
5 Earth's Surface Morphology and Convection

in the Mantle

R. W. GriÆths1 and J. A. Whitehead2

1 Research School of Earth Sciences, The Australian National University, Canberra
0200 ACT, Australia

2 Woods Hole Oceanographic Institution, Woods Hole, MA 02543, USA

5.1 Introduction

It is now generally agreed that the Earth's solid mantle is undergoing thermal
convection. Much of the evidence for this conclusion is derived from geological
and geophysical observations of the Earth's surface, its relative horizontal mo-
tions and its topography. Direct consequences of the mantle ow include plate
tectonics, which refers to the relative motions of the continents, spreading of the
sea-oor, creation of new crust and mid-ocean ridges at spreading centres, and
subduction at ocean trenches, along with associated phenomena such as moun-
tain building and volcanism. The motion of the mantle over geological time scales
is driven by gravity acting on density di�erences, which result from loss of heat
from the Earth's surface and, to a lesser extent, from transfer of heat from the
Earth's core to the mantle. Mantle convection phenomena are reviewed here in
the context of geomorphology because they are responsible for producing much
of the large-scale topography (horizontally > 10 km) of the Earth's surface. This
topography, in turn, imposes strong inuences on the atmosphere and ocean cir-
culation patterns, a�ects precipitation, and provides the base on which erosion
and sedimentation processes act. The surface transport processes can also cou-
ple back to mantle ow and topography through redistribution of loading on the
mantle.

We briey introduce the nature of the mantle, the behaviour of convection at
large Rayleigh numbers, and the mantle's expected response to boundary heat
uxes. We then outline convective instability of a boundary layer, several forms
of large-amplitude plume ows, and the formation and subduction of oceanic
lithosphere plates. We conclude with a discussion of the surface topographic
expressions of these phenomena. These phenomena are discussed in the context
of two main notions: 1) we paint a picture of the mantle as a convecting viscous
uid in which heat lost from the Earth's core drives blobs and continuous streams
of uid to ascend from the core-mantle boundary to the surface as plumes, where
they create isolated morphological features such as island chains and ood basalt
plateaux; 2) the plumes, however, are relatively minor in the heat budget of the
mantle and they ascend through much larger-scale convective ows driven by the
cooling of the lithosphere. The surface cooling produces subducting slabs that
plummet downward and morphological features such as deep ocean trenches
and mid-ocean ridges. The article is concerned with a few of the dynamical
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phenomena in the mantle rather than with the geological evidence but it should
be recognised that the dynamical modelling discussed here must go hand in hand
with a range of observational evidence.

5.2 Some Basic Assumptions and Deductions

Before treating a number of speci�c problems in thermal convection we consider
three basic concepts which, explicitly or implicitly, enter into every physically
realistic discussion of convection in the mantle.

5.2.1 The Rheology of the Mantle

Seismic and petrological evidence indicates that the bulk of the mantle is a crys-
talline solid. However, imposed stresses can produce irreversible deformation or
creep. The two `ow' mechanisms considered most relevant to the mantle are
`di�usion creep', in which the strain rate is proportional to the stress; and `dis-
location creep', in which the strain rate is proportional to a higher power of the
stress [20]. Both these behaviours allow arbitrarily large strains, so that solids
with these properties have no long-term strength. This ensures that in both
cases an \e�ective viscosity" can be de�ned for mantle materials on geological
timescales (although this \viscosity" depends on the average stress level, if dis-
location creep is appropriate). Hence the mantle is treated as a viscous uid in
analytical and numerical models of mantle convection, and laboratory experi-
ments directly relevant for the understanding of mantle dynamics (i.e. properly
scaled to duplicate the dynamics of the Earth) can be carried out with linear
viscous uids.

Regardless of the details of the rheology, the e�ective viscosity is strongly
temperature-dependent. Assuming di�usion creep is the mechanism by which
deformation is accommodated, the viscosity � will be of the form

� = �0 exp(ATM=T ) ; (5.1)

where TM is the melting temperature and A the activation energy. For a mantle
of olivine, A = 30 at the pressures of interest and �0 = 105 Pas ([63] and
summarized by [61]). For � = 1022Pas (a mean value to order of magnitude
inferred from postglacial uplift) [38] T = 0:77TM and � changes by an order
of magnitude as T=TM changes by only about 5%. We will see below that this
strong dependence of � on temperature ensures that it adjusts to a value which
depends on the presence of mantle convection. That is, the value of this material
property is determined, through the temperature and within wide bounds set by
the microscopic mechanics of the mantle material, by the dynamics and motions
of the mantle. This conclusion contrasts with the view that whether or not
mantle convection occurs is predetermined by the viscosity. The viscosity will,
of course, vary from place to place within the convection system according to
the temperature variation, and further studies have considered the additional
e�ects of a probable pressure-dependence of the viscosity [16].
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5.2.2 Thermal Forcing and the Inevitability of Convection in the

Mantle

The Earth's mantle is bounded above by the oceans and atmosphere, and below
by the outer core of liquid metal. The mantle is losing heat from the surface at
a rate of approximately 3:5 � 1013W, mostly through the oceanic crust where
the uxes are between 40mWm�2 through old crust and 100mWm�2 through
young crust. This heat originates largely from the radioactive decay of elements
distributed throughout the mantle (so called `internal heating'), with a small but
signi�cant component (estimated to be approximately 10% of the total surface
heat loss, [17]) entering from the core. The latter ux represents a cooling of
the core through geological time and is expected to provide the driving force for
the geodynamo (through both thermal and compositional convection, the latter
resulting from the cooling and consequent solidi�cation of components of the
outer core on to a growing solid inner core [5]).

Following the argument put forward originally by Tozer [62], and restated by
Stevenson and Turner [61], we consider the behaviour of the mantle when sub-
jected to a purely vertical temperature gradient, and begin by assuming that the
physical properties are uniform. The stability of such a uid layer, heated from
below or cooled from above, is a classic problem in uid mechanics and we quote
only the basic results. The onset of convection in this simplest approximation is
governed entirely by the Rayleigh number, Ra, which is essentially the ratio of
the driving force (due to thermal buoyancy and inuenced by di�usion of heat)
to the retarding force (due to di�usion of momentum by viscous stresses). For a
uid layer of depth H , with constant kinematic viscosity � = �=% and thermal
di�usivity �,

Ra =
g��H4

��
; (5.2)

where g is the acceleration due to gravity, � is the coeÆcient of thermal expan-
sion, and � is the di�erence between the actual overall temperature gradient
(from top to bottom boundary) and the adiabatic temperature gradient. If Ra
exceeds a critical value, Rac, of about 10

3 (the exact value depending on the
boundary conditions) then convection will occur. For internal heating at a pre-
scribed ux and cooling from the top boundary the relevant Rayleigh number
can still be de�ned as in (5.2), except that � is now the (horizontally averaged)
superadiabatic temperature gradient that would be required for a conductive
steady state given the imposed rate of heat generation.

