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Abstract.
Isotopic
evidence of the chemical
variability
of basalts implies the existence of
distinct,
long-lived
chemical reservoirs
in the

follows
the arguments on both sides of these
questions will
be reviewed,
and a new synthesis

mantle.
evidence

be proposed which,

known

This
that

models

has commonly been interpreted
mantle convection
is layered,
of

whole-mantle

convection

as
since

have

too

much shearing
to allow preservation
of these
reservoirs.
However, the geochemical evidence
requires
at least
three reservoirs
and models of
layered convection have dynamical difficulties,
casting
serious doubt on the viability
of these
models.
This difficulty
has been resolved in the
present paper by the development of a simple
model

of

whole-mantle

convection

which

allows

the

preservation
of chemically
distinct
reservoirs.
In this model, heating of the mantle from below
produces axisymmetric plumes which carry heat upward through the mantle without
causing overturning.
Hence the lower mantle is much less
sheared

than

in

the

usual

two-dimensional

model.

Mantle convection
is driven by the penetration
of
cold lithospheric
slabs from above.
It is argued
that the pattern
of convection
is governed primarily
by the dependence of viscosity
on temperature and this dependence drives
the mantle toward
an isoviscous
state.
These ideas are quantified
in a simple one-dimensional
model of mantle convection

in

which

the

slab

mass

flux

as

a

function

of radius is governed by the requirement
that the
temperature
profile
remains isoviscous.
The
resulting
convection
cycles material
through the
upper mantle more rapidly
than through the lower
mantle.
This provides
a mechanism for an initially
homogeneous mantle to become chemically
stratified
with a depleted
upper mantle and
primitive
lower mantle.
Introduction

The theory of plate
tectonics
has been remarkably successful
in integrating
a number of disparate
geological
and geophysical
phenomena and
consequently
has gained almost universal
acceptance in the last twenty years, with at least one
notable exception (Jeffreys,
1982).
However,
this is a purely kinematic
theory,
and since its
inception,
the nature of the driving
force has
been the subject of controversy.
It is generally
agreed that some sort of convection
drives
the
plates.
Also the source of buoyancy for the
motions has not been at issue,
with thermal

buoyancy being generally
Rather

the

debate

Copyright

motions

within

to

on the

the

mantle?
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what

Union.

the

structure

of

convection

it

resolution

in

is hoped,

of

these

two

the

mantle

will

will

contribute

difficult

issues.

(1973),

has been shown by Jordan (1974)

to be too

weak to drive
the plate
motions.
A number of
force analyses
(Forsyth and Uyeda, 1975; Harper,
1975; Chapple and Tullis,
1977; Richter,
1977;
Backus et al.,
1981; Carlson et al.,
1983) have
shown that slab pull,
i.e.,
the negative
buoyancy
force of cold subducted slabs,
is the dominant

force as suggested by Isacks and Molnar (1969),
but other studies
(Lister,
1975; Hager, 1978;
Runcorn, 1980) have shown that ridge push or
gravity
sliding
is capable of sustaining
the
plates
in motion against
the basal drag of the
asthenosphere.
These seemingly
contradictory
results
can be reconciled
by realizing
that the
plate-tectonic
motions consist
of two parts:
the
visible
surface
motion,
including
the directly
inferred
motion of subducted slabs,
and a return
flow of unknown form within
the asthenosphere
or
mantle.
The large slab pull is balanced locally
within
the mantle by a resistance
force due to
the viscous mantle.
Thus the slab pull
is directly
transmitted
to the mantle and serves to
drive

the

return

flow.

At

the

same

time

the

surface plates
themselves move as a result
of a
much weaker force balance involving
ridge push or
plate sliding
(Richardson et al.,
1976).
This
explanation
is strengthened
by the observation

(Forsyth

and Uyeda, 1975;

see also Richter,

1978)

that subductedplates moverapidly (% 9 cmy-l)
while

the passively

moving unsubducted

plates

movemore slowly (% 2 cmy-l).
On the

other

hand

the problem with

following

In

the

The nature of the driving
force for the plate
motions has been the subject of a large number of
studies which may be broadly categorized
into two
types:
plate-tectonic
studies
and thermalconvective
studies.
In a typical
plate-tectonic
study the forces or moments acting upon the
plates are analyzed in an effort
to identify
the
dominant forces and hence the driving
mechanism
for the motions.
Although a few studies
(Hanks,
1977; Davies, 1978; Alvarez,
1982) have argued
that basal shear stresses
are important
in sustaining
the plate
motions,
most plate-tectonic
studies
have concluded that the forces acting
on
the plates
drive the motions.
Tidal
drag on the
plates,
suggested by Bostrom (1971) and Moore

accepted as the source.

has focused

two questions.
First,
are the plates active
agents of convection or are they passive boundary
layers riding on mantle convection cells?
Second, what is the depth and structure
of the
convective

of

or

with

a

realization

those

who have

a background
that

the

approached

in fluid
mantle

dynamics
is

heated

both internally
by radioactive
decay and from
below by heat from the core have treated
the
problem as a variant
of classical
Rayleigh-Benard
convection
with the plates
appearing passively
as
the cold thermal boundary layer of an actively
convecting
mantle.
A voluminous literature
on
this point of view has accumulated;
for reviews
see Turcotte and Oxburgh (1972), Richter
(1973a,
1979), McKenzie et al.
(1974),
Turcotte
(1975,
1809

1810
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1979), Oxburgh and Turcotte (1978), Schubert
(1979), Parsons and Richter
(1981),
Turcotte and
Schubert (1982), and Boss (1983).
In addition

ture

of mantle

convection

existence

of

two

The first

scale

scales

is

that

is

complicated

of

flow

in

the

of

the plates

by the
mantle.

themselves,

a large number of parameterized-convection
studies,
based on the idea that the mantle is in
active
convective
motion, have appeared in the
past six years, e.g.,
see Sharpe and Peltier

but, as noted by Richter and McKenzie (1978),
"some form of flow in the mantle with a length

(1978), Schubert, et al. (1979), O'Connell
Hager (1980), and Sleep and Langan (1981).

form

and

scale

of

700 km or

though as yet
such

flow

be driven

direct

less

seems difficult

to

we have no observations
takes.

But

by buoyancy

result

if

it

forces

of plate

occurs

which

it

the
must

are not

production

avoid;

about

the

or destruction."

These two disparate
approaches to mantle convection have been partially
bridged by studies of
the flow in the mantle generated kinematically
by

scale are Morgan's (1971) plumes and a convective

horizontal
motions of the plates (Davies, 1977a,
Hager and O'Connell,
1978, 1979; Parmentier and
Turcotte,
1978) and by a mass source at sub-

instability
of the upper mantle.
The evidence of
the second scale will
be discussed
and an explanation
in terms of mantle plumes will
be incorpo-

duction
centers
1979).

rated

zones and a mass sink at spreading
(Richter,
1973b; Parmentier
and Oliver,
Also the effect
of rigid
plates
on mantle

convection has been studied by Lux et al. (1979),
Olson and Corcos (1980), Schmeling and Jacoby
(1981), and Jacoby and Schmeling (1982).
However
none of these
reconcile
the

studies
has attempted
directly
to
two approaches.
The best effort
at

reconciliation
appears to be that of Richter and
McKenzie (1978) who recognized that mantle convection
does not resemble the classical
RayleighBenard flow and developed a model of mantle convection driven by the negative buoyancy force of
the descending slabs.
The model developed in
the present
paper has many features
in common
with that of Richter
and McKenzie,
except that
viscosity
plays an active
rather
than passive
role in determining
the structure
of convection.
It

is

also

similar

to

the

models

of

whole-mantle

convection
proposed recently
by Christensen
(1983b) and Davies (1984).
The controversy
concerning
the depth of mantle
convection
has developed in two stages.
In the
earlier
stage the argument was principally
between those advocating whole-mantle
convection
and

those

stricted
mantle,

1970's

believed

that

convection

the work of Cathles

O'Connell
lower

who

to the asthenosphere
i.e.,
above 650 km.

(1977),

mantle

has a much lower

Peltier

viscosity

rized

in tee mid 1970's
that

layered.
isotopic

by Davies

convection

than

in

the

(1977b) who
mantle

is

have

of

been

used

layered

convection,

to

bolster

the

case

for

and some dynamical and

cently by Davies (1984) and Hofmann (1984).
A
closely related
controversy concerns the nature
so-called

650 km discontinuity

which

mantle

occur

because

the

origin

correct

nature

and

to present

which

reconciles

mantle

does

not

overturn

to
from

plumes through a rela-

lower mantle.
This hot material
the asthenosphere
and is the

of the second scale of mantle convection.

observations
previous ly.

and models

Evidence

arguments
a review

which

of

the

Mantle

have

will
be
of relevant

been

Structure

developed

of

Convection

Evidence

is

a

One of the earlier
ered

convection

in

s truc-

arguments in favor
the

mantle

was

that

of laythe

mean

atomic weight of the mantle increases with depth
(e.g.,
see Anderson, 1968; Anderson and Jordan,
1970).
The evidence in support of this argument
has been reviewed by Davies and Dziewonski (1975),
Davies (1977a), and Jeanloz and Thompson (1983;
see also Davies 1974a, b; Watt et al.,
1975; Watt
and O'Connell,
1978) and found wanting.
This
conclusion has been disputed by Anderson (1979a)
on the grounds that the mean atomic weight is
not

a direct

measure

fluid
the

lower

in isolated

be given.
for

convection

convection.

is

in response to heating
from below, contrary
popular belief.
Instead
hot material
rises

have shown that,

search

mantle

paper

flow pattern dictated by the cooling requirements
as a function
of depth.
One interesting
consequence of this flow pattern is that material
cycles through the upper layers of the mantle more
rapidly than through the lower layers.
This is a
possible mechanism for generating
a chemically
stratified
mantle from an initially
homogeneous
one.
It will
be argued that this in fact does

ubiquitous
feature of the earth models; does this
represent a phase change or a chemical boundary?
The evidence relating
to this question will
also
be reviewed and some suggestions
concerning the
possible nature of the 650 km discontinuity
will
The

of

this

the second

the two approaches to mantle convection:
platetectonic
and thermal-convective.
As in the platetectonic
studies,
the primary
driving
force for
mantle convection
is the negative
buoyancy force
of cold subducted slabs.
It will
be argued that
the response of the mantle to the downward motion
of these slabs is deter•ined
by the spatial
distribution
of the viscosity
through its sensitive
dependence on temperature.
This argument will
lead to the development of a simple dynamical
model of flow in an isoviscous
mantle,
with the

Geochemical

thermal consequences of layered convection have
been advanced.
These topics will
be reviewed in
the following
sections with emphasis placed on
the latter,
the former having been reviewed re-

the

model

for

not

However since then the variations
of
ratios
of Nd, Pb and Sr found in various

basalts

of

a new

convection
and those favoring
layered
conin the mantle.
The arguments were summa-

concluded

model

of

This model and the attendant
developed in detail
following

the

previously believed,
and hence is likely
to be
convecting.
Since that time the argument has
been principally
between those advocating wholemantle
vection

a unified

tively
quiescent
is deposited
in

(1976),

showed that

into

candidates

The main purpose

the D" layer

re-

or to the upper
However in the mid

(1975),

and others

was

The two most likely

However

it

density

profile

stability
can

phase lies

should

also

of

the
be

is not a direct

of the mantle;
be

density

noted

that

in
the

static

measure of the

Busse and Schubert (1971)

due to a phase change,

unstable

the mantle.

