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1. Introduction

We will focus on the dynamics of the mantle and, in particular on how the internal
dynamics are manifested at the Earth’s surface. It is now generally accepted that
an understanding of thermal convection in the mantle is necessary for explaining
a multitude of geophysical and geological processes which we can observe and
measure at the surface of the Earth, such as continental drift, earthquakes,
mountain building, volcanism, perturbations in Earth’s gravitational field,
variations in oceanic bathymetry and continental elevation, and long-term
changes in global sea-level variations, to name just a few.

The mathematical and numerical models which will be presented here are
undoubtedly greatly simplified representations of the actual physical processes
occurring deep inside our planet. We must therefore recognize the need for
caution when using these models to investigate convection dynamics in the
mantle. I expect, nonetheless, that the models we will develop here will allow us
to grasp some of the essential aspects of the physics needed to understand
mantle dynamics.
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As noted above, geophysicists who wish to develop a physical understanding of
dynamic processes deep inside our planet must first consider the implications
and constraints provided by fundamental observations of processes occuring at
the surface of our planet. Let us consider here a number of such observations
which have played a historically important role.

Alessandro Forte, GEOTOP, Montreal Beograd Summer School 2007 3



Alessandro Forte, GEOTOP, Montreal Beograd Summer School 2007



Alessandro Forte, GEOTOP, Montreal Beograd Summer School 2007



Alessandro Forte, GEOTOP, Montreal Beograd Summer School 2007



Alessandro Forte, GEOTOP, Montreal Beograd Summer School 2007



Alessandro Forte, GEOTOP, Montreal Beograd Summer School 2007



Alessandro Forte, GEOTOP, Montreal Beograd Summer School 2007



Alessandro Forte, GEOTOP, Montreal

Beograd Summer School 2007

10



Alessandro Forte, GEOTOP, Montreal

Beograd Summer School 2007

11



Alessandro Forte, GEOTOP, Montreal

Beograd Summer School 2007

12



These different surface manifestations of the hidden dynamics in Earth’s interior
have been very important in developing the Plate Tectonic hypothesis of how the
Earth works, but they are fundamentally limited because they do not allow us to
directly ‘see’ into our planet’s interior. Seismology is by far the most important
tool we have for mapping out the structure of Earth’s interior.
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By measuring and analyzing the travel times of seismic waves (as shown in the
previous figure), seismologists have developed complete models of the 1-D
depth dependent average structure of the Earth’s interior which has been used to
determine the increase in temperature and pressure from the surface of the Earth
down to the centre of Earth’s core (see next figure).
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Fig. 1. Radial Earth structure and a geological conception of Earth’s internal dynamics.
[adapted from Besse & Courtillot]
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2. Rheological Properties of the Mantle: Viscosity

Plate tectonics clearly shows the ability of the mantle to creep or ‘flow” over
geological time scales. The physical possibility of this flow is due to the presence
of natural imperfections in the crystalline structure of the minerals which
constitute the rocks in the mantle. These imperfections are actually atomic-scale
defects in the lattice of the crystal grains in minerals (e.g., Nicolas & Poirier, 1976;
Carter, 1976; Weertman, 1978). 1f the ambient temperature is sufficiently high, the
imposition of stresses on the rocks will cause the mineral defects to propagate
and they thus permit mantle rocks to effectively ‘flow’. The flow can persist for
as long as the imposed stresses are maintained and thus mantle deformation can
achieve a steady state rate.

The steady-state creep of mantle rocks may then be characterized by a single
parameter called the effective viscosity (e.g., Gordon, 1965; Weertman & Weertman,
1975). A general formula for the effective viscosity of the mantle, which is based
on the microphysical creep mechanisms described in the references cited above,
is as follows:

(1)

AE + PAV
n=Ad" " KT exp[ + ]

kT
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in which A is a dimensional constant which depends on the details of the creep
processes, d is the effective grain size of the crystal grains, 7 =  /7;;7;; is the
square root of the second invariant of the deviatoric stress tield (Stocker & Ashby,
1973), k is Boltzmann’s constant, 1" is the absolute temperature, AE is the creep
activation energy, AV is the creep activation volume, and P is the total ambient
pressure.