Rather than trying to evaluate Ra in the Earth using the poorly known
present values of the physical properties (� being a particularly large source of
uncertainty), the inevitability of mantle convection can be demonstrated by an
idealized thermal evolution calculation based on the strong temperature depen-
dence of viscosity (5.1). Consider again a horizontal layer of thickness H , but
now containing a uniformly distributed energy source, representing heating due
to decay of radioactive elements. The bottom boundary is supposed to be insu-
lated, and the top temperature is �xed at T = 0 ÆC. At time t = 0, we suppose
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that the temperature T = T0 everywhere and that subsequently, but before con-
vection occurs, the temperature distribution obeys the di�usion equation (with
a source term included) { that is, the heat generated is transported only by
conduction.

As discussed in more detail by Stevenson and Turner [61], the scale and con-
ductivity of the Earth are such that the heat generated cannot escape by con-
duction alone in the age tE of the Earth. The di�usion lengthscale l � (�t)1=2 is
a few hundred kilometres when t = tE , so that a small body could lose most of
its heat by conduction as it is generated. However, the much larger model Earth
heats up, developing a temperature pro�le which is �xed at the surface but with
increasing temperature and temperature gradient at all depths. As T increases,
� given by (5.1) rapidly decreases, and a time is inevitably reached when Ra over
some depth interval exceeds the critical value for convection to occur, virtually
whatever the magnitude of the temperature gradient. The subsequent behaviour
is for all regions eventually to become convective (except possibly the outer-
most highly viscous layer, which is a boundary layer and will be discussed in
more detail below). This follows from the fact that any non-convecting region
must continue to heat up, because conduction is too small to remove the heat
generated, and so it must achieve a progressively lower viscosity until it takes
part in the convection. Given the large depth of the mantle and the expected
values of the constants in (5.1) and (5.2), a small enough viscosity is achieved at
subsolidus temperatures for convective heat transport to become possible before
melting occurs at any depth.

5.2.3 Boundary Layers in Convection at High Rayleigh Numbers

The above argument concentrates on the initiation of convection in the interior
of a progressively heated mantle. It is clear that the eventual steady state must
have a much larger heat transport than can be achieved by conduction, and that
the corresponding Rayleigh number will be much greater than the critical value.

Two other points are useful in understanding the �nite amplitude ow in the
earth's mantle. The viscosity � is very large, e�ectively in�nite, relative to the
thermal di�usivity � (i.e. in�nite Prandtl number Pr = �=�), and so the viscous
response to a perturbation is instantaneous relative to the thermal response.
Secondly, for large Rayleigh numbers the convective heat transport is much
more important than conductive heat transport over most of the depth (the ratio
uH=� � 103, where u is a typical ow velocity such as that of the tectonic plates).
Conduction remains important, however, in thin boundary layers through which
heat is transported to and from the interior, and which in fact determine the
magnitude of the ux which must be carried by the convection in the interior.

Some fundamental predictions can be made on the basis of dimensional rea-
soning, as follows. Suppose that the ux does depend only on the material prop-
erties and on conditions very near the boundaries, i.e. that it is independent
of the total depth H . It follows from their de�nitions that the Nusselt number
Nu, the ratio of the actual heat ux to the purely conductive ux down a lin-
ear (super-adiabatic) temperature gradient between the two boundaries, and the
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Rayleigh number are related by:

Nu = cRa1=3 ; (5.3)

since this is the only form which gives a ux independent of H . The constant
c � 0:1 but can depend on the boundary conditions. A phenomenological theory
due to Howard [36] suggests that the conductive boundary layer is inherently
unsteady, with cold (or hot) material breaking away intermittently. The mean
thickness Æ of the boundary layer is such that the Rayleigh number based on Æ,
RaÆ say, is just critical (� 103). Thus

Nu = H=Æ = (Ra=RaÆ)
1=3

= 0:1Ra1=3 ; (5.4)

in reasonable agreement with experiments [65] using large-Prandtl number uids.
Expressions (5.2{5.4) have been written with the B�enard problem in mind (i.e.
with �T the temperature di�erence between the two boundaries and an equal
heat ux passing through both boundaries). However, they apply equally well to
the more general case in which the heat ux through the top boundary is equal
to the sum of the bottom ux and internal heat generation by radioactive decay.
In the limit of zero bottom ux, �T becomes the temperature drop across the
upper thermal boundary layer alone, and (5.3) remains valid.

The expression (5.4) allows one to make crude estimates of Ra and � for
the mantle. Using a (poorly constrained) temperature of 3500 ÆC at the base of
the mantle [4], at a depth H = 3000km, an estimate of the overall temperature
gradient through the mantle is 1.2Kkm�1. The measured temperature gradi-
ent near the Earth's surface is of order 20Kkm�1. Thus the conducting upper
boundary layer, the lithosphere, is very thin compared to H and (5.4) implies
that Nu > 10, hence Ra > 106. Inserting the depth and other properties 1 in
(5.2) we deduce that the average viscosity is less than � � 6� 1022Pas. The av-
erage viscosity is thus determined by the heat ux and the eÆciency of mantle
convection. These conclusions, which are based on the assumption of uniform
material properties, provide a �rst approximation to the mantle. As will be seen
below, there will be quantitative di�erences resulting from the temperature- and
pressure-dependence of viscosity and other material properties, but the basic
conclusions remain unchanged.

The above very robust general arguments show that the existence of a heat
ux through a boundary of a convecting region inevitably implies that there will
be an unstable conductive boundary layer. However, the two boundary layers
at the top and bottom of the Earth's mantle are very di�erent. Because of the
strong temperature-dependence of viscosity the upper cold boundary layer will
be sti�, and this property will a�ect the horizontal dimensions of the plates

1 The values substituted into (5.2) are � = 3 � 10�5K�1, � = 10�6m2s�1, % =
3� 103 kgm�3 and � = 0:9Kkm�1. Remember that by de�nition � is the di�erence
between the overall temperature gradient over the whole depth, with or without
convection, and the adiabatic gradient of 0.3 Kkm�1. In the convecting region the
gradient will of course be much closer to the adiabatic value.
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and the behaviour of subducting slabs (Fig.5.1). If the plates are able to move
and sink suÆciently rapidly, as is apparently the case for the present oceanic
lithosphere, then they represent the unstable boundary layer. On the other hand,
it is possible that the surface layer could be so viscous (or strong) that it is
stable and does not take part in the underlying convection, instead forming a
thick stagnant lid which supresses heat transport, as suggested to be the case on
Venus over the past 500Myr [54,59]. The behaviour in systems with very viscous,
non-convecting upper boundary layers (a problem that is relevant also in the
dynamics of cooling magma chambers) has been addressed through laboratory
experiments by Davaille & Jaupart [10,11].

Fig. 5.1. A rendition of the major active boundaries of tectonic plates on Earth, show-
ing the mid-ocean ridges (at divergent boundaries) and subduction zones (at convergent
boundaries). Also shown are many of the known "hotspot" plumes that create tracks
of volcanism across the moving surface plates. (Adapted from [64])

Since the Earth as a whole, including the core, is cooling, there will be a heat
ux out of the core and into the base of the mantle, estimated to be of the order
of 10% of the Earth's total surface heat ux (see review by Davies and Richards
[17]). The resulting boundary layer of hot, less dense and less viscous material
behaves quite di�erently from the plates produced by surface cooling and may
give rise to upwelling plumes (as discussed below). In addition, if there are any
internal density interfaces in the mantle separating distinct convecting layers,
then boundary layers must form on each side of such interfaces.
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Important questions to be answered are: what aspects of the mantle motion
lead to topography at its top and bottom boundaries, and can material arising
at one boundary layer deliver a suÆcient buoyancy force or thermal anomaly
to the opposite boundary such that it generates topography by virtue of the
buoyant support or the production and eruption of melts? The answer to the
latter is clearly `yes' in the case of upwelling plumes, which are believed to be
the cause of surface phenomena such as chains of intraplate volcanos [21], uplift
of the seaoor surrounding hotspots by the order of 1000m, and eruptions of
ood basalts sequences 10 km deep and covering millions of square kilometres
[53]. It is also clear that temperature (density) di�erences within the surface
boundary layer itself produce surface topography (noteably an increase in ocean
depth with distance from the spreading centres due to conductive cooling of the
lithosphere). At the opposite boundary, the sinking of lithospheric plates may
potentially a�ect the dynamical processes at the core-mantle boundary if they
are able to penetrate to suÆcient depths.