even

when

the

less

a layer
dense

above the denser phase and can be

of
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stable if the opposite occurs.
They also note
that a phase change may lower the critical
Rayleigh number, but it cannot initiate
convection
in the absence of a superadiabatic
temperature

In a series of early papers, Anderson (1967,
1968, 1976; see also Anderson and Jordan, 1970)
developed the idea that the 650 km discontinuity
is a phase boundary with a supercimposed increase

gradient (assuming constant composition).
Sammis (1976; See also Richter and Johnson,
1974) has shown that a chemically induced density

of iron content, with the lower mantle being more
iron rich.
More recently (Anderson, 1979a, b,
1981) he has refined this idea and has presented

difference
of 0.1% would be sufficient
for layered
convection to be the preferred
mode near the onset
of convective instability.
Jeanloz and Thompson
(1983) noted that the current data "cannot at

several models of a chemically stratified
mantle
based upon the zero-pressure
density of the
various mineral assemblages thought to occur in
the mantle; e.g., see Figure 1 of Anderson

present resolve the small changes in physical

(1979b).

properties
that would be required to keep distinct
mantle reservoirs separate."
Christensen (1981;

graph apply to these models:
the structure
of
convection is governed principally
by viscosity,

see also Richter and McKenzie, 1981; Olson and
Yuen, 1982) has argued that the density difference

not density, and zero-pressure density
reliable
indicator of dynamic stability

needed to maintain
the marginal state

changes can occur.
Therefore
must be treated with caution.

layered convection far
is likely
to be higher

from
than

Sammis' figure of 0.1%, perhaps as much as 3%
(Christensen and Yuen, 1984), but Jeanloz and
Thompson's conclusion is likely still
to be valid:

The commentsmade in the previous parais not a
if phase

Anderson's

models

current data on density and elasticity
are not
useful
in resolving
the structure
of mantle con-

It has long been known from geochemical and
isotopic evidence that the mantle is chemically
heterogeneous, e.g., see Russell and Farquhar
(1960), Anderson (1965), Gast (1965), Armstrong
(1968), but this knowledge made little
impact on

vection.

models

Mineral
position

sively

assemblages
of

the

mantle

by Anderson,
Jackson et al.,

that

the

cold lithospheric
than
the

to

been

studied

Liu

1974)

com-

exten-

and others.

1976; see

led him to conclude

discontinuities

are due entirely

led

to model the

(Ringwood, 1972,

also

deeper

have

Ringwood,

Ringwood's studies
seismic

thought

in

the

mantle

to phase changes and that

700 km.

Liu's
that

initial
the

studies

seismic

and Hales et al.

(1980)

convection.

may be used to trace Sm/Nd fractionation

in long-

distinct

led

Liu to reaffirm this reinterpretation
(Liu, 1980).
More recently (Liu, 1982) he argued that the lower
mantle is 30-40% richer in silicon
than the upper
mantle, on the cosmochemical grounds that a
"chondritic" earth has more silicon than current
models. In a later section of this paper we shall

present a qualitative

and

also

discon-

1977a, b; 1979a).
However, the possibility
that
denser phases "may tend to sink to or stay at the
deep part of the mantle," led him to reinterpret
the 650 km discontinuity
as a chemical change
(Liu, 1979b, c). The reports of numerous seismicvelocity
discontinuities
in the upper mantle by
(1978)

structure

the

tinuities
in the mantle could be explained entirely
in terms of phase changes and it was unnecessary to invoke compositional
changes (Liu,

King et al.

mantle

time-scale
geologic processes.
In particular
they noted that the data required "continental"
and "oceanic" igneous rocks to be derived from

slabs descend considerably

conclusion

of

However, this situation
changed following
the
announcement by DePaolo and Wasserburg (1976a, b,
1977, 1979; see also Richard et al.,
1976;
DePaolo,
1979) that variations
of 143Nd/144 Nd

argument supporting the con-

tention that the structure of convection within
the mantle is governed principally
by the variations of viscosity
rather than density.
This
argument does not fully meet Liu's (1980) chal-

their

mantle

reservoirs

identity

which

have

for a significant

age of

the

earth.

mantle

convection

Since
at

the

that

maintained

fraction

of the

known models

time

were

of

characterized

by relatively
vigorous mixing, the obvious conclusion was that the mantle is chemically layered,
with separate convective patterns in each layer
(Hofmann et al.,
1978; DePaolo, 1979).
The
simplest
and most popular geochemical model was

a two-layer mantle consisting of a depleted upper
mantle and a primitive
lower mantle (DePaolo and
Wasserburg, 1979; Jacobsen and Wasserburg, 1979,

1980, 1981; O'Nions et al., 1979; Wasserburg and
DePaolo, 1979; DePaolo, 1980, 1981).
This simple
two-reservoir
model has been seriously
criticized
on geochemical grounds, primarily
on the basis of
lead isotope data (Chase, 1981; Kurz et al.,
1982; White and Hofmann, 1982; Zindler et al.,
1982; Davies, 1984; Hofmann, 1984).
As we shall
see in the following section,
the simple twolayer model also has serious dynamical difficulties.
Several authors (Hofmann and White, 1980;
Chase, 1981; White and Hofmann, 1982) have argued

lenge to show "that a mechanismfor the separation

that the data support a geochemical evolution

of the dense from the light silicates
(such as the
spinel-and rocksalt-type
phases) is impossible."
However, when combined with the stability
results
of Busse and Schubert (1971) discussed previously,
it casts doubt on the reinterpretation
of the 650
km discontinuity
in terms of a chemical change,
and strengthens the initial
interpretation
in
terms of a phase change.
Furthermore,
the model
of mantle convection to be developed in the later
sections allows for a laterally
inhomogeneous,
"lumpy" mantle.
Thus the seismic discontinuities

volving significant
reinjection
of crustal material back into the mantle as advocated much
earlier
by Armstrong (1968).
It now appears that
at least three reservoirs are needed, and accord-

reported by King et al. (1978) and by Hales et al.
(1980) can be interpreted in terms of local or
regional heterogeneities
rather than a laterally
homogeneous, multi-layered
mantle.

ing

to Davies

(1984;

see also

in-

Dupre and Allegre,

1983) at least one reservoir
must be heterogeneous.
Since the simple models assume layers
which are well-mixed,
placed upon results
such

models

be well

if

mixed.

the

little
reliance
can be
and conclusions
derived from
reservoirs

In fact

Davies

are

shown

(1984)

not

argues

to

that

if the reservoirs are heterogeneous, the rationale
for invoking layering is undermined. This leads
to the model of a "lumpy" mantle (Davies, 1981,
1984) in which the chemical inhomogeneities pre-

1812
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integrity
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convective
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of the tendency
to

mix

them.

The

spatial
scales,
and their
temporal
can be short as well as long term.

variability
Indeed,

first

model of mantle

requirements

sources

of

basalts

for any unified
is

that

it

be

able

to

stability.
He assumes that
tially
molten (4 15%) early
the

of such a model has been supported

by Bougault et al. (1983) who note that
anomalies "can span an enormous range of
the

account

for this broad spectrum of spatial
and temporal
scales."
In the following
sections we shall
present a rudimentary
model which has this capability.

less

dense

molten

the mantle was parin its history
and

fraction

rose

to

form

the

upper mantle.
In his model the upper mantle
further
fractionates
into a depleted
layer
lying
between 220 and 670 km depth, which provides
material
for mid-ocean-ridge
basalts,
and an en-

riched source region above, which supplies

ocean-

island and continental-flood
basalts
via plumes
from its heated lower boundary.
This model is
speculative
and leaves a number of questions
unanswered.
For example, it is possible
that the
mantle silicates
were never molten (McCammon et

al.,

1983) or that the liquid

dense

Dynamical and Thermal Evidence

Convection

rather

than

less

fraetion

dense

than

the

is more
solid

A conceptual difficulty
of the simple twolayer model of mantle convection is that material
from both layers is observed at the surface.
If

residue (Ohtani,
1983).
Also, it is not clear
how the material
below 220 km rises
through the
overlying
layer without
contamination
from the
enriched
reservoir
(Davies,
1984; Hofmann, 1984)

the mantle were truly statically
layered, material
from the lower layer would not reach the surface

or even how the lower reservoir senses the moving
locations of the mid-oceanic ridges (Garfunkel,

and we would have no direct

evidence

of its

ex-

istence.
Conversely since we observe material
which originated in various layers or reservoirs
in the mantle,

these regions are not statically

isolated.
The flux of material
from these regions
to the surface
of the earth is governed by the
laws of dynamics, which must be included in any
viable
model.
In fact,
Richter
and McKenzie
(1981) remark that the leakiness
of the 650 km
barrier
is an outstanding
problem that needs a
convincing
solution.
One source of difficulty
in modeling a layered
mantle is that the density
contrast
between primitive
or fertile
mantle and its depleted component
is itself
a subject of controversy
with Shaw and
Jackson (1973) arguing that the depleted
residue

is denser,
McCallister
comparison

while O'Hara (1975) and Boyd and
(1976) advocate the opposite.
The
of

densities

is

changes (Hofmann et al.,

complicated

by phase

1978; Anderson, 1979a),

but Busse and Schubert (1971) have shown that
intrinsic
density is the true measure of dynamic
stability.
A further
difficulty
with layered
convection
models is the very long time needed
to achieve layering.
As noted by Ringwood (1982)
and Davies (1984),
the denser eclogite
crust is
immediately adjacent,
and fairly
rigidly
attached,
to buoyant depleted hartzburgite
and the combination is nearly neutrally
buoyant.
The time for
separation of the two is extremely long due to
the high viscosity
of this cold crustal
lamination.
The crust has formed as a result
of segregation
of partially
molten mantle at spreading
centers
and

at

subduction

zones.

This

material

can

migrate upward due to two effects:
because it is
intrinsically
buoyant and because it is incompatible
with the crystal
structure
of the mantle.
The latter
process creates
a crust composed of

large-ion
lithophiles
can be either greater

whose intrinsic
density
or less than that of the

mantle,
but the former process always creates a
buoyant crust and denser residue.
If the crust
is intrinsically
buoyant and the depleted residue
more dense than the primitive
mantle,
the simple
two layer model, consisting
of a depleted upper
mantle and a primitive
lower mantle,
is dynamically
uns table.
Anderson (1982a, b) has constructed
a model of
a layered mantle which is not prone to this in-

1975).