If mantle creep occurs primarily through the diffusion of point defects, the
effective viscosity in expression (1) is independent of stress (i.e., n = 0). For this
diffusion creep the dependence on grain size is significant and generally m ranges
from 2 to 3. An alternative mechanism for mantle creep involves the glide and
climb of dislocations, in which case the effective viscosity in (1) will be
independent of grain size (i.e., m = 0) but will be sensitive to ambient deviatoric
stress. For this dislocation creep, laboratory experiments on olivine or dunite
suggest the stress exponent n will be near 3 (e.g., Post & Griggs, 1973).

The theoretical expression (1) does not explicitly show the importance of chemical
environment (e.g., HoO, CO2) on mantle viscosity. Many studies have suggested
a strong impact of chemistry on mantle creep (e.g., Ricoult & Kohlstedt, 1985;
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Karato et al. 1986; Borch & Green, 1987; Hirth & Kohlstedt, 2003).

The strong dependence of effective viscosity on temperature and pressure can be
represented in terms of a homologous temperature, T'/ T, 1+, as follows:

Tmelti|
T

7 = 7o €XP [g (2)

This dependence of viscosity on melting temperature, which has been observed
in metallurgy, was extended to the crystalline rocks in the mantle by Weertman
(1970) for the purpose of estimating viscosity in the deep mantle. The factor g in
expression (2) is empirical, and is used to relate the activation enthalpy

AE + PAV in expression (1) to melting temperature:

AFE + PAV
k

The utility of using expression (2) is that knowledge of the pressure-dependence

=g Tonelt

of activation energy and activation volume, which is difficult to measure directly
at high pressures, can be replaced by pressure-dependent melting temperature.
The latter can be measured at moderate pressures and extrapolated to high
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pressures (i.e., the deep mantle). For olivine, g values between 20 and 30 have
been suggested, depending on whether diffusion or dislocation creep are
assumed (e.g., Weertman & Weertman, 1975).

Understanding the long time scale rheology of the mantle as represented by its
effective viscosity, is a central and enduring problem in global geophysics. The
diverse methods and data sets which have been employed to constrain mantle
viscosity have been a source of ongoing contention and debate. The importance
and intensity of this debate are a reflection of the fundamental role of mantle
viscosity in controlling a wide array of geodynamic processes. For example,
millennial time scale glacial isostatic adjustment (GIA) processes such as
Pleistocene and Holocene sea-level variations and related anomalies in Earth’s
gravitational field and rotational state are known to be strongly dependent on
the depth dependence of mantle viscosity. On much longer, million to
hundred-million year time scales, viscosity exerts fundamental control on the
dynamics of mantle convection and on the corresponding evolution of the
thermal and chemical state of Earth’s interior. The very long time scale
implications of mantle viscosity also include fundamental surface geological and
geophysical processes, such as global scale epeirogeny and associated sea level
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changes, global geoid anomalies and tectonic plate motions.

The first and most influential geophysical contribution to our understanding of
mantle viscosity is Haskell’s (1935) study of Fennoscandian post-glacial uplift
which was found to require an average viscosity of 102! Pa s down to a depth
approximately equal to the horizontal dimension of the surface load (about 1000
to 1500 km). Haskell’s inference of the average value of viscosity in the top
~1400 km of the mantle has turned out to be a remarkably robust estimate which
has been repeatedly verified by a very large number of geodynamic studies
carried out over the past 70 years.

3. Energetics of the Earth
3.1. Internal energy sources for Earth dynamics

The movements of Earth’s tectonic plates and the enormous amounts of energy
released by earthquakes and volcanic activity must be driven by energy sources
inside our planet. The fundamental question we must consider is what are these
energy sources and how is this energy transmitted to Earth’s surface?

There are three main sources of energy which have been identified:

Alessandro Forte, GEOTOP, Montreal Beograd Summer School 2007 21



e radioactivity
e secular cooling (i.e. loss of primordial heat trapped inside the Earth)
e gravitional energy release (e.g. from growth of Earth’s inner core)

Radioactivity
With the discovery of naturally occurring radiaoactive elements in crustal rocks,

it was recognized that radioactive decay could be a very important source of
heat in Earth’s interior. From geochemical studies of the composition of the Sun
and chondritic meteorites, we know that the most significant heat producing
radioactive isotopes in the Earth are U238, U23°%, Th232, K40 The heat
generated by the decay of these elements is given by the expression
T'h] K] )
= U + — + —=
Qrad [ ] (QU [U] Qrh [U] K
in which [U], [T'h], [ K] are the concentrations of the radiaoctive elements in the
solid Earth and Qt7, @71, Q Kk are the corresponding heat production rates

(W/kg).