5.3 Upwelling Thermals and Plumes

We now turn to a discussion of models of speci�c convective processes in the
mantle, starting from the core-mantle boundary (CMB) and working upwards.
First we need to consider the implications of a heat ux through the CMB
itself. It is also useful to keep in mind the application of these same concepts to
convection arising at an internal interface, heated from below.

5.3.1 The Initiation of Convection at the Base of the Mantle

There is a large density di�erence between the core and the mantle. The best
estimates of the temperatures of the outer core and the lowermost mantle (the
latter from extrapolation of the upper mantle temperature adiabatically to the
CMB), indicate that there is also a large temperature di�erence (approximately
1300K; [4]), so that there is a conductive heat ux from the core to the base
of the mantle. This temperature drop must occur across a thermal boundary
layer. There is direct seismic evidence for a spatially inhomogeneous boundary
layer, the so-called D00 layer, above the CMB, which in places is a few hundred
kilometers thick [37]. Although there may be signi�cant compositional di�erences
within the D00 layer, it is likely that it also contains the thermal boundary layer.

Because of the strong temperature-dependence of the e�ective viscosity, there
will be a gradient of viscosity through this boundary layer at the bottom of the
mantle, with a minimum at the CMB. This reduced viscosity will enhance the
ow of the boundary-layer material into any region which has begun to break
away from the boundary and convect upwards. An analysis of this lateral ow
[60], assuming steady conditions, showed that it will be concentrated in a rheo-
logical boundary layer which is much thinner than the thermal boundary layer,
and that the lateral ow can be replaced by a slow subsidence of the overlying
mantle. Davies [14] combined heat ux estimates with this theory to deduce the
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thicknesses of the two boundary layers. As a result of the viscosity variation,
the temperature of the rising plume material will be strongly weighted towards
the highest temperature in the thermal boundary-layer. However, GriÆths &
Campbell [28] noted that the temperature of the plume source material may be
much less than that of the core since a thin gravitationally stable conductive
layer may persist between a partially miscible or reactive mantle and the much
denser core. Such a dense stable layer (not to be confused with either the un-
stable boundary layer or the D00 layer) will support a large temperature drop
without taking part in the boundary layer convection.

In this picture each plume draws boundary layer material from a horizontal
area determined only by the separation of unstable convective events. Presum-
ably, if plumes are too far apart, perturbations on the boundary layer between
grow to large amplitude and a new plume develops. There is as yet no pre-
diction of this separation distance for large amplitude motions, and hence no
prediction of the mean heat and buoyancy ux in each plume. However, we do
anticipate from theoretical stability arguments and a variety of experiments,
some described here, that the mean separation of plumes will be related to the
depth of the boundary layer and not to the overall depth of the convecting layer.

A relevant model here is the so-called Rayleigh{Taylor instability of a thin
horizontal layer of uid beneath a deep uid of larger density and viscosity. In
contrast to convective instability, the e�ects of heat conduction are removed,
the layer depth is prescribed and each layer is uniform. However, the result
gives a �rst estimate of the role of the viscosity contrast and of the horizontal
length scale for instability of a convective boundary layer. Figure 5.2 shows
a laboratory experiment that exhibits a Rayleigh{Taylor instability, which is a
candidate model of instability of the hot boundary layer at the base of the mantle.
A lower viscosity layer of dyed uid lies under a clear deep immiscible uid of
much greater viscosity in a transparent tank. After being left overnight the tank
is rapidly inverted and the results photographed. Four or �ve regularly spaced
protrusions were observed shortly after inversion. Within the con�nes of the box,
the protrusions arranged themselves quite uniformly throughout the tank. The
dyed uid had developed long waves which allowed it to buoyantly pass through
a clear uid of much greater viscosity. The wavelength was almost 10 times
the depth of the thin layer. The wavelength of maximum growth rate and the
exponential time constant for growth have been theoretically and numerically
predicted for a number of geometries and boundary conditions for problems
like this [1{3,8,9,44{46], [47{50,56,70]. Demonstration experiments with putty
and non-Newtonian uids have been extensively photographed and compared to
geological formations by Nettleton [41], Parker and McDowell [43] and Ramberg
[44,45,49]. There was no intercomparison between the laboratory experiments
and theory owing to the unknown rheology of the laboratory materials.

In general, if we have two layers of viscous uid they obey the equations

r � ~u = 0 ; (5.5)

(@=@t� �r2) ~u = �(1=�)rp : (5.6)
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Fig. 5.2. A photograph of a laboratory experiment in which a thin bottom layer of
low-viscosity (dyed) uid is placed beneath a deep upper layer of more viscous uid
and denser clear silicon oil. Viscosity ratio is 43. The bottom layer is initially 5mm
deep and the tank is 18.5 cm2

Here ~u is the velocity vector of the uid, � is the kinematic viscosity, � is
density of the mantle and p is the deviation from hydrostatic pressure. These
equations can be expected to be valid only for a system in which inertia of the
uid is negligible so that UmaxL=� � 1, where L is the largest length scale in
the problem (in this case it is either the depth of the layer, the wavelength of a
perturbation, or (�2=g)1=3, where g is gravity). Since uid velocity in a viscous
medium would be proportional to g��L2=��1, this criterion is easily met in solid
Earth geophysics for all the length scales above. We can immediately write down
a class of general solutions to these equations in two regions that correspond to
the deep mantle and the thin bottom boundary layer respectively. By taking the
curl of (5.6) and using (5.5), the equation for the vertical component of velocity
w is

(@=@t� �r2)r2w = 0 : (5.7)

This equation can be applied in each region. At the boundaries correspond-
ing to the Earth's surface and the core, z = h1; h2, we apply zero disturbance
boundary conditions. For example, the conditions of zero normal velocity and ei-
ther zero tangential velocity, or zero tangential stress might be applied. Thus no
external forces are driving the uid at the boundaries. The general expressions
for velocity are

w1 =
�
Aekh1 +Be�kh1 + Ceq1h1 +De�q1h1

�
f(x; y)ent; (5.8a)

w2 =
�
Eekh2 + F e�kh2 +Geq2h2 +He�q2h2

�
f(x; y)ent; (5.8b)
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where q1 = [k2+(n=�1)]
1=2, q2 = [k2+(n=�2)]

1=2 and @2f=@x2+@2f=@y2 = k2f .
To this order, the analysis admits a multiplicity of solutions, each one's growth
rate depending on a two-dimensional wave number vector on the horizontal
plane. This degeneracy is reduced by �nite amplitude e�ects (Sect. 5.3.2). At the
interface, horizontal velocities u; v, vertical velocity w, tangential stresses, and
normal stress must be matched. The linearized expressions of these matching
conditions are

w1 = w2 ; (5.9)

@w1

@z
=

@w2

@z
; (5.10)

�1

�
@2

@z2
+ k2

�
w1 = �2

�
@2

@z2
+ k2

�
w2 ; (5.11)

�
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@
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� �1

�
@2

@z2
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��
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+ 2k2�1
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�
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@

@t
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�
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@z2
� k2

��
@w1

@z
+ 2k2�2

@w2

@z
+ k2g(�2 � �1)ẑ : (5.12)

Equation (5.12) is a balance of normal stress, where the interface is slightly
distorted by an amount ẑ(x; y; t) = z � h so that a buoyancy force is produced.