Finally,

in commonwith

all

other models

of layered convection, this model has problems
with its temperature and viscosi•ty structure.
A problem characteristic
convection

models

is

that

of all

layered-

the lower

mantle

is

too

hot (Olson, 1981) and the upper mantle is too
cold (Kopitzke,
1979; Christensen,
1981).
In
these

models

the

heat

from

the

lower

mantle

must be conducted to the upper mantle through a
double thermal boundary layer.
It is believed
that the temperature
rise across this hypothetical

layer would be at least 500 K (Jeanloz and
Richter,
1979; Richter and McKenzie, 1981) and
may be as high as 1400 K (Spohn and Schubert,
1983).
This in turn makes the viscosity
at the
top of the lower mantle, below this layer,
very
low, as noted by Schubert and Spohn (1981), Spohn
and Schubert (1982),
Davies (1983) and Kenyon and
Turcotte
(1983),
and that above, very high,
forming in effect
a second lithosphere
as first
noted by McKenzie and Weiss (1975).
Although the
implications
of such a viscosity
contrast
on

glacial

rebound and polar wander have not been

fully
explored,
it seems unlikely
to be reconciled with the observations
(Peltier,
1980, 1983;
Turcotte,
1984).
It has been suggested (Spohn
and Schubert, 1982) that this large viscosity
contrast could be avoided if the lower mantle
were depleted in radioactive
elements.
However,

if the earth
and Peltier,

is cooling, as is very likely
(Sharpe
1978, 1979; Davies, 1980a; McKenzie
and Weiss, 1980; Schubert et al.,
1980; Stacey,
1980; Cook and Turcotte,
1981; Sleep and Langan,
1981; Stacey and Loper, 1984),
then this argument
is obviated.
An alternative
explanation
in terms
of a large viscosity
contrast
due to compositional
difference
is very speculative
and unsupported by
data (Sammis et al.,
1977).
It would appear that
a low viscosity
layer near 700 km depth would
have a measurable effect
on Q, just as the asthenosphere does (Christensen,
1981, 1983b).
However
Anderson and Hart (1978; see also Dziewonski
and

Anderson, 1981) showno such layer either in Q•

or QS. Altogether, these arguments
makethe

existence
of layered
convection
rather
doubtful.
The convecting
mantle may be considered
as a
thermodynamic heat engine,
transforming
thermal
energy into mechanical
energy.
The thermodynamic
efficiency
of this engine is a function
of the

depth of convection

(Stacey,

1977a),

being
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greatest for whole-mantle convection.
It follows
that for any specified
convective speed, higher
mantle stresses are generated for whole-mantle
convection than for layered convection.
As noted

vection.

by Spiliopoulos

cannot be ruled out that flow in the deeper
mantle of no direct
relation
to the lithosphere
may account for some of the major gravitational
features.
However, the empirical
correlations
with other surface phenomena encourage explanation of gravitational
features
as the consequence
of asthenospheric
flow and its interaction
with
the lithosphere..."
Most studies of the relation
between the geoid and convection
have concluded
that the anomalies are due primarily
to features
in the upper portions
of the mantle (Higbie and
Stacey,
1970; Anderson et al.,
1973; Parsons and
Daly, 1983) or even the lithosphere
(Detrick
and

stresses

are

and Stacey (1984) "if

similar

to

the

stress

convective

release

in

shallow earthquakes...
then whole mantle convection is required."
They further note that the
geoid features appear to indicate
stresses of
this magnitude within the mantle (Higbie and
Stacey, 1970; McQueen and Stacey, 1976).
The characteristic
scale of the lithospheric
plates is quite large,
as much as 10,000 km for

the P•cific
this

plate.

large

vection

The problem of explaining

scale

than

for

is more severe
whole-mantle

the aspect ratio

for

layered

convection

(width/depth)

con-

because

of the former is

This

number

of

idea

studies

has been the subject

with

mixed

of a

results.

Kaula

(1969, 1972) studied the geographical distribution of geoid anomalies and concluded that "it

necessarily
larger
than that of the latter.
There have been a number of attempts
to find
large-aspect-ratio
convective
cells
in an uppermantle or layered
convection
system, without
a

Crough, 1978), while others prefer an origin in
the lower mantle (Gough, 1977; Chase, 1979).
The
relation
between convection and the geoid is complicated
(e.g.,
see McKenzie, 1977; Ockendon and

great deal of success.

Turcotte,

McFaddenand Smylie (1968)

showed that a low-viscosity
region at the top of
the mantle causes the aspect ratio
to increase,
but theirs was a very specialized
model which
cannot be directly
applied to the mantle.
Richter
and Daly (1978) found that convection
cells with large aspect ratio
can occur if resistance

to

horizontal

motion

is

smaller

than

that for vertical motion becauseof anisotropic
viscosity

or a low viscosity

zone.

Houston

1977; Watts and Daly, 1981; Dahlen,

1982; Lister,
1982; Hager, 1983; Parsons and Daly,
1983; Richards and Hager, 1984), making it difficult to draw definite
conclusions concerning the
nature of convection
in the mantle from geoid
studies.
The most careful
analysis
to date is
that by Hager (1984; see also Vassiliou
et al.,
1984) who finds that the viscosity
of the lower
mantle must exceed that of the upper mantle by at
least a factor of 30 to yield a positive
geoid

and DeBremaecker (1975; see also Daly, 1980)
in a numerical study of two-dimensional
convection with viscosity
a function
of
temperature and pressure found that cells with
aspect ratios up to 8.6 are stable, but the upper
surface is not plate-like.
In a similar
study
Hewitt et al.
(1980) found stable flows with
aspect ratios of up to 5, but Gavrilov et al.
(1980) claim that "the dependence of the physical
parameters on depth does not explain the consid-

anomaly over subduction
zones.
This conclusion
is model dependent,
being quite sensitive
to the
assumed viscosity
structure.
In particular,
low
viscosity
layers
near boundaries
lower the de-

erable

bulk of the mantle by a factor of 104 or more
(Stacey and Loper, 1983), effectively
eliminating

increase

in

horizontal

scale

of

convective

cells" necessary for layered convection.
Jacoby
and Schmeling (1982) have found that the larger

the aspect ratio,

the more the stiff

deforms and participates
the futility

upper surface

in the flow,

of the search

a shallow
broad convective
is Newtonian.
Christensen

for

illustrating

rigid

cell
if
(1984a)

plates

formation of the boundary, and hence alter
the
geoid signature
dramatically.
Hager illustrates
this effect
for a low viscosity
upper layer, but
ignores the same possibility
at the lower boundary.
It is quite possible that the D" layer at
the

bottom

of

the

mantle

deformation.

is

It

less

viscous

remains

than

to be seen

the

whether

Hager's (1984) conclusion will be altered significantly when this effect
Jeanzloz

over

the rheology
has reported

base

structure

is taken into account.

and Richter
of

the

(1979)

mantle

and

studied

found

the

that

thermal

a thermal

boundary layer with a temperature jump of 500-700

that the upper surface of a convective cell with
temperature-dominated
viscosity
tends to be more
plate-like
for a power-law-creep rheology (see
his Figure 11).
This may be an important step
in solving the difficult
problem of plate subduction; power-law-creep
provides a natural way

K could occur at the top of the lower mantle.
However, in a similar
study Spiliopoulos
and

to

temperature
through the mantle assuming it to be
adiabatic.
We shall
argue in a later
section
that the temperature
gradient
in the mantle is

achieve

localized

zones

of

weakness

in

the

lithosphere.
Busse (1981) has taken a different
approach and proposed that the large-scale
motion
in the upper mantle is driven via viscous coupling
by active convection in the lower mantle and thus
is characterized
by the depth of the lower mantle
rather the upper mantle.
This explanation requires the convective motions in the lower mantle

Stacey (1984) found the jump in temperature to be
only

300 K and concluded

"far

too

small

ary layer."

to

make

that

Both these studies

significantly

superadiabatic.

the allowable

temperature

reduced,

the

a viable

If

jump is
in

is
bound-

extrapolated

and Jeanloz and Richter's

favor of layered
convection
correspondingly
weakened.

difference

mid-mantle

this

the

is ture,

considerably

argument in

the mantle

is

to be not only vigorous but of the "overturning"
type.
that

In a subsequent
the

structure

of

section
convection

we shall
in

the

mantle is quite different
and incapable
large scale motion in the upper mantle.
Runcorn (1965, 1972) has argued that

wavelength
concerning

argue

Seismic

Evidence

lower

of driving

the long
terms in the geoid contain information
the depth and structure
of mantle con-

The lack of seismicity
below 650-700 km (Isacks
et al.,
1968; Isacks and Molnar,
1971) has been
used as an argument in favor of layered convection
in the mantle
(Richter
and Johnson, 1974; Johnson
and Richter,
1979; Richter,
1979).
However, the
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strength
of this argument has been weakened by
seismic
evidence
that slabs penetrate
below this
level
in a number of regions which correlate
with
known Benioff
zones.
Jordan and Lynn (1974)
found a region of anomalously high velocity
in

the lower mantle (600-1400 km depth) beneath the
Caribbean and estimated
the required
lateral
temperature
difference
to be 200-300 K, assuming it

is a thermal anomaly.
of

teleseismic

Engdahl' s (1975) analysis

P-wave

residuals

indicates

a ve-

locity
anomaly below 700 km on the descending
slab associated with the To.nga-Fiji
arc.
Jordan
(1977; see also Creager and Jordan, 1984a, b)
found a zone of high shear velocity
below the
Kuril-Kamchatka
arc at least to 1000 km depth with
a 5% velocity
contrast,
indicating
a temperature
difference
as great as 1000 K.
Also a number of
seismic

studies

have

identified

lower-mantle

heterogeneities
which may be ancient lithospheric
slabs (Chinnery,
1969; Davies and Sheppard, 1972;
Wright and Cleary,
1972; Julian
and Sengupta,
1973; Niazi,
1973; Jordan,
1975; Powell,
1975;
Dziewonski
et al.,
1977; Wright and Lyons, 1979,
1980; Masters et al.,
1982; Lay, 1983; Clayton
and Comer, 1984; see also Ringwood, 19 72;
O' Connell,
1977).
A number of studies
(e.g.,
Engdahl and Flinn,
1969; Whitcomb and Anderson, 1970; Fukao, 1977;
Husebye et al.,
1977) have shown that seismic
waves can be reflected
from upper-mantle
discontinuities,
in particular
from that at 650-670 km
depth.
Lees et al.
(1983) have studied
the reflectional
properties
of phase-change and
chemical-change
models of this discontinuity,
and
concluded that the strength
and sharpness of the

reflection
boundary,

can be explained best by a chemical
which implies that mantle convection

is

layered.
Their conclusion
is in conflict
with
that of Davies (1974b), who studied the relationship between elasticity
and crystal
structure,
and

concluded

that

"the

ratio

of

elastic

veloci-

ties of polymorphs of a material
depend primarily
on the crystal
structures
involved,
and only sec-

condarily

on the composition."

Lees et al.

(1983)

find that the garnet-to-perovskite
phase transition gives a reflection
coefficient
sufficiently
large
to explain
the observations,
but dismiss
this possibility
because they cannot explain
how
any of the phase changes could be effectively
discontinuous,
as required
by the data.