The ratios of potassium to uranium, |K]/[U], and thorium to uranium, [T'h|/[U],
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are estimated from abundances in the Sun and in the carbonaceous chondrite
meteorites and they are bout 10% and 4, respectively. (Potassium is a volatile
element so it is possible that the actual ratio [K]/[U]| may be lower in the Earth.)
If we now take the concentration of uranium measured in carbonaceous
chondrites to be [U] = 2 x 10~° kg/kg (i.e. 20 parts per billion), we obtain

Qrad ~ 4.6 x 10712 W /kg

which implies about 18 TeraWatts of internal radioactive heating for the whole
Earth (for a mantle mass of M ~ 4 x 10?% kg).

Obviously, because of the radiaoctive decay, the radioactive abundances in the
solid Earth today are less than in the past. It is estimated that internal radioactive
heat abundance today is about a factor of two less than it was 3 billion years ago.

Secular cooling

Because the Earth had higher heat production in the past it must undergo
cooling over time. This bulk cooling rate can be estimated by comparing
petrologically determined geothermal gradients in Archean igneous rocks with
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that in present-day rocks and it is found that the bulk cooling rate is about

100°

billion years

This cooling rate can be used to calculate the thermal energy release from the
Earth’s interior using the following expression:

dT

secll = —-—MCCp—
Qsec(t) P

where C'p is the specific heat capacity and M is the mass of the Earth. Using
Cp ~ 1000 J/kg/K we then obtain

Qsec — 15 X 1012 W

We note that heat loss by secular cooling is comparable in importance to
radioactive heating.

Gravitational energy release
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The differentiation and redistribution of matter that occurred inside the Earth
after its accretion 4.5 billion years ago implies a change to a lower state of
gravitational energy because heavy matter (e.g. iron) sinks towards the Earth’s
centre. This reduction in gravitational energy is ultimately released as heat. The
most important differentiation event is the formation of Earth’s metallic core. It
is estimated that the descent of iron into the Earth’s centre released about 103! J
of energy to form the core. We can estimate the change in temperature of the
Earth if all the energy produced by core formation is trapped inside the Earth:

AE = Mg Cp AT

where Mg ~ 6 x 1024 kg is the mass of the Earth. From AE = 103! J, we
calculate AT ~ 3500 K. This increase in temperature would be enough to
completely melt the Earth, so it is likely that the heat released by core formation
was not trapped inside the Earth but rather was radiated out into space during
the accretion process.

An important source of gravitational energy release that is occuring today is
associated with the growth of the solid inner core from the condensation of iron
in the liquid outer core. The gravitational energy release associated with inner
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core growth is an important driving force for the geomagnetic dynamo and it
provides a source of heat which is transmitted to the mantle at the core-mantle
boundary.

3.2. Heat flow at Earth’s surface

The thermal energy produced in Earth’s interior must ultimately be transmitted
to the Earth’s surface in the form of heat flow. This heat flow exists becauses the
temperature in Earth’s crust increases with depth and therefore the surface heat
flow q is given by Fourier’s law:

dT

q = _kE (3)

where 2z is the depth and k is the thermal conductivity of crustal rocks. Notice
the minus sign which tells us that heat always flow down to lower temperatures.
In three dimensions, Fourier’s law of heat conduction is written as

o 0 0
— —kV'T wh V = 4
g where (8X,ay,az) @)

In Earth’s crust the dominant variation of temperature is with depth and hence it
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is sufficient to use expression (3) to model the surface heat flow.

Surface heat flow measurements have been conducted on a global scale, both on
land and also on the sea floor. The results of these global measurements are
summarized in the map below.
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Measured surface heat flow (uncorrected for hydrothermal circulation)
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A summary of these heat flow measurements, distributed according to the age of
the rocks in each of the measurement sites, is tabulated below.
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M ean Oceanic Heat Flow = 101 mW/m?2
M ean Continental Heat Flow = 65 mW/m2
Mean Global Heat Flow = 87 mW/m?2

Total Global Heat Loss=44TW
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The rocks of the continental crust are significantly more enriched in radioactive
heat producing elements that the oceanic crustal rocks. Geochemical and
petrological models of the abundance of heat producing elements in the
continental crust suggest that as much as 8 TW of heat production are
concentrated in the continental crust. Since the total thermal power loss at the
Earth’s surface is 44 TW (see table above), we estimate that 36 TW of heat flow
comes from the mantle.