The interface is swept along with the uid so that

@ẑ

@t
+ u

@ẑ

@x
+ v

@ẑ

@y
+ w

@ẑ

@z
= 0 : (5.13)

For small distortions (5.13) can be expanded in a Taylor series

@ẑ

@t
+ u

@ẑ

@x
+ v

@ẑ

@y
= w(h) + ẑ

@w

@z
+ ::: ; (5.14)

where velocities and their derivatives are evaluated at the point z � h = ẑ = 0:
For arbitrarily small ẑ, (5.14) reduces to

@ẑ

@t
= w(h) : (5.15)

Using the solutions given by (5.8a, 5.8b) in (5.9){(5.12) and using (5.15) we ob-
tain eight linear homogeneous equations for the eight constants. The determinant
of these eight equations must be zero.

The limit in which one layer is both thinner and of lower viscosity than the
other is particularly relevant to the geophysical context. The wavelength � of
fastest growth is

� = 4:6 d "1=3 ; (5.16)

and the growth rate is

� = 0:232

�
g0d

�2

�
"1=3 ; (5.17)
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where " = �2=�1, �1 is kinematic viscosity of the thin layer that is of depth d,
�2 is viscosity of the in�nitely deep uid above it, and g0 = g��=� is called the
reduced gravity.

The scaling law for a thin layer of relatively low viscosity uid whereby the
wavelength is proportional to the viscosity ratio to the one-third power is very
commonly found, although it is not completely universal. The physical inter-
pretation of the 1/3 power law is that it is more eÆcient for the low-viscosity
uid to ow large lateral distances up a gradual slope, and to accumulate in
massive diapers, than it is to push straight up through the sti� material with
shorter wavelength perturbations. This aspect of the dynamics will be illustrated
through the use of a scaling argument here; the complete mathematical deriva-
tions are available in the original papers.

Assuming long wavelength compared to depth of the uid, for a small distur-
bance the force balance in the thin layer is between the lateral pressure di�erence
p and the viscous drag along the thin sheet, so

p

�
= �1

u

d2
: (5.18)

In the deep uid above it the force balance is between the pressure, buoyancy
and drag from the vertical deformation of the interface so that

p

�
=

g0�

�
+ �2

w

�2
: (5.19)

This combines with (5.18) to give

�1
u

d2
� �2

w

�2
=

g0�

�
: (5.20)

Continuity (conservation of volume ux) is

u

�
+
w

d
= 0 (5.21)

and the kinematics of the interface is linearized so that

d�

dt
= w : (5.22)

Growth will be exponential as w = w0e
�t, where

� =
g0

�2

�
�

�3=("d)3 + 1

�
: (5.23)

Maximum growth rate occurs at

�

d
= 1:26 "1=3 (5.24)

and the maximum growth rate is

� =
0:42 g0d

�2
"1=3 : (5.25)
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Thus the wavelength of fastest growth for a thin layer of smaller viscosity
is much greater than the depth of the thin layer, but is unrelated to the depth
of the overlying very deep layer. The low viscosity uid accumulates in pockets
that push their way into the more viscous uid assisted by their relatively large
volume. One might expect that the hot lower boundary layer of large Rayleigh
number convection might exhibit blobs of uid such as this, with the wavelength
again determined by the boundary layer thickness and viscosity contrast as given
by (5.16) or (5.24), and not by the overall depth of the convecting layer. We leave
predictions for the mantle until Sect. 5.4.

We next consider the large-amplitude structures that arise from boundary
layer instability. Experiments in which the buoyancy is due to temperature dif-
ferences inevitably include the e�ects of heat conduction and have identi�ed
three basic forms of ow that may occur once convection has begun. First, a
blob may become detached from the source boundary layer to form an isolated
`thermal'. Thermals are common in both experiments and numerical solutions of
very viscous high-Rayleigh number convection with uniform viscosity, forming
when ow sweeps away the feeding conduit or when nearby instabilities on the
boundary layer remove the supply of heat. However, it is not clear whether they
form in convection with large viscosity variations. Second, the boundary layer
instability may lead to an initial transient ow in which the convection forms a
mushroom-shaped `starting plume' consisting of a large head and narrow tail,
the later acting as a conduit through which uid continues to be supplied to the
head. Third, once a starting plume reaches the opposite boundary a more steady
conduit ow may persist. The starting plumes and conduits are likely to be the
dominant forms of motion when the viscosity is strongly temperature-dependent.
Solutions for each of these forms of convective ow are summarised below.

5.3.2 Isolated \Thermals"

When a volume of buoyant uid breaks away from the boundary, the resulting
structure is known as a `thermal', because of the super�cial resemblance to
the turbulent atmospheric thermals sought by birds and gliding enthusiasts to
provide lift. During ascent of a `thermal' heat can spread and warm up the
surrounding cooler material (by conduction in the case of the extremely viscous
mantle). However, the warmed material also becomes buoyant and begins to
take part in the convection, with the result that the heat is not lost from the
convecting region.

Consider �rst for comparison the case of a bubble of uid for which the
buoyancy is a consequence of an essentially non-di�usive property as in the
Rayleigh{Taylor problem above (or a compositional di�erence in the mantle). In
this case the volume of the less dense uid remains constant. It can be shown
that the bubble will become spherical and that the velocity of rise U for a bubble
of volume V and diameter D is given by Stokes law:

U =

�
B

2�D�m

�
f (�=�m) ; (5.26)
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where B = g�%V is the total buoyancy, �m is the viscosity far from the bubble
and �% is the density di�erence. The factor f = 1 when the ratio of viscosities
inside and outside the bubble is small and the outer viscosity always has the
dominant e�ect on the rate of ascent.

Theory and laboratory experiments show that the balance of buoyancy and
drag (5.26) applies to the rise of thermals in which the density di�erence �% =
%m��T (where %m is the environment density and � is again the coeÆcient of
thermal expansion) is due to a temperature di�erence �T , despite the e�ects
of the conduction of heat [24,25]. Assuming that no heat is lost from a thermal
during its ascent, and that � is constant, conservation of heat implies that the
buoyancy B (where in this case B = g�

R
�TdV ) is conserved. As heat di�uses

outwards into a thin boundary layer of thickness Æ � (�D=U)1=2 around the
thermal, the newly heated layer becomes buoyant (and less viscous) and is drawn
into the moving region, so increasing its volume V . The inward volume ux due
to this process of `thermal entrainment' is of order dV=dt � UDÆ and the overall
ow is characterized by a Rayleigh number RaT = B=��m, where �m = �m=%m
is the kinematic viscosity of the environment.