The Nature of the 650 km Discontinuity
The

vertical

distributions

of

multivariate

phase transitions
are normally
calculated
from
equilibrium
phase diagrams,
producing a change

which occurs over a range of pressure, e.g., Pl <
P < P2' However,if there is significant vertical
motion through the phase boundary, nonequilibrium
effects
may act to sharpen significantly
the discontinuity.
That is, material
moving upward will
not grow crystals
of the low

pressure phase immediately as p < P2 becauseno
seed crystals

ation

Rather

does not

of that
occur

the material

phase are present

at equilibrium

will

and nucle-

conditions.

become "supercooled"

until
the proper crystals
are encountered,
then
transform abruptly
to (nearly)
equilibrium
conditions.
This abrupt
transformation
yields
a
sharp interface.
The downward speed of motion of
the interface
relative
to the material
is propor-

Convection

tional
to the amount of supercooling
and in
steady state is equal to the upward speed of the
material,
producing a stationary
interface.
Thus
a non-equilibrium
garnet-to-perovskite
phase
transition
may explain
the seismic data, and it
may not be necessary to invoke a change of composition
at 650 km depth.
Assuming the 650 km discontinuity
is a phase
change which does not inhibit
convection,
and the
anomalous travel-time
zones below this depth reresent
aseismic
slabs,
we must explain
why seismicity
stops at 650-700 km depth.
Toksoz et al.
(1971) proposed that slabs are sufficiently
warmed by the time they reach this level
that
they no longer exhibit
brittle
behavior.
This
suggestion
does not explain
how seismic waves can
be reflected
at 650 km depth as described
in the
previous paragraph,
and must be discarded
in
favor of an explanation
relating
to a change of
phase.
At the same time, a reason why the phase
change at 400 km depth does not suppress seismiscity
must be provided.
The most plausible
explanation
is that the phase change at 650 km acts
to

relieve

stresses

while

that

The phase transformation
to be olivine
coordination

to spinel,
number of

at

400

km does

not.

at 400 km, believed

does not change the
silicon;

each

silicon

atom

is surrounded by four oxygen atoms in each phase.
Hence

there

associated
little

is

little

with

stress

this

relative

motion

of

atoms

phase change and relatively

relief.

On the

other

hand

the

dis-

proportionation
reaction believed
to occur near
650 km depth involves
a change of coordination
number from four to six (Ringwood, 1972; Liu,
1979c).
There is a relatively
large motion of
atoms as the crystals
are restructured,
and residual
stresses
are relieved.
Subsequent buildup of stress in the slab as it descends into the
lower mantle is presumably slow and does not become large enough to cause earthquakes
before
heating destroys its brittle
behavior.
This idea
is related
to the concept of superplasticity
(Sammis and Dein, 1974; Parmentier,
1981).
Accepting
that the 650 km discontinuity
represents
a phase boundary that relieves
stress,
the strength,
type and distribution
of seismicity
in slabs above this level
must be explained.
The
two most important
observations
are that slabs
are in down-dip extension
at shallow depths and

in compression closer to 650 km depth (Isacks and
Molnar,
1971),
and that seismic energy release
in
the depth range 500-700 km is anomalously large
(Richter,
1979).
Richter
(1979) has concluded
from

this

evidence

that

the

slabs

are

unable

to

penetrate
the lower mantle due to chemical layering, but notes that the data can also be ex-

plained

by the slabs penetrating

higher viscosity
terpretation
is

below 650 km.
consistent
with

into

material

This latter
the finding

of

inof

Hager (1984; see also Vassiliou
et al.,
1984)
that the viscosity
of the lower mantle must be at
least
30 times greater
than that of the upper

mantle if the geoid anomalyabove subduction

zones is to be positive
as is observed (Vening
Meinesz,
1964).
Hager prefers
a ratio
of 50,
while Peltier
(1983) argues for a ratio of 10.
Although the specific
value is uncertain,
the
best explanation
of the seismic distribution
above
650 km is a higher viscosity
in the lower mantle.
Richter
and McKenzie (1978) dismissed studies

of whole-mantle

convection by O'Connell

(1977)
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b) because they did not put

a detailed

model

to

account

for

the

focal

mechanisms within
sinking
slabs as identified
by
Isacks and Molnar (1971).
Specifically
an explanation
of the compressive stresses
below 350

km depth was lacking.

stresses

in slabs

(1979)

fracture

upper mantle

450 km depth for whole-mantle convection, compared
with 350 km for upper mantle convection, without
allowing for a jump in viscosity due to the phase
transition.
The points to be emphasized are that
compressive stresses can occur in the slab above
650 km in the case of whole-mantle
convection
and
that the level
of null stress
is not very sensi-

tive

to the depth of convection.

Evidence
Mantle

of

the "Second-Scale"

of whole-mantlewas premature.

of

Convection

Yet another

existence,
ond scale

controversial

form and origin
of mantle

topic

concerns

the

of the so-called

convection:

the

sec-

first

scale

being that associated with the motion of the
lithospheric
plates.
In one sense the existence
of

a second

scale

is

self

evident

in

the

presence

of vigorous mid-plate volcanism at discrete "hot
spot" locations,
and anomalous

such as Hawaii and Yellowstone,

zones

spreading ridges,
ever

the

form

associated

of

with

of volcanic

activity

on

most notably at Iceland.
convective

motion

lithospheric

in

hot spots

the

How-

clear, and it is not certain whether these hot
spots are secondary characteristics
of the second
scale

or in

fact

are

the primary

evidence.

In addition to hot spots and midplate volcanoes

themselves, there are two lines of evidence which
have been used to infer

of

the nature of the second

rather

than

(Marsh et al.,

considerably

the

roll

The

existence

roll

convection

1984).

in

the

This reinter-

reduces the plausibility

hypothesis.
of

convective

rolls

has

also

been questioned by several studies of the thermal
state and dynamic stability
of the upper mantle.
Kopitzke (1979) finds subadiabatic
temperature
gradients
below 250 km depth and concludes that
is

vection

"little

cells

foundation

for

small

scale

proposed by Richter."

con-

Lux et al.

(1979) also argued against the existence of rolls,
noting that if they did occur, the timescale for
them to reach steady state would be very long.
Yuen et al.
(1981) found that the convective
instability
proposed by Richter would not grow
fast enough with a temperature-dependent
rheology
to be geophysically
relevant
and concluded that
"the existence
of a second scale is extremely
unlikely."
Houseman and McKenzie (1982) reexamined
the stability
of the upper mantle and concluded
that

convective

rolls

can occur,

but

cosity function
was oversimplified,
conclusion
unreliable.
Altogether
be little
dynamic evidence favoring
hypothesis.
In

mantle

is not

zones

pretation

there

Therefore

Richter
and McKenzie's
dismissal
convection
studies
on this basis

1815

flow.
Liu et al.
(1976) and Marsh and Marsh
(1976) claimed to find evidence for convective
rolls in the geoid pattern in the Pacific,
but
it now appears that the linear
geoid anomalies
are due to lithospheric
age differences
across

below

However Kopitzke

has found compressive

Convection

addition

to

the

lack

of

their

vis-

making their
there seems to
the roll

observational

and

theoretical
support for the existence
of convective
rolls,
the roll
hypothesis
cannot directly
explain
the evidence related
to hot spots.
The
roll hypothesis
requires
hot spots to have their

origin at or above 650 km depth.

Burke et al.
as discrete

As noted by

(197•3) the persistence of hot spots
local

anomalies for as much as 180 m.

scale of convection: geoid anomalies with scales
of the order of 1000 km, particularly .in the
Pacific (Andersonet al., 1973; Liu et al., 1976;
Marsh and Marsh, 1976; McKenzieet al., 1980) and

y. is difficult
to explain by a source in the
upper mantle, particularly since the patterns of
plate motion and return flow change considerably
in 100 m.y. (Garfunkel, 1975). This evidence

flattening of ocean-floor bathymetryfrom the
simple t« law (Parker and Oldenburg,1973; Richter,
1973b; Richter and Parsons, 1975; Crough, 1978,
1979; Parsons and McKenzie, 1978). Additional,

favors a deep source for hot-spot basalts as
proposedby Morgan(1971, 1972). A further argument in favor of a deep origin of hot-spot basalts
is that the height of a volcano is proportional

indirect
evidence of a second scale comes from the
experimental observation of small scale flow in a
Newtonian, high Prandtl number fluid at large

to the depth of the magma column which feeds it
(DePaolo and Wasserburg, 1977).
Thus a rela-

Rayleigh number (Housemanand McKenzie, 1982).
Richter
ond scale

(1973b) proposed that
of motion

in

the

form

there
of

is a sec-

convective

tively

high

volcano

such as that

at Hawaii

must

have a deep column of low density material
beneath
it to provide the necessary hydrostatic
head.
If
Hawaii were due entirely
to cracking of the lith-

rolls roughly 500-600 km deep whose axes are
aligned with the direction of plate motion. In

osphere and passive upwelling of mantle material
as proposed by Turcotte and Oxburgh (1976), the

his model the convection

Hawaiian

is driven

by a super-

adiabatic temperature gradient, and the superposed
shearing due to the motion of the plates preferentially
selects longitudinal
rolls,
analogous to
Langmuir rolls.
The alignment of the rolls could
explain the geoid pattern and the heat flux they
carried

to the base of

the

lithosphere

could

ex-

Islands

oceanic ridges.

would be no higher

than the mid-

This argument also weighs against

the model of layered

mantle

convection

proposed

by Anderson (1982a, b).
It is generally accepted that the flattening

of ocean-floorbathymetry
fromthe simplet« law
is

due to a weak source

of heating

at

the base of

plain the flattening
of bathymetry in old ocean
basins.
In this hypothesis the hot spots are
secondary characteristics
of the second scale of

the lithosphere,
been uncertain.

motion.

vective rolls in the upper mmntle, but, as we
have seen, the existence of such rolls is doubtful.
Other suggestions have been viscous heating
in the asthenosphere
(Schubert and Turcotte,

The roll

hypothesis was supported by the

studies of Richter
and Parsons (%975) and Parsons
and McKenzie (1978), but Richter and McKenzie

(1978) noted that

as yet we have no reliable

observation

the

about

form

of

the

second-scale

been in

but the source of this heat has
The most popular explanation
has

terms of heat

advected

vertically

by con-

1972; Nitsan, 1973; Schubert et al., 1976),
active heating in the lithosphere (Forsyth,

radio1977)
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by heating

from

Convection

layered

than within
(Jarvis
and Peltier,
It is reasonably certain
that

a second scale of convection in the form of plumes
beneath discrete hotspots does occur in the mantle.
The ability
of this flow to explain the bathymetry
data should be investigated
before alternate
ex-

mantle
clearly

convection,

now appears to favor whole-

convection.
On the whole the evidence
supports whole-mantle
convection.
There-

fore the remainder of this paper will be devoted
to the construction of a viable model of wholemantle convection.
The 650 km discontinuity
appears to be a phase

planations are invoked.
This has been done by
Crough (1978, 1979; Heestand and Crough, 1981) who
argued that most of the bathymetry variation can

change characterized by relief of elastic stresses
in descending slabs and by an increase in viscosity with depth. One outstanding problem is the

be explained by lithosphere which has been re-

seismic sharpness of the discontinuity.

heated and hence thinned by passing over hot spots.

a nonequilibrium effect,

This simple explantion
does not satisfy
all the
data; the Mendocino fracture
zone exhibits
this
same flattening
(Detrick,
1981; Sandwell and
Schubert,
1982) but does not pass close to a hot
spot.
However, the following
modification
can

not yet been tested.
Observational
evidence of
geoid, bathymetry and heat-flow
anomalies favors

explain

this

observation.

a second

(Stacey and Loper, 1983) and becomesmolten, by a
of pressure

release

melting

of

convection,

but

not

in

the

form

In the model developed in subsequent

sections,
the second
deep-mantle
plumes.

