tempezatuze (C)
: 1.552E+02
: 4.,B656E+02
7 . 7B0E+02
1.086E+03
1.387E+03
1.707E+03
2.01BE+03
2.32BE+03
2.63BE+03

}

— Heat(mW/m2)
21.428; 181.519
—  Phase Line




Time 137.81270 My
Czoss F = 15.000°
( 0.000; 0.000)
Scale 1.300
Velocity (em/y)
1.369E+01
Tempezatuze (C)

¢ 1.535E+02
:  4,605E+02
7 .675E+02
1.074E+03
1.3B81E+03
1.688E+03
1.995E+03
2.302E+03
2.609E+03

¥

LT

— Heat(mW/m2)
20.606; 192.584

—  Phase line

Time 140.46100 My
Czoss F = 15.000°
(¢ 0.000; 0.000)
Scale 1.300
Velocity (cm/y)

: 1,209E+01
Tempezatuze (C)
: 1.500E+02
¢ 4,499E+02
7.498E+D2
1.050E+03
1.350E+03
1.649E+03
1.948E+03
2.249E+03
2.549E+03

v

LT

—  Heat({mW/m2)
20.330; 194.708

—  Phase LlLine




Time 145.63190 My
Czoss F = 15,000°
¢ 0.000; 0.000)
Scale 1.300
Velocity (cm/y)

— 1.148E+01
Tempezatuze (C)

Bl :  1.489E+02
BN : 4, 467E+02
Bl : 7.44BE+02
BN : 1.042E+03
C—1 : 1.340E+03
C : 1.63BE+03
EEm : 1.936E+03
EER : 2.234E+03
BN : 2.531E+03

—  Heat(mW/m2)
20.012; 193.197
— Phase Line

Tume 150.82380 My
Czoss F = 15.000°
( 0.000; 0.000)
Scale 1.300
Velocity (cm/y)
1:01BE+0D1
Tempezatuze (C)

: 1.4B69E+02
: 4,408E+D2
7. 347E+02
1.029E+03
1,322E+03
1.61BE+03
1.910E+03
2.204E+03
2.498E+03

}

i

—  Heat(mW/m2)
18.977: 195.909
—  Phase Line



Time 156.06720 My
Czoss F = 15.000°
( 0.000; 0.000)
Scale 1.300
Velocity (em/y)
8.822E+00
Tempezatuze (C)

: 1.44BE+02
: 4,345E+02
7. 241E+02
1.014E+03
1.303E+03
1.593E+03
1.883E+03
2.172E+03
2.462E+03

y

o ot

—  Heat{mW/m2)
17.105; 189,305

——  Phase line

Time 161.28850 My
Czoss F = 15.000°
( 0.000; 0.000)
Scale 1.300
Velocity (cm/y)

: 1.046E+01
Tempezatuze (C)
: 1.544E+02
¢ 4,633E+02
7. 722E+02
1.081E+03
1.390E+03
1.699E+03
2.008E+03
2.317E+03
2.626E+03

}

T

—  Heat{(mW/m2)
15.310; 181.8%5

—  Phase line




Time 166.44470 My
Czoss F = 15.00009
( 0.000; 0.000)
Scale 1.300
Velocity (cm/y)
9.372E+00
Tempezatuze (C)

: 1.514E+D2
o 4,542E+02
7.570E+D2
1.060E+03
1,363E+03
1.B665E+03
1,968E+03
2.271E+03
2.574E+03

v

b

—  Heat(mW/m2)
14,2445 199.821
— Phase line

Time 174.27870 My
CZUSS F = 15-0000
( 0.000; 0.000)
Scale 1.300
Velocity (em/y)

: #.815E+00
Tempezatuze (C)

: 1.450E+02

¢ 4,351E+02

y

EEE]
EEEY
B : 7.251E+02
B : 1.015E+03
C1: 1.3056+03
3 : 1.595E+03

DAl - 1.885E+03
B : 2.175E+03
BEN G 2.4656+03

—  Heat(mW/m2)
14.962; 193.625
—— Phase Lline




Time 179.52820 My
Czoss F = 15,000°
(¢ 0.000; 0.000)
Scale 1.300
Velocity (em/y)
6.516E+00
Tempezatuze (C)

: 1.,425E+02
: 4,275E+02
7.126E+02
9.976E+02
1.283E+03
1.56BE+03
1.853E+03
2.138E+03
2.423E+03

v

et

—  Heat(mW/m2)
16.072; 186.677
— Phase line

Time 184.61600 My
Czoss F = 15,0009
(¢ 0.000; 0.000)
Scale 1.300
Velocity (em/yl
—= 5.647E+00
Tempezatuze (C)
: 1.411E+D2
* 4,232E+02
7.053E+02
9.874E+02
1.268E+03
1.552E+03
1.834E+03
2.116E+03
2.398E+03

—  Heat(mW/m2)
14.987; 185.406
— Phase line




Time 189.80310 My
Czoss F = 15,000°
( 0.000; 0.000)
Scale o 11
Velocity (em/y)
4.899E+00
Tempezatuze (C)

: 1.410E+02
: 4,231E+D2
7. 052E+02
9.873E+02
1.269E+03
1.551E+03
1.834E+03
2.116E+03
2.398E+03

y

ot

—  Heat{(mW/m2)
13.811: 185.404
—  Phase Line

Time 195.12080 My
Czoss F = 15.000°
(¢ 0.000; 0.000)
Scale 1.300
Velocity (em/y)

:  4,535E+00
Tempezatuze (C)
: 1.,393E+02
: 4,178E+02
6.965E+02
9.751E+02
1.254E+03
1.532E+03
1.811E+03
2.089E+03
2.36BE+03

v

LT

—  Heat{mW/m2)
12.797; 188,857
—  Phase Line