A solution for self-similar ow can be derived using the above entrainment
ux, conservation of buoyancy and the velocity (5.26) [24,25]. We predict the
diameter D and height of rise z (above a virtual source at the point z = 0,
where D = 0 and t = 0) as functions of time t:

D = CRa
1=4
T (�t)1=2 ; (5.27)

and
z = (f=�C)Ra

3=4
T (�t)1=2 ; (5.28)

where C is a similarity constant of order unity. The value of C can in principle
be predicted using numerical simulations capable of resolving details of the ow
within the boundary layer [15,22]. However, it has only been evaluated from
experiments (see below). Combining (5.27) and (5.28) shows that the diameter
increases linearly with height,

D = 2 " z ; (5.29)

with a half-angle of spread " = (�C2=2f)Ra
�1=2
T which is smaller for larger

Rayleigh numbers. Hence the thermal enlarges less before reaching a given height
for a larger temperature di�erence or smaller outer viscosity. The requirement
that Æ � D implies that the analysis applies to cases where RaT � 1. In addition
to calculating the size and rate of ascent of a thermal, the above solution can
also be used to calculate the shape of particle paths in the uid, determine which
uid parcels will be entrained, and �nd the shapes of passive dye markers placed
in the ow (Fig. 5.3).

Experiments in which known volumes of heated viscous oil were injected into
a cooler environment of the same oil [24] showed that the behaviour was well
described by (5.27){(5.29). Fitting both (5.28) and (5.29) to the data, the sim-
ilarity constant was found to be C = 1:0� 0:4. This laboratory value of C will
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Fig. 5.3. The particle paths (right) and deformation of material surfaces (left) near
a thermal with Rayleigh number RaT � 1736, relative to a frame of reference that is
expanding with the diameter of the thermal. All uid initially lying in a cone above the
thermal (and bounded by a dividing streamsurface) is eventually heated and entrained
into the thermal. The material surfaces illustrate the large vertical displacement of
surrounding uid that does not form a part of the warm thermal (From [28])

also be applicable to thermals in the mantle, provided the underlying assump-
tions are satis�ed, and allows predictions of ascent speed and plume properties.
The predicted shapes into which passive tracers are moulded by the ow com-
pare well with those found in experiments [25]. For example, at RaT > 200 the
internal circulation forms a torus into which all the material originally in the
thermal is eventually advected (Fig. 5.3). Since the entrainment process relies
on conduction, it is clear that the heat is distributed more widely through the
surrounding spherical volume. However, the details of the temperature distribu-
tion, which are expected to be of lesser signi�cance for the overall evolution of
the ow, are not given by the above solution.

5.3.3 Starting Plumes

When a steady ux of buoyancy is suddenly supplied at the base of a region of
viscous uid (by heating the boundary or by injecting hotter uid), it produces a
nearly spherical volume of buoyant uid that grows slowly until it becomes large
enough to leave the boundary. As the spherical volume rises it remains attached
to the source by a cylindrical conduit through which buoyant uid continues to
ow, so increasing the buoyancy and volume of the plume `head' [70]. When the
plume uid has a relatively low viscosity, ow in the conduit (i.e. the hot plume
tail) can be rapid, whereas the motion of the `head' remains slow as a result of
the larger outer viscosity.
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Analysis of a starting plume driven by thermal buoyancy [28] involves only
a simple modi�cation of the theoretical treatment for isolated thermals. Con-
duction round the head again leads to warming and entrainment of surrounding
uid but we must this time take into account the increasing buoyancy in the
head with time due to the source ux and the increase in volume due to both
the source ux and entrainment. We de�ne an average temperature anomaly for
the plume head and, as a result of entrainment and cooling, this will be less
than the temperature of the source uid arriving at the top of the plume head
through the axial conduit. The evolution of the plume head is governed by the
heat conservation relation

V �T = q0�T0(t� t0) ; (5.30)

where V is the volume, q0 is the source volume ux and �T0 is the source
temperature anomaly. Along with (5.30), we have the momentum equation (5.26)
and the head volume

dV

dt
� q0 + UDÆ : (5.31)

For large times, when entrainment has become important, the solutions for
the diameter D, velocity U and temperature anomaly �T of the head have the
asymptotic forms

D � z3=5 ; U � z1=5 ; �T=�T0 � z�1 ; (5.32)

where the constants of proportionality are functions of the plume Rayleigh num-
ber, de�ned in this case by Rap = g��T0q

3
0=�

4�m [27]. Note that in deriving
the above solution we do not need to make any speci�c assumptions about the
form of the pro�les of velocity or temperature either in the feeding conduit or in
the plume head. The essential assumption is that these pro�les remain similar
as the ow develops; use of a mean temperature does not require an assumption
that the temperature is constant across the plume. But in each of the relations
such as (5.32) there is a similarity constant which depends on the real pro�les,
and which has been evaluated experimentally (see below). In principle it could
also be found through �nite-element numerical models such as those of Davies
[15].

Photographs of a hot starting plume in the interior of a laboratory tank are
shown in Fig. 5.4. This plume was produced by injecting hot, dyed syrup at
a steady rate into the same (but cold and very viscous) syrup [28]. There was
little cooling of the uid owing up the conduit until it arrived at the forward
stagnation point of the rising head, where it met the resistance of the overlying
uid. There it spread laterally and axisymmetrically as a sheet, facilitating a
more eÆcient heat transfer to a boundary layer in the surrounding uid, which
henceforth became part of the plume head. After the head had ascended a large
distance a continuous axisymmetric spiral of dyed material extended inward to
a toroidal focus.

Although experiments with continuously fed plumes have gone some way to-
wards determining the coeÆcient C [23], there are still considerable uncertainties
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Fig. 5.4. Photographs of a laboratory starting plume after it has left the source re-
gion, enlarges both by continued addition from the source through the conduit and by
entrainment, and eventually spreads beneath the free surface. The hot source uid is
dyed. The temperature distribution is not seen. This is one of a series of experiments
designed to test the theoretical similarity solution and it illustrates the predicted na-
ture of newly forming mantle plumes. However, for scaling to the mantle it is necessary
to use the theory referred to in Sect. 5.3 [28]

in its value (which relates to the rate of incorporation of external uid into the
rising plume head). Departures from self-similarity during the plume ascent in
the experiments (due to viscosity changes in the head, a �nite volume in the
conduit, temporal changes in the head shape, and side-wall e�ects, all of which
are neglected in the simple formulation given here) make it diÆcult to determine
the coeÆcient to better than a factor of two. However, when the experiments are
compared with the solution after small correction terms are included in (5.26,
5.30, 5.31), the result is consistent with that for detached thermals (C � 2) and
is robust enough to allow some �rm predictions to be made about the scale and
ascent rate of plume heads in the mantle (summarised in Sect. 5.4). The quantita-
tive application to the mantle is also consistent with a range of geophysical data
and has been supported by more recent numerical modelling results [12,14,22].
Modi�cations of the plume behaviour in a mantle of power-law rheology have
been computed [67]. These show that plume heads may ascend more rapidly
than predicted for a Newtonian mantle, and reach farther into the base of the
lithosphere, but that entrainment and head size are not greatly changed.