As noted previously,
hot spots are associated
with liquid
magma having a positive
pore pressure.
The magma originates
at the base of the mantle
combination

scale

of rolls.

It may be

but this suggestion has

scale

The Structure

of

The Role of Internal

will

be attributed

Mantle

to

Convection

Heating.

and vis-

cous heating, as it rises through the mantle as a
narrow plume (Loper and Stacey, 1983; Loper,
1984). Only a small portion of the plume material

A subject as broad and as complicated as mantle convection can easily be permeated with unsubstantiated statements which, though repeated

is observed at the surface as midplate volcanic
basalt;
most of it enters the asthenosphere and
creates the hotspot swell (P. Olson and H. Singer,
unpublished manuscript, 1984).
The liquid portion
of this material
can flow horizontally
in the

uncritical
recitation,
gain the aura of absolute
truth.
One such statement, which is relevant to
the problem at hand, is:
Mantle convection is
driven by internal
heating due to radioactive

asthenosphere
large distances
from the plume in
response to the positive
pore pressure.
As this
material
cools and solidifies,
its latent
heat

provides the secondary source of heat necessary
to thin the lithosphere.
This explanation
is
similar to that of Jarvis and Peltier
(1980, 1981)
in that the heat originally
came from the core,
i.e.,
from heating the mantle from below.
They
estimated

that

80% of

the

heat

flux

out

of

adiabatic.
This thermodynamic state may be expressed simply as a relation
between temperature,
T, and density, p; using equation (7.14) of

Stacey (1977b):

T/T, = (p/p,)Y

the

mantle had to be supplied from below, rather than
from within,
to explain
the flattening.
This
large value made their proposal seem implausible.
However, the plume-asthenospheric
flow pattern
described here is quite different
from the broadscale flow advocated by Jarvis and Peltier,
and
should explain
the flattening
with a much lower
fraction
of heating from below, perhaps as low as
the 5% estimated by Stacey and Loper (1984).
Summary of

decay.
To examine the truth of this statement,
consider a hypothetical
homogeneous mantle completely
insulated
above and below.
Supposte that
at a given instant
the temperature
profile
is

where ¾ is the GrHneisen parameter and a subscript
asterisk
denotes a reference value.
Assuming a homogeneous distribution
of radioactivity,
the local increase of temperature in
the absence

of motion

to specific

heat,

evidence

been used primarily

of

mantle

convection

has

to support the idea that con-

vection in the mantle is layered.
However this
evidence does not rule out the possibility
of
whole-mantle convection, provided a model can be
constructed which explains the isotopic and chem-

ical heterogeneity of the mantle.
The simple twolayer model of mantle convection, consisting of a
depleted upper mantle and primitive lower mantle,
cannot satisfy
the geochemical data and is unlikely
to represent the mantle.
The strongest
dynamical argument against layered convection is
that it appears to require a large viscosity
contrast between the layers, which is in disagreement
with viscosity-depth
profiles
constructed from
glacial-rebound and polar-wander data. Longwavelength geoid data cannot at present resolve
the nature

evidence,

convection

in

the mantle.

once used primarily

Seismic

as an argument for

inversely

proportional

-1

t is

is nearly
Geochemical

is

Cp:

•T/•t
where

Evidence

(1)

from (1)

time.

• (Cp)
The specific

constant
and (2)

to make the

(2)

(Stacey,

that

mantle

heat

1977b).

radioactive

more stable

with

than driving
convection.
If internal
heating stabilizes
what then causes it to convect?

of

the mantle

It

follows

heating

tends

time,

rather

the mantle,
The above argu-

ment holds for an insulated mantle.
Once heat is
allowed to flow through the top and bottom boundaries, convection can occur through a combination

of cooling from above and heating from below (or
by chemical separation which is being ignored in
the present discussion).
The point to be emphasized is that thermal convection in the mantle is
driven by sources of buoyancy at the boundaries
and not by internal
heating.
The above argument is valid for any profile
in which the temperature increases with depth,
such as an isoviscous profile.
A corollary of
the argument

profile,

is

that

in order

to maintain

such a

the upper mantle must be cooled more
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than the lower mantle.
fact plays an important

structure

of

The Driving
It

convection

in

the

A Model of Whole-Mantle

was argued

As we shall
role in the

mantle.

in

the previous

subsection

at the boundaries.
dense

that

is driven by sources of buoyancy
More specifically,

convection

may be driven by a source of "positive
less

material,

at

the

buoyancy,"

mantle-core

boundary or by a source of negative buoyancy at
the top of the mantle.
There are three possible
mechanisms for producing positive
buoyancy at the
mantle-core
boundary:
a flux of heat from the
core,
a flux of material
from the core which is
less dense than mantle material,
and a flux of a

dense component of the mantle into the core.
The
first
process is known to occur as a result
of
dynamo action (Gubbins et al.,
1979; Loper and
Roberts, 1983; Stacey and Loper, 1984), while the
latter
two are speculative
(Artyushkov,
1970,

1972).

Therefore

we shall

consider

only thermal

buoyancy at the mantle-core
boundary in what follows.
There are two possible sources of negative
buoyancy at the top of the mantle:
cooling and
continuing
formation
of a buoyant crust.
The
former is certainly
occurring
and the latter
is
probably occurring,
as advocated by Ringwood

(1969;

see also Elsasser,

However,

cooling

is

1971; Keondjan,

likely

1981).

to be the dominant

mechanism, so to simplify

the discussion

and anal-

ysis, we shall
ignore the effect
of continuing
crustal
formation
in what follows.
By the same
token, we ignore a potentially
important
source
of positive
buoyancy at the upper boundary:
subduction of crustal material
(Armstrong, 1968,
1981; Chase, 1981).
The two driving
forces of mantle convection
are cooling at the top and heating
at the bottom.
As we shall argue, these two mechanisms produce
distinct
flow patterns
in the mantle.
Cooling
at the top is the primary
driving
force as advo-

cated by Forsyth and Uyeda (1975)
while

heating

the

second

The

Structure

at

scale

the bottom
of

is

and others,

responsible

Fig. 1.
A schematic
representation
of twodimensional
roll
convection.
This flow pattern
has been used incorrectly
as a model of the
structure

of

of

the mantle

were static,

the hypothetical

metric

(peckeris,
1935; Knopoff,
follows that in the con-

vecting mantle heat is transported predominantly
by convective motions and thermal conduction may
be neglected except within thin boundary layers.
critical
horizontal

of

and driven
boundaries

convective

flows

by sources
is

the

far

above

of buoyancy at

occurrence

of

thin

plumes moving rapidly

away from each boundary into

the

slow

fluid

and

a broad

mantle.

while

those

from

the

surface

are

two-

dimensional.
(As noted by one of the referees,
you can see both plumes going up and sheets going
down if you look at a saucepan of vegetable oil
being heated. )
This difference
in geometry of plumes has am
important
effect
on the structure
of the convection in the mantle.
A two-dimensional
plume in
a low Reynolds number flow drives a large-scale
motion via viscous coupling, but an axisymmetric
plume does not.
That is, the down-going cold
slabs are capable of driving
motion throughout

the mantle,
It

follows

turn

in

but plumes rising
that

the

response

lower

from D" are not.

mantle

to heating

does

not

over-

from below.

Flow Driven by Deep-Mantle Plumes
The hypothesis
that the lower mantle does not
overturn in response to heating from below is
contrary
to the accepted picture
of mantle convection.
Based upon the experience
of two-

Turcotte

steady conductive temperature profile would have a
Rayleigh number far above the critical
value for

A common feature

the

roll
heated
of

convection
in a layer
of isovisfrom below,
one often
sees an
mantle

convection

of

the

form

given in Figure 1 (e.g.,
see Figure 2 of Girdler,
1963; Figure 1 of 0xburgh, 1967; Figure 1 of

Convection

the onset of convection
1964; Tozer, 1965).
It

in

patterns
at the bottom and top of the mantle:
plumes from the mantle-core
boundary are axisym-

dimensional
cous fluid

for

convection.

convection

illustration

If
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Force for Mantle Convection

mantle convection

i.e.,

Convection

return

flow

toward

the

boundary (e.g.,
see chapter 4, Tritton,
1977).
If the fluid is isoviscous or the boundary in

and 0xburgh,

and Turcotte,

1967;

Figure

3 of Oxburgh

1968; Figure 2 of Parmentier et al.,

1976; Figure 4 of Elsasser et al.,
1979; Figure
lb of Richter,
1979; Figure 1 of Olson, 1981;
Figure 2 of Schubert and Spohn, 1981; Figure 4 of
Alvarez,
1982).
Since the earth is spherical,
one must interpret
Figure 1 in terms of an axisymmetric
cation
is two
sional

roll
pattern.
However there is no indithat the convective
pattern
in the mantle
dimensional;
it is clearly
three dimen(Garfunkel,
1975; see also Schubert and

Zebib,

1980).

At the onset

of convection

in a Boussinesq

fluid,
two-dimensional
rolls
are the preferred
mode of convection.
However, following
a sequence of instabilities
as the Rayleigh
number is
increased,
the flow becomes three dimensional
at

question is heated,
the plumes are axisymmetric
(e.g.,
see Whitehead and Luther, 1975; Ribe,
1983).
On the other hand if the viscosity
of the
fluid
increases
as temperature
decreases
and the
boundary is cooled, the plumes are two-dimensional

about ten times the critical
value.
A simple
prototype
of three-dimensional
flow is the hexagonal cell pattern
(see Figures 1 and 7 of

"slabs"

(e.g.,

Chandrasekhar,

This

the principal

is

see Duffield,

1972; Jacoby, 1976).

difference

between

the

flow

tern,

which

1961).

exactly

The regular
tesselates

hexagonal pat-

a Cartesian

plane,
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In the spirit
of Helmholtz's
theorem, shear is
strongly concentrated in zones of low viscosity;
i.e.,
the D" layer and plumes, while the remminder
of the deep mantle moves with a minimum of deformation and dissipation.
Consequently
the mantle
is likely
to be much less sheared and mixed than
has been assumed by McKenzie (1979),
Richter
and
Ribe (1979), Richter et al. (1982),
and Olson et
al.
(1984).
This would allow the lower-mantle

heterogeneities,
such as proposed by Davies (1981,
1984), to have a much longer lifetime
than previously

believed.

This model of convection

in

the

Fig. 2.
A schematic
representation
of flow in
the lower mantle driven by heating
from below.
The upward flow is concentrated
in narrow
axisymmetric
plumes and does not cause the

deep mantle precludes episodic overturning
of
the lower mantle due to thermal buoyancy, as has
been suggested from time to time (Joly, 1923,
Griggs, 1939; Vening Meinesz, 1951, 1962; Walzer,
1974, 1978; Jones, 1977; Walzer and Maaz, 1983).
However, episodic overturning
due to chemical
stratification
could occur; we will
return to

lower

this

mantle

to

overturn.

can be easily
modified
to tesselate
a spherical
surface:
think of the patches on a soccer ball.
The

flow

orientation

"up-hexagon"
the central
2; see also
(1981).
It

of

interest

is

the

in which flow is directed

so-called

upward on

axis of the cell
as shown in Figure
Figure 8.11 of Brown and Mussett
should be noted that Oliver and

Booker (1983) have reported
when the viscosity
variation
failed
to note
the
the
flow
structure.

sense
of motion
or details
While
three-dimensional

the familiar
there

of
flow

is

mantle

does not

sense due to heating

a vertical

mass flux

transport of heat
the lower mantle.

overturn

in

from below,

associated

with

the

from the core upward through
Stacey and Loper (1983) have

estimated this mass flux to be 1.8x106 kg s-1.
At

finding square cells
is large,
but they

point
later.
Although the lower

this

rate,

the

lowermost

280 km of

the

mantle

would be cycled upward in plumes over the lifetime of the earth.
Thus inhomogeneities
above
this

for

level

could

have

resided

in

the

lower

mantle

the age of the earth.