3.3. Mechanisms of heat loss

The three principal mechanisms for heat transfer are radiation, conduction and
convection, where the last two are the most important in the solid Earth. Heat
transfer by conduction was described above and it is given by Fourier’s law (see
equation 4).

Heat transfer by convection involves the material transport of thermal energy as
illustrated schematically in the diagram below:
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/3

In a small interval of time ¢, the quantity of mass transported perpendicular to
the surface d2A, in the direction of the unit normal vector #, is given by:

p (AV) = p (d?A v, 6t) = p v-7u (d?A 6t)

From this expression we find that the mass flux vector (mass transport per unit
area per unit time) is given by

mass flux = pv-n (5)
We can now use expression (5) to find the thermal energy flux (heat energy per
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unit area per unit time) due to mass transport using AE = AM Cp T,

convective heat flux = p Cp T v-f (units: W/m?) (6)

Which heat transfer mechanism, conduction or convection, is important inside
the Earth? To answer this question we will first consider the principle of energy
conservation in order to have a quantitative understanding of how temperature
changes inside the Earth.

3.4. Conservation of energy in the mantle

To derive the temperature equation from the principle of energy conservation we
will first consider a simplified treatment of a 1-D thin slab geometry shown
below:
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i Vv q(z+&2)
T (z+62) 57 .
thin
P Q }of material
v az T

in which v is the flow velocity, q is the conductive heat flux, () is the radioactive
heat generation per unit mass, and p is the mass density.

From the expression AE = M Cp AT, the time rate of change of thermal energy
of the slab per unit area is given by the expression

oF oT
9% _ pszop &8 7
5 — PO2CP - (7)
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The rate of internal heat production per unit area is given by

Qpoz

The total rate of heat loss from thermal conduction is

a(z+02) —q(z) = FLoz
2
—k% 0z
in which we have used Fourier’s law: ¢ = —k90T/0z.

The rate of convective heat loss is determined using expression (6) above:

oT
pCprT(Z—f—(SZ)—pCp’UT(Z):pvaa—(Sz
2

(8)

)

(10)

Notice here that we have assumed that the density p is constant (does not change

with position z).
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The principle of conservation of energy applied to the thin slab is as follows:

rate of change of energy (7) = rate of internal heat production (8)
— heat loss by conduction (9)

— heat loss by convection (10)

If we now substitute expression (7—10) into this energy conservation law we
obtain (after some simple rearrangement of terms):
T OT} 9*T

C — — | = k—— 11
o P[at“az S +rQ a1

We can similarly show that in 3-D, the principle of energy conservation for an
incompressible (i.e. constant density) material is

oT Q
- VT = rV2T + = 12
ot T " + Cp ( )

in which k = k/(p Cp) is called the thermal diffusivity.
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To understand the relative importance of conductive and convective heat
transfer in the mantle let us introduce characteristic scales for length L and
velocity v. If we non-dimensionalize the temperature equation (12) using these
scales we obtain:

oT v, K Q
— = ——v V' T+ —=V"?T 4+ = 13
ot L T T on (13)

From this equation we immediately see that the convection and conduction time

scales are, respectively,
L L2
tconv = — tcond — T
(¥ K

The ratio of these two time scales is called the Peclet number:

Pe — tcond _ Lv

teonv K

If we use values appropriate for the mantle: L = 3 x 10°% m (depth of the
mantle), v = 4 x 1072 m/yr (mean velocity of tectonic plates), k ~ 10~°% m?/s,
we obtain Pe ~ 3600. We thus find that conductive time scales are more than 3
orders of magnitude larger than convective time scales and this implies that the
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most efficient heat transport mechanism in the mantle is convection.
4. Quantitative Modelling of Mantle Convection Dynamics

It is now clear that in order to understand the dynamics of heat and mass
transport in Earth’s interior we must develop models of thermal convection in
the mantle which, we hope, are sufficiently realistic. There are now three basic
approaches we can take in developing these models: (1) numerical
computer-based simulations, (2) flow modelling based on seismic tomographic
images of mantle structure, and (3) controlled fluid mechanical experiments in a
laboratory.