The distribution of source uid in the plume head, as seen in Fig. 5.4, does not
indicate the temperature distribution, which we can safely assume will be much
more smoothly distributed through the bulk of the plume head as a result of
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the nature of the `thermal entrainment' process and continued dispersion within
the head. The axial conduit and the radial outow near the top of the head will
be almost as hot as the source, and there may be some small remnant tempera-
ture maximum near the toroidal focus, whereas the remainder of the source and
entrained material in the head will be signi�cantly cooler. Davies [15] and Far-
netani & Richards [22] have computed temperature distributions which con�rm
these ideas, in particular the conclusion that there are only small temperature
gradients everywhere, except around the axial conduit and the horizontal outow
at the top of the head. They show that the coupling of advection and conduction
is so e�ective at re-distributing heat between source and entrained material that
there is only a small temperature maximum near the toroidal focus of the ow.
The hot outow layer at the top of the plume head and the axial conduit appear
as the dominant features in the temperature plots.

5.3.4 Long-lived Plumes

After the head of an (isolated) new plume reaches the top of the layer through
which it is rising, and if the source ux is constant, the ow in the trailing
conduit delivering material from the source tends toward a steady state. If the
surrounding uid is otherwise at rest, the conduit will be vertical and axisym-
metric.

A similarity solution [39] for ow in the vicinity of a steady conduit shows a
very strong tendency for the vertical velocity within the conduit to be con�ned
to a thin low-viscosity core, along with a radial balance between the horizontal
di�usion of heat out of the conduit and a slow inow driven by a radial pres-
sure gradient (low pressure in the hotter, lower density conduit). This in e�ect
produces an insulating sheath around the conduit ow. Another similarity so-
lution by Hauri et al. [34] incorporated a wide range of e�ects of temperature
and shear stress on viscosity along with depth-dependent viscosity and thermal
expansivity. For a wide range of plausible rheologies, and for buoyancy uxes of
103{105N s�1 (see Sect. 5.4.1), vertical velocities in the conduit predicted by this
solution range over 0.030{100myr�1 and conduit radii range over 30{250km.
The extent of dilution by entrainment of surrounding mantle into the conduit
ow ranges from under 5% to over 90%, with small buoyancy ux associated
with the most entrainment. Most of the entrained material originates from the
lower half of the layer traversed by the conduit.

Since mantle plumes are expected to be produced by only a small fraction of
the heat ow at the top of the mantle, it is natural to expect the plumes to be
strongly inuenced by mantle motion driven by movement of tectonic plates and
deep subduction (see Sect. 5.5). When there is a larger scale systematic motion
in the surroundings, such as a superimposed horizontal shear ow, the conduit
will be bent over in the direction of the horizontal ow. The relationship between
the shear velocity and the tilt can be simpli�ed to a relation in terms of a vector
addition of the horizontal advection velocity and the vertical Stokes velocity of a
sphere. For example, with a linear shear pro�le (in which the horizontal velocity
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varies by u0 over a depth h) and a conduit of �xed diameter D, the formula for
deection x(z) is [52]

x

h
=

u0
2kU

� z
h

�2
; (5.33)

where U is given by (5.26) for a sphere with f = 1. Laboratory results give
k = 0:54 [52]. This kinematic theory gives the tilt at the top of the sheared
region as

dz

dx
=

kU

u0
(5.34)

because the conduit is rotated by an amount that depends on the Stokes rise
time of a given conduit element through the depth of the shear zone. If the shear
is intense enough to rotate the conduit by more than about 55 degrees from the
vertical before it rises out of the region with shear, it will develop an instability
[31,52,57]. With instability present, a conduit that is fed steadily at its base will
not expel the material steadily at the top of the shear zone, but will develop a
chain of new plume heads [69], each rising to a di�erent spot on the surface.

The most obvious application is to the Hawaii-Emperor seamount chain,
which not only has been actively producing volcanos for more than 80 Myr,
but also experienced a change in plate motion about 40 Myr ago. During this
change of motion, the trend of the hot spot track on the Earth's surface changed
direction and produced a bend in its path with a radius of less than 200 km,
which implies that the upwelling conduit had a small horizontal deviation from
the plume source to the surface [31]. Using u0 = 0:1m yr�1, and U = 0:05m/yr,
corresponding to a density di�erence of 50 kgm�3, and a (somewhat arbitrarily
chosen) conduit radius of 70 km in (5.33){(5.34) gives a lateral deection almost
exactly equal to the depth of the mantle (which is unknown for the mantle),
and the conduit is tilted to 64 degrees. This does not �t the above observation
of the abruptness of the bend in the hotspot track unless the shear zone is
less than 200 km deep. However, a mantle ow underlain by a return ow gives
considerably smaller deections which do satisfy the observations [31].

Plume conduit solutions based on measured plume buoyancy uxes (see Sect.
5.4.1), rather than an assumed conduit radius, and which allow for e�ects of
tilting on entrainment have also been constructed [29]. These too predict small
horizontal deections of conduits carrying the relatively large buoyancy ux of
the Hawaiian plume. Hence tilt angles for Hawaii are expected to be below the
critical angle. Thus strong plumes are expected to experience relatively small de-
ection and inject a steady ow of mantle material to the base of the lithospheric
plates. Weaker plume conduits will be deected more and thus break up more
readily, setting the lower limit to the buoyancy ux that will generate signi�cant
e�ects at the surface. Deep shear zones tend to produce more lateral deection
and thus a greater tilt angle. Shear zones concentrated near the surface tend to
produce less lateral deection and a smaller tilt angle. However, with continuous
variation of properties, and with two or three dimensional mantle convection,
these simple models must be considered a starting hypothesis at best.
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Another consequence of the tilting of plume conduits in a mantle `wind'
is enhanced entrainment of the surroundings. While hot material ows upward
along the conduit, each part of an inclined thermal-plume conduit must be rising
through and continually displacing its surroundings upward if it is to maintain
a steady shape, and therefore must contain a circulation in planes normal to the
axis of the conduit; the quasi-two-dimensional equivalent of that shown in Fig.
5.3 for the axisymmetric plume head. Surrounding material is again heated in a
boundary layer round the rising cylindrical region and is drawn into it, so increas-
ing the volume ux in the conduit. The source material is concentrated into two
cores, leaving a central strip which is relatively free of source uid [53]. The solu-
tions referred to above for the thermal conduit ow [29] predict that entrainment
has a much greater e�ect on bent-over plumes when the temperature-dependent
viscosity in the plume is allowed to increase with distance from the source due
to entrainment and cooling, since in order to cope with the imposed buoyancy
ux the diameter of the conduit must then increase (with height) as the plume
cools. The solution also predicts that, as for starting plumes, the behaviour is
a function of the plume Rayleigh number Rap = g��T0q

3
0=�

4�m, where q0 is
the source volume ux. Plumes with larger buoyancy uxes will be less tilted
and entrain a volume ux from the surroundings that is smaller relative to the
source volume ux (i.e. they will be less diluted).