Flow Driven

by the

Slabs

in a constant-viscosity
fluid
is quite irregular,
with plumes rising
at random from the heated
lower boundary,
plume channels in the mantle are

Let
slabs.

likely to be preferred locations of persistent upward motion; this effect has been observed experi-

from below produces axisymmetric plumes which are
incapable of overturning the lower mantle, general

mentally
(P. Olson and H. Singer, unpublished
manuscript,
1984).
The plumes proposed by Morgan (1971, 1972)

cells.
Due to the strong variation
of viscosity
with temperature
the plumes can be quite narrow,

mantle convection
is driven by the penetration
of
cold two-dimensional
lithospheric
slabs.
In
other words mantle convection
is driven by slabpull.
It has been clearly
demonstrated by Hager
and O'Connell
(1978, 1979) that the flow pattern
in the mmntle driven kinematically
by the plate
motions is quite geophysically
reasonable.
It
follows
from this model that the upward flow of

approximately 20 km in diameter (Loper and Stacey,
1983).
Thus the convective pattern in the lower
mantle due to the heat flux from the core consists
of a limited
number of discreate narrow plumes rising from a thermal boundary layer (the D" layer)
at the base of the mantle with a slow uniform

mantle material near spreading centers must be
passive; there is no steady jet of upward flow as
envisaged by Orwan (1965), Ringwood (1969),
Turcotte and 0xburgh (1969), and Ichiye
(1971),
although there may be some horizontal
flow in the
asthenosphere as suggested by Christensen (1983b).

downward return
flow
boundary outside the
this flow pattern is
pattern
in the lower

By the same token, overridden
spreading centers
cannot be sources of volcanism as proposed by
Sutherland (1983) u ess there is a plume present
as well;
the overridden
material
may be hot, but

can

be considered
as the upward portions
of an uphexagonal
flow pattern
in the deep mantle,
while

the D" layer

which will
rises
scale
elaborate

is

the heated

lower boundary of the

towards the mantle-core
plumes.
To dominant order,
independent of the convective
mantle due to surface
cooling,

be described later.

to the top of
of convection
on

The recently

this

The plume material

the mantle to cause the secondin the asthenosphere;
we shall

later.

discovered

analytic

solutions

for

the flow in the D" layer (Stacey and Loper, 1983)
and in the plumes (Loper and Stacey, 1983) provides strong theoretical
support for
pattern.
Also, it is in accord with

this flow
studies by

Yuen and Peltier
(1980), Jacoby and Schmeling
(1981), A. P. Boss and I. S. Sacks (unpublished
manuscript,
1984) and Christensen
(1984b),
which
conclude that the thermal boundary layer at the

base of the mantle is unstable and hence dynamically active,
and not merely the outer edge of a
large overturning
convective
cell.

us now consider
the flow driven by the
Since it has been argued that heating

it lacks the positive

pore fluid

pressure to pro-

duce volcanism.
The function
of the deep-mantle plumes is
carry heat from the core upward through the

mantle.
As we have seen this
with relatively
little
motion
lower

mantle.

On the

the flow

driven

mantle.

It

other

by the slabs

follows

that

the

to

can be accomplished
in the bulk of the

hand

is
bulk

the

function

to cool
of

the

of

the
mantle

must participate
in this process,
and that the
structure
of convection in the mantle is governed
by considerations
of heat transfer.
This in itself is an argument in favor of whole-mantle
convection.
The two properties
of the mantle which

govern the convective pattern are density and
viscosity.
Differences
in density drive con-

Loper: A Modelof Whole-MantleConvection
vective

motions,

while

the pattern

of the motions
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is governed by differences in viscosity.
Let us
write the dependences of viscosity,
•, on temper-

by Davies (1981, 1984) may maintain their identity
and integrity
for long periods of time.
These
inhomogeneities will tend to be carried upward

ature

by the general

and pressure,

P,

in

the

form

following
dence

• = •, exp[•TM(P)/T]

return

sections

flow

in

we will

the mantle.

quantify

In

their

the

resi-

time.

(3)
Thermal

Structure

of

the

Mantle

where TM(P) is the pressure-dependent melting
point (i.e.,
the solidus)
and 8 is a dimensionless
constant.
From this we see that the viscosity

The model to be developed is concerned with
the horizontally
averaged, long-time behavior of

changes by a factor e when the temperature changes

the bulk of the mantle, i.e.,

by an amount

rising plumes and descendingslabs.
feature

AT= T2/STM

of

slab-driven

the mantle outside

mantle

An important

convection

is

its

unsteadiness:
the
locations
of the descending
time.
A good illustration
of this

slabs vary with
motion is given

in Figure

et al.

(1982).

mantleare T = 2500K, TM/T= 1.05 (Stacey, 1977c)

mantlein responseto the divergenceof a single

and 8 = 30-35 (Stacey and Loper, 1983) giving AT =
70-80K. Typical temperature contrasts between
mantle and plumesand betweenmantle and slabs are

The vertical

5 of Richter

Reasonable estimates of these parameters in the

motion of the bulk of the

slab proceedsadiabatically, but only for a short

far larger than this, indicating that viscosity

distance. A sequenceof slab penetrations, occurring over a long period of time, are necessary
to achieve significant vertical motion in the bulk

can play an important role in determiningthe

of the mantle. It is likely that a given parcel

structure of flow in the mantle. Models based
entirely on density considerations, e.g., Anderson

(1979b), mustbe treated with caustion.
The

downward

flux

of

cold

material

is

heat, therebylosing its adiabaticity.

diver-

gent; its magnitude decreases with depth.
The
divergence
acts to deposit
cold material
at various depths in the mantle,
thereby cooling
the
mantle interior.
This divergence
may take sevral forms:
mechanical deformation
of long slabs
or sequential
emplacement
of a series
of short
slabs, perhaps created by closing of small ocean
basins as described by Cloetingh
et al.
(1982,

1983).

The amount of cold material

a given

level

in

the

vertical
structure
where the viscosity
viscosity
is high.

mantle

is

deposited at

a function

of

in the mantle will "pass close to" a slab in this
interval of time and experience a transfer of

the

of viscosity,
being greater
is low, and less where the
Since low viscosity
implies

high temperature, and the greater divergence of
cold material at a low-viscosity
level means in-

Further-

more, old slabs, now relatively
passive but still
cool, become part of the bulk of the mantle,
thereby altering
its horizontally
averaged properties.

It

follows

from

this

argument

that

the

bulk of the mantle is very likely
not to be adiabatic,
as has been commonly assumed, e.g., by
Jeanloz

and Richter

(1979).

This leads to two questions:
what is meant by
"the" temperature of the mantle and what is its
vertical
distribution?
From the preceding argument

we see

that

deformation

and

flow

in

mantle is dominated by the most ductile,

the

and pre-

sumably warmest, material
at a given level.
This
temperature
should be used in formula (3).
On
the other hand, the cooling of the mantle is a

secular

decrease of the mass-averaged temperature,

creased cooling,
there is a self-regulation
of
the vertical
structure of temperature, and hence
viscosity.
To elaborate
on this point,
consider
a region of the mantle where viscosity
increases

which may be different
than that of the ductile
components.
If we assume that the secular change

with depth.
Descending cold material
will
encounter increasing
resistence
with depth, and
tend to diverge where the viscosity
is lower.
At
the same time,
the low viscosity
material
at this
level
can easily
deform to accommodate the added

may use the mass-averaged

flux.

This

added

cold

material

will

cool

the

layer on the average and thus reduce the vertical
gradient
of viscosity.
The resistance
to the
downward motion of the slab is equivalent
to the
leading-edge
nonhydrostatic
pressure identified
by Richter
(1977, 1978), but in the present model

the leading
shaped

edge of the slab is in effect

rather

distributed

than

blunt

vertically

so the

along

wedge-

resistance

the slab.

is

Davies

of the temperature of the ductile components is
the same as that of the bulk of the mantle, we
incorporate

the ratio

the parameter
mass-averaged

temperature

in

(3)

of the two temperatures

8.
That is, we shall consider
temperature
of the bulk of the

mantle to be "the"

temperature

and

in
the

of the mantle.

Let us turn to the question of the vertical
structure
of the mantle temperature.
In most
convective heat-transfer
problems, one thinks of

the temperature as being determined by the energy
equation and the velocity by the momentumequation.
However, we have argued previously that
the pattern of convection is dominated by the
sensitivity
of viscosity
to temperature variations and that slab divergence acts to decrease

(1980b)has suggestedthat the slab maybuckle

a vertical gradient of viscosity. Thesearguments

whenmeeting increased resistance; if this occurs,
it will enhance the mechanismdescribed here.
As the slab material diverges at a given level,

imply that one may consider the momentum
equation
as determining the temperature profile and the

it

forces a horizontal

extension

of

the

convergence and vertical

remainder

of

the

mantle

at

that

level.
If,
as is very likely,
the mantle is horizontally
nonuniform,
this deformation
will
occur
in the most ductile
components, leaving the more
rigid
components relatively
undeformed.
This is
a mechanism whereby the inhomogeneities
advocated

energy equation as determining vertical massflux,
reversing

the normal roles.

The horizontally

averaged

temperature

is a

function of the vertical
coordinate, r, and time,
t.
Since the earth is very nearly in hydrostatic
equilibrium,
we may use the pressure in place of
the vertical
coordinate.
Assuming the vertical
structure of the mantle has evolved to a profile
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state,

we may

write

Convection

is isoviscous,
based on a scale
energy equation in the form

T(P,t) = ;k(t) H(P)

analysis

of

the

pCpDt/Dt - •T DP/Dt= k V2T

(5)

where % is a decreasing function of time and H(P)
describes the quasi-steady vertical
structure.

where • is the thermal expansion coefficient
k is the thermal conductivity.
Specifically

If
tally

argued that the velocity
in the lower mantle is
sufficiently
small that the thermal diffusion
term is important
and the temperature
gradient
is
self-regulated
to an approximately isoviscous
profile.
There are two difficulties
with this

one is interested
only in certain horizonaveraged features of mantle convection such
as the vertical
distribution
of the vertical
mass
flux,
the problem may be considerably simplified
by assuming the temperature profile
H(P) is known.
Since slab divergence acts to decrease the vertical
gradient of viscosity,
a plausible
assumption

is

variation

that

the

mantle

is

of viscosity

isoviscous.