The first approach is by far the most popular and it has a long history, dating
back to the classical work of McKenzie et al. [1974]:
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This paper established a path which has been followed by a large number of
subsequent numerical studies which are far too numerous to cite here.

The basic governing principles used by McKenzie et al. [1974] to numerically
model mantle convection are:

e conservation of mass
e conservation of momentum (Newton’s 2nd law: F = ma)

e conservation of energy
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The resolution of these conservation laws requires the following supplementary
equations which are specific to the mantle:

e dependence of stress on strain rate (constitutive relation)

e an equation of state which expresses the dependence of density on
temperature and pressure (and perhaps on chemical composition)

We have already derived the conservation of energy equation for an
incompressible mantle (see equation 12). In the following we will also derive
expressions for the conservation of mass and momentum.

4.1. Conservation of mass

To derive the mass conservation equation we will again consider a simplified
treatment of a 1-D thin slab geometry shown below:
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pV (z+32)

Z+02
thin slab
} of material

z

pv(2)

in which pv is the mass flux (mass/unit area/unit time) which was introduced
above in expression (5)

From the expression AM = V Ap, where V' is the volume occuppied by the mass
M, the time rate of change of the mass of the slab per unit area is given by the
expression

oM 5 Op

oM _ 14
ot " ot (14)
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The rate of mass loss by the mass flux out of the slab is:

0
pv(z + 6z) — pv(z) = (8sz) 0z (15)

The principle of mass conservation applied to the thin slab is as follows:
rate of change of mass (14) = —mass loss by flow (15)

If we now substitute expression (14, 15) into this conservation law we obtain:

Op  O(pv) _
8t+ 0z

0 (16)

We can similarly show that in 3-D, the principle of mass conservation material is

dp B
Y + V-(pv) =0 (17)

If we assume an incompressible mantle (density is constant), the mass
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conservation equation (17) reduces to the following simple expression:

V-v=0 (18)

4.2. Conservation of momentum

One can show that the application of Newton’s 2nd law of mechanics (the
principle of momentum conservation) to a continuous mass distribution yields
the following very general equation valid in any abitrary 3-D coordinate system:
dv
p—— =V .o+ pg (19)
dt
in which v is the velocity field, o the stress tensor, g the gravitational
acceleration and p the density.

The stress tensor o describes the mutual contact forces acting across any surface
inside the Earth and it is therefore one of the most important physical quantities
in Earth dynamics.

In a Cartesian coordinate sytem the stress tensor may be represented by a 3 x 3
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symmetric matrix:

Ory Oyy Oyz (20)

In the case of a incompressible fluid medium with a characteristic viscosity 7, the
stress tensor is given by the following expression:

o0v; O ;
G":—P5"+ _|__j) 21
5= P+ ( 4 3 @1)
where §;; is the identity tensor, P is the total pressure, and dv;/0x; represents
the derivative of the velocity component v; with respect to the coordinate
direction z .

If we now subsitute the viscous stress tensor (21) into the momentum equation
(19) we obtain the famous Navier-Stokes equation of fluid mechanics:

dv
nV2v — VP + pg = pa (22)
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in which we have assumed that the viscosity 7 is a constant.

Before we proceed further, it will be instructive to consider a nondimensional
version of the fluid momentum conservation equation. We will employ the
following scale variables

(z,y,2) = (da’,dy’,d2")

t =teonat’ where teong = (d?/kK)

where the original variables are on the left and the non-dimensional ones are on
the right and indicated with primes. The length scale d is arbitrary and « is the
thermal diffusivity. On the basis of these length and time scales we can further
non-dimensional velocity v, pressure P and body force pg as follows:

v=d/tcond Vs, P =n/tcond P’ pg = n/(dteond) P’g,
If we finally substitute all these non-dimensionalized quantities into the fluid
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dynamical equation (22) we obtain:

1 dov’
V20 —V'P +pg = — 23
tre Pr dt’ (%)
in which .
Pr = cond) where tyisc = pd2/77
tvisc

is called the Prandtl number which characterises the ratio of temperature and
momentum diffusion time scales. In the case of the Earth’s mantle we estimate
that tyjsc = 3 X 1072 sand t,.,,g = 6 X 1018 s, thus yielding

Pr =2 x 1023

The very high value for the Prandtl number in the mantle means that all inertial
(acceleration) forces are completely insignificant and hence the Navier-Stokes

equation reduces to:
nV?v — VP +pg=0 (24)

The infinite Prandtly number approximation for the mantle implies there must at
all times be a balance between the buoyancy forces pg and the forces of viscous
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disspation described by nV2wv. In other words, any changes in internal buoyancy
forces will instantly produce changes in mantle flow.