5.3.5 Surface Uplift

Experiments have also been used to help predict the surface topography gener-
ated by the arrival of a plume head beneath the surface of a convecting uid or
the continued upwelling of a plume conduit. For example, capacitance [42] and
optical interferometric observations [31] give the maximum surface uplift and
the maximum rate of uplift over a rising spherical diapir

hmax = 0:27(�%=%m)D0 ; (5.35a)

vmax = 0:16(�%=%m)U0 ; (5.35b)

where �% is the density anomaly, %m is the surrounding density and D0 and
U0 are the diameter and velocity of the diapir when it is far from the surface.
The diapir or plume head spreads horizontally as it approaches closer than one
radius from the surface, but the rate of spreading decreases as D � t1=5, so that
further spreading is very slow after the horizontal radius has doubled [30]. This
result is in agreement with theoretical scaling laws for the radial spreading of
a low-viscosity blob into a high-viscosity uid. The surface reaches a maximum
uplift after which it slowly subsides and the width of the surface swell increases.
During this collapse a thin layer of more dense outer uid remains above the
top of the plume and thins (according to a t�1=2 law) to around 0:1D0 when the
plume diameter has doubled. In the laboratory experiments, this layer becomes
gravitationally unstable at a time Ut=D0 � 10 after maximum uplift is reached,
and overturning with the underlying plume uid leads to either axisymmetric
convective ow or to irregular three-dimensional convection. This smaller scale
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of convection is able to more rapidly continue the release of potential energy and
enable the plume uid to penetrate closer to the surface.

Similar behaviour is expected where a continuing conduit ow impinges be-
neath migrating oceanic crust. In this case, uplift of the surface occurs upstream
of and above the upwelling ow in the conduit, where buoyancy is being added
to the mantle beneath the crust, leading to the seaoor swell. Subsidence of the
swell and its associated volcanic island chain occurs with age downstream of
the conduit location, where horizontal spreading ow of the hot plume material
beneath the lithosphere proceeds to slowly redistribute the buoyancy across an
increasingly broad region.

5.4 Mantle Plumes and Surface Topography

In order to apply the theoretical, computational and laboratory results discussed
above to predict plume velocities and sizes in the mantle, one �rst needs to make
realistic estimates from geophysical data of the material properties (in particular
the viscosity), and also of the temperature anomaly and heat ux at the source.

5.4.1 Plume Fluxes from Hotspot Tracks

One of the most important inputs to quantitative predictions for plumes in
the mantle is the boundary condition on temperature or heat ux, or both, at
the base. The plume heat ux FH = q0%cp�T0 (or, more precisely, the plume
buoyancy ux FB = g�FH=cp, where cp is the speci�c heat capacity and q0 is
again the source volume ux, as in (5.30)) has the primary control on the plume
ow. The temperature anomaly plays a lesser role through its inuence on the
viscosity di�erence and partial melting. The range of plume uxes to be found in
a convecting uid with temperature-dependent viscosity is not yet understood:
it will be related to the plume spacing. However, we can understand individual
plumes by considering a single plume in isolation from other plumes and lateral
boundaries, and specifying both a source temperature anomaly and buoyancy
ux3 based on geophysical constraints.

We begin by applying the results for Rayleigh{Taylor instability of a thin
layer to the bottom boundary layer of the mantle in order to estimate the sep-
aration of plumes. Assuming the unstable layer is 50 to 100 km thick, and a
viscosity contrast " � 103 the wavelength (5.16) is of order 600{1200km. This
wavelength is consistent with the separation of volcanic hotspots within the Pa-
ci�c Plate, where the separation is signi�cantly smaller than the depth of the
mantle. The result indicates a strong e�ect of the viscosity contrast. The analysis

3 In most computer models of a convecting layer, only one of these is imposed, since
the other is then determined by the coupling of conduction and convection of the
bottom boundary layer. In numerical experiments [15,22] this was done by applying
a temperature anomaly over a �nite area of the bottom boundary. In the laboratory
experiments described above the temperature anomaly and source mass ux are
prescribed.
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is expected to apply to the onset of instability on the boundary layer between
existing plumes, where new plumes may be initiated. However, it should be re-
membered that the linear stability analysis does not necessarily predict well the
separation of well-established plume conduits or the e�ects of large-scale convec-
tive ow driven by sinking of the cold surface boundary layer, which may advect
plumes into regions of convergence of the large scale ow.

Estimates of the plume buoyancy and heat uxes in the mantle have been
made using observations of the surface e�ects of long-lived plumes in oceanic set-
tings, where the crust exerts relatively little masking compared to that of thicker
continental crust [12,58]. The size of the hotspot swell can be combined with the
velocity of the plate over the hotspot to obtain the rate of production of anoma-
lous topography, from which we infer the buoyancy ux carried by the plume. For
example, the existence of the Hawaiian swell, about 1000km wide and 1 km high,
propagating across the Paci�c plate at about 100mmyr�1, implies a buoyancy
(or mass-de�cit ux) in the plume of 7:3 � 103 kg s�1. This mass-de�cit ux is
actually ��TQ, where Q and �T are the mass ux and temperature di�erence
at any depth. This is related to the more physically meaningful buoyancy and
heat uxes through FB = g(��TQ), and FH = (cp=�)(��TQ), respectively.
For the Hawaiian plume FB � 8� 104N s�1 and FH � 3 � 1011W. The distri-
bution of plume mass-de�cit uxes (calculated by Sleep [58] and Davies [12] for
35 oceanic hotspots) therefore imply the buoyancy uxes as plotted in Fig. 5.5
[32]. Although there are many uncertainties in such estimates, they do indicate
that plumes carry a range of uxes, and that the distribution is (logarithmically)
centred about 104Ns�1.

An estimate of the volume or mass ux requires independent knowledge of the
temperature anomaly, which is usually obtained from the petrology of erupted
melts. However, the mass ux is not a conserved quantity in that it, like the
temperature, may vary with height along a plume. Nor is the mass ux well-
de�ned: on the one hand, the mass ux of hot material near the top of the
plume (the ux that is relevant to melt production) for the Hawaiian example
becomes Qtop = FB=(g��T ) � 3�105 kg s�1 (assuming an average temperature
anomaly of 100C and no large scale shearing); on the other hand, the movement
of the lithospheric plate over the plume implies, as we have already explained,
that upper mantle is continuously being displaced by the plume and that there
must be a vertical mass ux in the cooler surroundings. The upward mass ux
relevant to overall motion and stirring in the mantle is then made up of both the
slow broad motion of the surroundings (associated with the Stokes ascent of the
plume conduit in the presence of plate migration), and the Poiseuille-like pipe
ow (at relatively large velocities) of low-viscosity material upward through the
narrow conduit. Unpublished experiments (by RG) with stirring when a plume
conduit passes through a larger-scale overturning convection cell will not be
discussed here but show how the former of these two transport components may
be dominant and lead to a large vertical transport of the surroundings up toward
the surface, as well as to disturbance of particle paths in the large scale cell.
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Fig. 5.5. Plume buoyancy uxes, adapted from Sleep's [58] estimates of the uxes for
35 oceanic hotspots [29,32]. The buoyancy ux is Sleep's `mass exchange ux' mutiplied
by g

5.4.2 New Plumes and Flood Basalts

Predictions can be made for new plume heads by assuming that the rate of supply
of buoyancy from the source boundary layer during this early stage in the life of a
plume falls in the same range as the buoyancy uxes derived for currently active
hotspot tracks. In that case a mantle viscosity of 1022Pas implies that heads
will grow as large as 400{600km in diameter at the core{mantle boundary before
their ascent speed is large enough to cause them to break away. Application of
the complete form of (5.32) [28] to the ensuing motions leads to the prediction
of a further doubling of the diameter (and an increase of volume by an order
of magnitude) as the plume heads ascend through 2800km. Thus plume heads
that reach the lithosphere while still receiving a constant inux from their source
region are predicted to be extremely large: 800{1200km in diameter. They will
also have incorporated a volume of lower mantle material comparable with the
total volume supplied from the source, though the ratio of these two volumes
depends on the source ux. The head size, however, is insensitive to the ux. The

diameter D is instead dependent primarily on the mantle viscosity (D � �
1=5
m ).