With

governed by (3),

the

this

implies that H(P) = TM(P) and
(4)

T(P,t) = %(t) TM(P)

with • being less than unity.
This hypothesis is
supported by studies (Peltier,
1980, 1983;
Sabadini et al.,
1982) which successfully
model
glacial-rebound
and polar-wander
data with a
lower

mantle

of

constant

The profile
(4)
than the adiabatic

support for the present hypothesis.
As a consequence of the large thermal gradient
implied by (4), the temperature
difference
across
the lower mantle is similarly
larger
than that
of an adiabatic
lower mantle.
This change will

modify calculations
of the thermal structure
of
the earth (Jeanloz and Richter,
1979; Spiliopoulos
and Stacey, 1984) and make the existence of a
thermal boundary layer at 670 km depth much less
likely.

It

may be argued (e.g.,
since

an isoviscous

Christensen,
temperature

1983a)
profile

First,

be

done

in

Interaction

the
of

next

(1983a),

section.

Flows

identified

two convective

terns

in the mantle:

whose
driven

function
is
flow
which

a D"-plume

to cool
the core
cools
the mantle.

flow

pat-

flow pattern
and a slabThe struc-

ture of these patterns in isolation have been
described in the previous subsections.
Now we
shall discuss the possible interrelations
between
these flow patterns.
The idealized
plumes rise vertically
a mantle which is in slow subsidence,

but

otherwise

driven

quiescent.

The mantle

flow

through
is

by

the descent of cold lithospheric
slabs can affect
the plumes in several ways.
First,
the insertion
of a slab between adjacent
plumes causes them to

appear to move relative
to each other (see Molnar
and Atwater, 1973).
Also, if the slab divergence
is a function of depth,
tilted
from the vertical.

past a critical
is

as noted by Christensen

the low-velocity
state is liable
to be dynamically
unstable.
Second, as noted by Fowler (1983), all
the terms in (5) are prescribed
to dominant order;
what is the unknown in (5)?
Both these difficulties
can be avoided by realizing
that another
term, representing
the cooling of lithospheric
slabs, must be added to this equation.
This will

We have

viscosity.

has a gradient
that is larger
gradient
by a factor

2(¾-1/3)/¾.
If ¾ = 1.1, the factor is 1.39.
This is remarkably close to the excess temperature
gradient in the mantle estimated by Brennan and
Stacey (1979) using a combination of thermodynamic
analysis
and earth model data, providing
further

that,

argument.

and
he

formation

angle,

of a vertical

the plumes may become
If a plume is tilted

it may become unstable to
channel,

as described

by

superadiabatic if ¾ > 2/3, the state of the mantle
proposed here is unstable.
That conclusion would
be true if the mantle were static,
but it is in

Whitehead and Luther (1975; see also Skilbeck and
Whitehead, 1978).
Since the plumes are likely to
be partially
molten (Loper and Stacey, 1983),

motion. The dynamic stability
of this nonstatic
state must be analyzed before one can determine

Whitehead's studies may be only qualitatively
accurate.
Also, the slab flow may affect the

whether an isoviscous profile

plumes in a more dramatic way if

is unstable.

Also

compositionally induced gradients of density can
trigger an instability;
we shall elaborate on this

point later.

The model of mantle convection developedhere

the leading edge

of a descending slab intersects an existing plume.
This may be one mechanismfor stopping a plume.

Theplumesolution developed
by Loperand

Stacey (1983) has a broad thermal halo surround-

maybe considereda modification and refinement

ing the plume"chimney"
whererapid vertical flow

of Tozer's (1972a, b, 1974) idea of thermal self-

occurs. There should be a broad area of slow

regulation of planetary mantles. In his modelthe
self-regulation resulted in a viscosity structure

vertical motionassociatedwith the thermal halo.
This flow occurs on a scale intermediate between

that was uniform in position
and time.
recent studies of parameterized
cooling,

that of plumes and that of whole-mantle
convection.
The structure
of this flow, which was

see Sleep and Langan (1981),
relaxation

time

to the

However
e.g.,

have shown that

steady

state

the

hypothesized

by Tozer is surprisingly
long, approaching the
age of the earth.
Consequently the temperature
and viscosity

of the mantle

vary

with

time

in a

mannergovernedby the rate of heat transport from
interior

to surface.

However the idea of an

isoviscous mantle persists.
The present model is
also similar in manyways to those suggestedby
Davies (1981, 1984) and Christensen (1983b).

Fowler (1983) has argued that the lower mantle

ignored by Loper and Stacey (1983), should be
investigated
to determine what effect it has on
the large scale convective motion in the mantle.
There is another
affect the large

mechanism whereby the plumes can
scale flow.
If the plume flow

rises to the asthenosphere,then spreads laterally,

it

can exert

a stress on the lithosphere

which can be instrumental in continental break up
and formation of new spreading centers. We will
elaborate on this point later.

The experimentsof Nataf and Richter (1982)

Loper:

using Tate and Lyle's
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Whole-Mantle

from Figure

Golden Syrup are in the

parameter range in which plumes should appear.
In particular,
the experiments
labeled
c and e in
their
Figure 2 should exhibit
plume behavior
the

best.

Although visual interpretation

of their

photographs is somewhat subjective,
the thermal
structures
seen in the lower portions
of the
right-hand
figures
could be the thermal haloes of
plumes.

It

would

be of

interest

to

run

a similar

experiment
in a larger
container,
to reduce the
side-wall
effects,
and at a higher viscosity
ratio.
Work on such an experiment
is currently
underway.
Slab

Mass

Flux

and

Mean

Residence

Time

The lateral temperaturedistribution, •, of
slabs

at

subduction

zones

can

be

modeled

ably well (Turcotte
and Schubert,
167) by the conductive solution

1982,

reason-

pp.

Convection

163-
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4.55 of Turcotte

(1982),

of Q which is unacceptably

low.

Taking TI = 1400

K and Cp = 1255 J kg-1 K-1 (Stacey, 1977c), (9)
gives Q = 2.45 x1013 W. This agrees well with
Stacey's (1980) estimate of the heat flux from
the mantle, but is somewhat lower than Kaula's

(1983) estimate of 3.4 xlO 13 W. This higher heat
--

flux requires an increase of Fs or TI - Ts.
value of TI - Ts = 1200 K is unrealistically

A
high;

insteadwe musttake •s = 3.19x10? kg s-1. This
implies
a larger
value of L:
108 km. Presumably
this larger value is due to the effect
of hydrothermal circulation
acting near the spreading
centers;
Sclater
et al.
(_1980) estimate
the heat
flux due to hydrothermal circulation
to be 1.01 x

1013 W.
--

The mean residence
defined by

• = TI + (Ts - Ti)Erfc[
•• x (•ts)-«]

and Schubert

and 1990 K from Table II of Stacey (1977c).
The
latter
two values appear high (see Verhoogen,
1980, chapter 3), while the first
leads to a value

(6)

time,

T, of

the mantle

is

T = M/Fs

(!2)

where

where

M is

the

mass

of

the

mantle.

With

M =

4.0 xlO24 kg and•s = 3'19 x107 kg s-1, • =

3.97 x lO9y, remarkably close to the age of the

is

the error

func ion,

x is the depth below the

surface, K is the thermal diffusivity,
t s is the
mean age of the slabs at subduction, Ts is the
surface temperature, and TI is the interior
ternperature of the mantle, extrapolated adiabatically
to the surface.
at

the

The heat deficit,

subduction

zones

o (TI
Q=PCP•s
0

earth.

A Simple Model of Mantle

Convection

Assumptions and Definitions

Q, of the slabs

is

- •) dx

(8)

In this section we shall quantify
the model of
mantle convection
developed in the previous
section.
The aim is to develop the simplest
possible model in order to illustrate
clearly
that

chemical

lation

stratification

can develop

and isotopic

as a result

iso-

of whole-mantle

where Ao is the area of the oceanic lithosphere.
Note that Ao/t s is the mean rate of production

convection.
In this model we shall
study the
variation
of the horizontally
averaged properties

and destruction

of

of

oceanic

lithosphere.

Substitution
of (6) and (7) into
gration by parts yields

(8) and inte-

the
Let

mantle

us

as

model

functions
of
the convective

by three counterflowing
downward mass flux,

(9)

Q: Cp Fs (TI - Ts)

of temperature
•.
flux

replaces

D" layer

where

Fs = p Ls Ao/ts
is the slab mass flux

(10)

at the top of the mmntle and

Ls : 2(Kts/•)
«
is the therma$ thickness

of the slabs at sub-

currents.

F,

of

cold

r
in

and

the

time
t.
mantle

There is a

lithospheric

slabs

A portion, •, of this mass

the mantle

material

drawn into

the

and thence upward in deep-mantle plumes.

The remaining mass flux,
flux of warmer material,

F, drives
the vertical
with temperature
T, in

the

From

bulk

of

the

mantle.

conservation

of

mass,

(13)

Note that F is •ositive for a downward
flux while
posit•ive

With K = 1.26 xlO -6 m2 s-1 (Stacey, 1977b,

F and F represent

time if

Schubert,

(see Stacey and Loper,

Ls = 78 kan.

upward fluxes.

The

flux • is independentof radius but mayvary with

AppendixF) and t s = 1.208 xlOSy (Turcotte and
(11) yields

flow

(11)

duction.

1982, p. 166),

radius

the cooling

rate

of the

1984).

core is

variable

For our simple

Taking O = 3375 kg m-3 (Dziewonski and Anderson,
1981) and Ao = 3.32x1014 m2 (Bott, 1982, p. 87),

modelwe shall assume• to be constantand equal
to 1.84 x106 kg s- ! (S_tacey
andLoper, 1983).

(10) gives•s = 2.30x10? kg s-1. By comparison

The mass fluxes F and F may vary with radius and
time, but in the simple model we shall
be concerned only with the radial
variation.

Garfunkel (1975) estimates 1.74 xlO 7 kg s-!.
Stacey (1977c, Table II)

gives Ts = 550 K for the

oceanic lithosphere
While Kaula (1983, Table 2)
has a mean value Ts = 570 K. We shall adopt
Stacey's value.
Estimates for TI vary consider-

According to the model of D" developed by
Stacey and Loper (1983), material
is drawn uniformly into the D" layer from the overlying

ably:
1260 K from Figure 7 of O'Connell and
Hager (1980), 1390 K from Table 2 of Kaula (1983),

mantle.

1400 K from Figure

3 of Anderson (1981),

1550 K

--

Therefore

at

the

base

of

the

mantle

F = 0

and
=-•.
follows
this,
at
=
rp, F
say,
F = •tand
F = O.that
Atabove
this level
therbulk
--
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•r'"'•

- r-rp

J•''

D"LAYER

•
Fig.

3.

Convection

CORE•

A cartoon of the mantle, illustrating

the three mass fluxes:

The slab mass

flux
•, the
plume
mass
flux
•, and
the
mass
flux
Fofthe
bulk
ofthe
mantle.
Note

that is independentof radius, • is zero at the base of the mantle, and F is zero
at somelevel r = rp.
of mantle does not move vertically.
level

F < 0 and

the

bulk

of

mantle

Below this
descends

given by o_:_e/p where _ois the deviatoric

toward

tensor

and

e is

the

rate-of-strain

stress

tensor.