In the absence of convection in the mantle, when v = 0, the equation of motion
(24) reduces to:
—~ VP, + pog =0 (25)

in which Py, po, are the pressure, density in the hydrostatic state. This equation
describes an idealized equilibrium reference state for the mantle.

If we subtract the hydrostatic reference state (25) from the equation of motion
(24), we tinally obtain the perturbed equation of motion which describes mantle

flow dynamics:
nV2v — V(6P) + (dp)g =0 (26)

In a convecting mantle the density perturbations dp are produced by
temperature anomalies in the mantle. We can determine the thermally induced
density perturbations from the equation of state p = p(P, T") and therefore

dp
op=|—-——= ) 6T = —apdT
p=(57) o7 = ~an
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where « is the coefficent of thermal expansion. Therefore the equation of motion

which is appropriate for a convecting mantle is:

nV2v — V(6P) = apgdT

4.3. Numerical simulations of mantle convection

We may finally assemble all the equations we derived for the numerical

(27)

simulation of thermal convection dynamics in an incompressible mantle (density

assumed constant, except for thermal expansion):

e conservation of mass
Vov=0

e conservation of momentum
nV2v — V(§P) = apgdT
e conservation of energy

oT Q
— 4+ 0. VT =rV°T 4 =
ot v K + Cp
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The first large scale computational simulations of mantle convection in simple
2-D Cartesian geometry by McKenzie et al. [1974] demonstrated the feasability for
carrying out detailed numerical investigations into the tranport of heat and mass
in Earth’s mantle and to better understand the thermal evolution of our planet.

In spite of the significant computational difficulties in obtaining ‘realistic’
numerical simulations of mantle convection in a fully 3-D spherical geometry,
there has been encouraging progress over the past few years, as is illustrated in
the following figure:
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Fig. 2. Numerical convection simulation incorporating time-dependent plate-tectonics (from Bunge et al. [1998])

4.4. Mantle convection and global seismic tomography

The time-dependent convection simulation in Fig. 2, shows a dynamical regime
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which is almost completely dominated by cold descending plumes which
correspond to subducted slab heterogeneity. This dominance arises from the
assumption of strong internal heating, which is compensated by cooling from

above, and it is characterized by the absence of active hot plumes ascending
from the CMB.

The convection simulation in Fig. 2 predicts a pattern of thermal heterogeneity
which appears to be quite different from that revealed by global seismic
tomographic imaging. Global tomography models have consistently revealed the
presence of major plume-like structures in the deep mantle. The presence of such
deep-seated plumes is clearly apparent in Fig. 3 which shows the S-wave
heterogeneity in the tomography model SH12_WM13 of Su et al. [1994].
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Fig. 3. Mantle heterogeneity (from Su et al. [1994]) for all regions in which §V's/V's < —0.6%.
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The significant discrepancies between the recent numerical convection
simulations (e.g., Fig. 2) and the seismic tomographic images (e.g., Fig. 3) are a
reminder of the progress which must still be made before the purely numerical
convection simulation can properly explain the structure and evolution of 3-D
mantle structure. These difficulties suggest a second approach for modelling mantle
dynamics, namely to use the mantle structure revealed by the tomography
models as a proxy for the thermal anomalies which are maintained by the
thermal convection process in the mantle.

This tomography-based modelling of the mantle convective flow is equivalent to
assuming that the conservation of energy equation has already been “solved’ (at
least for the present-day temperature anomalies) by global seismic tomographic

imaging.

In the following we will carry out a detailed development of this alternative
approach to the study of convection dynamics in the mantle. We will therefore
focus on models which can predict the 3-D buoyancy-induced flow
corresponding to seismically imaged mantle heterogeneity. We will apply these
flow models to explore the relationship between seismically inferred 3-D mantle
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structure and the various surface manifestations of convection dynamics.

With this alternative approach to modelling mantle dynamics we can fully
exploit the detailed heterogeneity revealed by the most recent global
tomography models, as in the following figure.

2500 km to 2650 km

Fig. 4. Lower-mantle S-wave heterogeneity [Grand, 2002].
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