As a plume head approaches the upper boundary (the free surface in the
laboratory tank, or the sti� lithosphere of the Earth) it must atten and spread.
Thus a spherical head, predicted to be of order 1000km in diameter, should pro-
duce a pancake-shaped thermal anomaly about 2000km across at the base of the
lithosphere. It should be remembered that the dimension given by the model is
the diameter of the equivalent sphere that would contain the plume head buoy-
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ancy at an average temperature, and that some of the head will be much cooler
while the top of the head will contain the hottest material supplied from the
source via the conduit. Similar head sizes and ascent times are predicted by nu-
merical experiments simulating mantle conditions [15,22], and the chronology,
tectonics and geochemistry of ood basalt provinces, believed to be attributable
to plume heads, are consistent with the 1000{2000km scale. Furthermore, con-
tinental ood volcanism is known to be characterised by a sudden onset, with
most of the magmas erupted within a short period of 1 to 3Myr [53] and over
a roughly equant region 2000{2500km across, followed by slow subsidence. Use
of these comparisons to argue in the opposite direction provides evidence that
plume heads responsible for the major ood basalts had dimensions consistent
only with an origin deep in the lower mantle and therefore most probably in the
thermal boundary layer at the CMB.

5.5 The Upper Boundary Layer

We turn now to the cooled upper boundary, and the generation of the primary
motions of mantle convection. The total heat ux at the Earth's surface, ap-
parently an order of magnitude greater than the ux carried by hot plumes, is
largely due to loss of the heat generated by radioactive decay. That is, the mantle
may be regarded as a layer of viscous uid, largely internally heated, and cooled
from above.

Early notions about mantle convection regarded plate tectonics as the surface
reaction to an underlying pattern of convection occurring especially in the upper
mantle. This view required the plates to be dragged along by a faster motion be-
neath. When the observations (Fig. 5.1) were compared with laboratory studies
with this picture in mind, it was puzzling that the inferred convection cells are
so much wider than their depth (often presumed to be that of the upper man-
tle), and this led to many investigations of the e�ect of variable uid properties
and di�erent boundary conditions on the aspect ratio. A more consistent view
is that the buoyancy forces acting on the colder, denser plates are the primary
driving mechanism of convection, at least under the present tectonic regime, so
subduction and descent of lithospheric slabs is an active part of convection, not
a reaction to it. The plates are the upper thermal boundary layer. Those earlier
questions about the horizontal scale are then readily answered by 1) considering
that the convection may penetrate the full (2900km) depth of the mantle and
2) noting that the strength of the lithosphere (which can yield and break only
at stresses greater than a few hundred MPa) can inhibit the initiation of sub-
duction and thus increase the horizontal scale of convection cells. In this view
cold material can break away from the upper boundary only at plate boundaries
where one plate may slide under the other. Near mid-ocean ridges there is a
compensating, passive ascending ow { this upwelling limb of the convection is
not a hot active plume. Thus much of the structure of convection in the mantle
is organized by the pattern of the plates, though the prediction of the criteria for
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formation and size of these plates, and for the initiation of subduction, remains
a major theoretical challenge.

The most signi�cant topographic characteristics of plate convection are the
deep ocean trenches (up to 5000m below the mean sea oor) at the subduction
zones and the mid-ocean ridges (standing 3000m above the plate spreading
centres). The trenches are clearly the e�ect of the presence below the surface of
a larger mass of cold dense lithosphere (this negative buoyancy will pull down
the surface even in the absence of motion) as well as the downward motion of
the slab. The topographic high above the spreading centres and its steady fall-
o� with distance from the ridge have been shown to be a simple consequence
of conductive cooling of the oceanic lithosphere and thermal contraction while
remaining in isostatic balance with the whole of the seaoor [18]. The plate
motion, driven by surface cooling and subduction, produces a pressure gradient
that \pulls" warm mantle material up to the surface at the spreading centre.
Close to the ocean oor this material proceeds to cool and hence increases its
density as it moves away from the centre. This produces an additional ocean
depth �d which can be found from the buoyancy balance g�%�d = g%m��Tz,
where z = 2(�t)1=2 is the conductive thickness of the lithosphere, � is the thermal
di�usivity of the lithosphere, t is the age of any section of the lithosphere, %m
is the density of the mantle, �T is the average temperature of the lithosphere
relative to the surface and �% is the density di�erence between the mantle and
seawater. The result is�d = 2��T (%m=�%)(�t)

1=2, which predicts about 3000m
relief between old seaoor (100Myr old and 100km thick) and the ridge crest
(using � = 3 � 10�5 ÆC�1, %m = 3; 300kgm�3, �T = 650 ÆC). This square
root of seaoor age relation explains most of the measured topography, which is
therefore consistent with a predominantly internally-heated mantle undergoing
convection due to surface cooling, and with a passive upwelling at normal mantle
temperature under the ridge.

5.6 Synopsis

The dominant large-scale morphology of the earth's surface is a direct conse-
quence of the dynamics of thermal convection in the Earth's solid mantle. The
two major topographic features of the ocean oor, ocean trenches and mid-
ocean ridges, represent active boundaries of the tectonics plates where the up-
per thermal boundary layer of the mantle convection system is foundering and
sinking into the interior or just beginning its thermal development, respectively.
The topography is dynamic, being produced by buoyancy di�erences within the
lithosphere. We have not discussed continents and their major mountain belts,
however these too are directly produced by mantle convection through plate col-
lisions (either of continent with continent, such as the formation of the Himalaya
by the collision of the Indian sub-continent with the Eurasian continent and the
formation of the European Alps by the collision of Africa with Europe, or of
oceanic plate and continent, as in the Sierra Ranges and Andes of the Ameri-
cas). Looking at more isolated structures, but still at a large scale, continental
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ood basalt provinces (such as the Deccan Traps of India) and oceanic plateaux
(such as the Ontong-Java plateau in the Paci�c), each of order 1000{2000km
across and 1000{2000m high, and volcanic (`hotspot') tracks such as ocean is-
land chains and their accompanying, broader seaoor swells, are all thought
to be generated by the buoyancy of hot upwelling plumes. These most proba-
bly ascending from the core-mantle boundary. Plumes are also thought to have
been the cause of continental rifting and the initiation of the opening of new
ocean basins [35,68]. The role of mantle convection in the generation of surface
morphology has meant that knowledge of the surface topography has provided
important evidence about the way in which the mantle works. This topography
strongly inuences ocean and atmosphere circulation patterns. It also acts as
major drainage highs, which are eroded during and after their formation, and
drainage lows, which capture vast amounts of sediment.
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