For

a

the D" layer, while aboveit F > 0 andthere is

Newtonian
mantleqv % q/p•2 since • is a measure

general upward motion.

of strain

These mass fluxes are

in the bulk of the mantle.

Taking q _<

illustrated schematically in Figure 3, The mass
flux • is equivalent to Garfunkel's (1975) "master

4ß4x1021 kg m-1 s-1 and • = 3ß97x109y , qv =
6.23xt017 Wkg-1. The total dissipation in the

flow" whichis required to accountfor the observable features of plate evolutionwhile • is the

bulk of the mantle, Mqv-- 2.49 x108 W, is negligibly small compared
with the total mantleheat

convection.
As mentioned previously,
the primary function
of mantle convection is the cooling of the mantle

and others have argued that viscous dissipation
cannot be neglected in the energy balance.
Treating the mantle as a Carnot heat engine,

by the addition of cold lithospheric slab material
to various levels.
That is, the dominant vertical

McKenzie and Jarvis (1980; see also Hewitt et al.,
1975; Backus, 1975; Stacey, 1980) estimated that

smaller massflux associated with the second-scale

flux of 3.4 x1013 W. However,Rice (1970, 1971)

transportof heat is via advection,rather than

the viscousdissipationcanbe as large as 1013W.

conduction as advocated by Fowler (1983).
There
are two mechanisms whereby the cold slab material
can cool the adjacent mantle by horizontal
transport of heat:
conductive
cooling or horizontal
divergence.
Let us attempt to quantify
these two

The above calculation
shows that viscous dissipation within
the bulk of the mantle is negligibly
small.
It follows that dissipation
is concen-

effects

to

determine

which

is

dominant.

slabs

and mantle

may be crudely

estimated

between
by

rate;

effect

velocity

area of subducted slabs,

AT
a

structure

of this

dependent on the

assumed.

This shows that horizontal
divergence
of cold
material
is the dominant mode of cooling the
mantle and conduction is negligibly
small.

(14)

andthe local acceleration
of gravity, g, is
nearlyconstant. Theincompressibility

the ratio

(15)

K = odP/do
may be related

Qc/QA-- 0.0139

The viscous dissipation

Quantification

and strongly

dP/dr = -og

whereAr is the depthof the mantle. WithAr =
2.8 x106m,Ax> 105m, p = 4500kg m-3 , K = 1.26x
a•d •s = 3.2x10 ? kg s-1

and high

and/or adjacent

We shall begin by developing a simple analytical model of the basic physical
state of the
mantle.
To a good approximation
the mantle is
hydros tati c:

QA= CpATAs •s/(Ar) 2

is

within

Equations and Solutions

is their
average temperature
deficit
and Ax is
measure of the average slab thickness.
The
advected heat, QA, can be estimated by

10-6 m2 s-1

of high. viscosity

in particular,

is difficult

specific

Qc = P Cp K As AT/Ax
where As is the total

in regions

to the descending slabs.

The

amount, Qc, of heat conducted horizontally

trated

strain

to the pressure by Murgnahan's

equation

slab

per unit mass, qv, is

K = K, + (P - P,)/a
where

script

a = dP/dK is

asterisk

assumed constant

denotes a reference

(16)
and a sub-

state.

Loper:
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K and p may be expressed

as

of three

parts:

1823

radioactive

dissipation
and secular
The viscous heating

K = K, R

(17)

not

contribute

The total

P = O Ra

(18)

to

heat

the

flux

where a subscript
(19)

• = (l-a) p, g r,/a K,

(20)

viscous

heat

per

flux

unit

from

mass is

and does
the

of

the

mantle.

and plumes

B(T)

The

is

small

fraction

by

(27)

denotes the bottom

area

earth.

given

oA (qR- Cp•)dr
•T
q= 1frT

where

R= [1-•(r-r,)/r,]ñ/1-a

heating,

cooling.
is regenerative

of

(top)

active

slabs

so that

and

A -' 4•r 2

Assuming
TM(P) is determinedby Lindemann's
law, we may combine (7.25)
(14)

and (19)

Using (4) andassuming
qR andCp constant, (27)

may be written

of Stacey (1977b) with

(21)

as

_
dX
q--qR
(_11
•)
CpTAv

to obtain

T = T, R2a(¾-1/3)

(28)

(29)

where

1frT0ATdr

where T, is a slowly varying function of time and

TAv= •

(30)

rB

¾ = • K/O Cp

(22)

is the GrHneisen parameter.
With thermml conduction and viscous dissipation
neglected,
the slab
material
descends adiabatically:

dT/dP = ¾T/K

Using (16) and (17),

(23)

(23) may be integrated

is

the mass-averaged

If

we define

the mantle

A as

that

The horizontally
averaged energy equation
the bulk of the mantle, excluding slabs and
plumes, may be expressed as

for

of the mantle.
of

due to cooling,

X dt

and (29)

reduces

the

heat

from

then

(31)

CpTAv

to

qR= (1-A)q.

yield

(24)

is

fraction

1 dX= -A ----q--

to

• = •, RaY

temperature

the

(32)

The spatial
structure
of the viscous heating
depends upon the detailed
structure
of the
velocity
field
in the mantle.
Since this struc-

ture is unknown, we must parameterize qv'
Assuming the mantle

to obey a power-law-creep

rheology, qv may be parameterized by

•r - FoCp
- c(T-5)•r
r (25)
0A•__Tt
+F•T
•TdrdP• (qR+qv)
3F
where A is the horizontal area and qR and qv are
the rate of heating per unit mass due to radioactive
decay and viscous dissipation,
respectively.
The last term in (25) represents the
cooling of the bulk of the mantle due to the
--

addition

of

cold

and 0 < 3F/•r,

slab

material.

Note

but F may be either

that

positive

T

< T

or

negative.
The factor

c in the last term in (25) is a
correlation
coefficient,
representing
the efficiency of slab cooling.
If all the cooling power
of a newly descending slab were transferred
immediately to the adjacent mantle, c would be
unity.
However, the slabs warm relatively
slowly
and begin to migrate upward due to the vigorous
descent of newer, colder slabs before attaining
thermal equilibrium
with their surroundings.
Thus c is less than unity.
In the present
model,
c is adjusted to satisfy
the boundary conditions
on

mass

n

q-

2 (T,/z)

l+l/n

(33)

where

z = 0A(•F/•r)-1

(34)

is the strain rate and z, is a constant with
dimensions

of

strain

rate

to be specified

later.

The effective
viscosity,
•, is related
to the
overall
efficiency,
F, of conversion of heat into
mechanical

energy:

I•T0A
qvdr=FXq
•B

(35)

Stacey (1977c) has shown that F is equal to the
Carnot efficiency
of the mantle, with adiabatically
related top and bottom temperatures (see
his equation (45)).
This may be expressed as

F = 1- (RT/RB)
a¾

(36)

flux.

Using (7.25) of Stacey (1977b),
we may write (25) as

(14) and (22),

( --•F ]ogT=
•R+qv
•tr_•
(26)

Using (20),
dimensionless

F = F,G

c T-T)•
r = (¾-2/3,
K•' + pA•-•p •

In this form the equation states
that mass must
be added at a given level in response to the
deviation
of an adiabat
from an isoviscous
profile
and to an effective

volumetric

heating

consisting

(29) and (31)-(34)

and introducing

variables

r = r,x

(37)

where

F, = o,A,r,/z,
--

z, = CpT,/q

(38)
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Richter

(1979)

by adiabatic

extrapolation.

We

shall
take
TAv
With
these
F, = 2.378x10
?to
kgbe
s- 215,60
• K.
= 0.6709,
and Yvalues,
=0.3007.
Earth

model

parameters
The

fraction

cooling
with
0,6

data

of

mantle

is poorly

the

have

determined

of the problem except

two

illustrate
parameter.

heat

known.

extreme

flux

all

--

the

A, c, • and n.
due

to

secular

The model has been run

values

A = 0.0

and

1.0

to

the insensitivity
of the model to this
The value of the correlation
coeffi-

cient, c, must be adjusted so that the massf•ux,

F, at the top of the mantleis equal to •s - F =
3.01x10 ? kg s-1.

0.2

In dimensionless terms, c is

adjusted so that G =-0.0774
x = 1.75.
0.0
I

I

4000

, I

6000

Fig. 4. A plot of the dimensionless vertical
mass flux, G, as a function of radius, r, for
the two extremes of no secular cooling (A -- 0.0,
solid curve) and no radioactive
heating (A =
1.0, dashed curve).
To convert to dimensional

units, multiply G by F, = 2.38 xlO ? kg s-1.
(26)

may be expressed

as

c (T-T) dG

2 a_• _TRa-1G

•, dx=(•-5)•-a•
•

L.Av

(•)

2

where

• = q/p,Cp•,•,
This

is

ential

a nonlinear

first-order

(40)
ordinary

differ-

equation to be solved for the current

vertical

mass flux,

We shall

obtain

of specific

G, as a function

solutions

for

of radius,

a limited

x.

number

parameter values to illustrate

the

model.

Let us place the reference level at the top
of the D" layer where F is estimated by Stacey

quadratic

formula.

was found

that

the D" layer.

Specifically

let

(Dziewonski

and Anderson, 1981) just

outside

dimensionless

effec-

With n = 1 and 0 < A < 1, it

for

certain

values

of c and •,

c = 0.838,

• = 0.207

for

A = 0.0

c = 0.773,

n = 0.211

for

A = 1.0

the

(41)

us

choose r, = 3.63 x106 m in order to use PREMdata
D" layer.

at x = 1 and 1.26 at

the

large that (35) were satisfied,
then the model
suffered
a version of thermal runaway (Melosh,
1976; Yuen and Schubert,
1977; Schubert and Yuen,
1978).
On the other hand, if n = 3, there was no
problem in obtaining
satisfactory
solutions
to
the problem.
This may be taken as further
evidence that the power-law creep is a better
approximation
to mantle rheology than NewtonJan
rheology
is.
Equation (39) was integrated
numerically using
a fourth-order
Runge-Cutta scheme for n = 3 and
A = 0.0 and 1.0.
The values of c and • which
satisfy
the constraints
are

and Loper (1983) to be -1.84x106 kg s-l, the
into

of

quantity under the square root became negative
during numerical integration
from x = 1.0 to x =
1.75.
Moreover, all values of A for which this
did not happen were too small to allow constraint
(35) to be satisfied.
In other words, if the
effective
viscosity
were chosen sufficiently

negative value denoting a downwardflux of mantle
material

value

tive viscosity
must be adjusted so that the
solution satisfies
the integral
constraint
(35) on
the efficiency
of convection.
The rheology of the mantle is parameterized
by
the power-law
index n, with n = 1 representing
a
Newtonian mantle and n = 3 being the preferred
value for non-Newtonian
mantle.
A surprising
feature
of the simple mathematical
model developed here is that it has no solution
if n = 1.
In this case, (39) is a quadratic equation in
dG/dx which may be solved by the familiar

I

5000

The

the
The fact

We shall ignore the cooling of D"

that

the

correlation

coefficient,

c,

is

itself; this introduces an error of about 3%in
the calculation. Nowwe have K, = 6.412 x1011 Pa,

a large fraction of (but not greater than) unity
gives someassurance that the model on which these

p, = 5491kgm
-3 andA, = 1.656x1014m2. The
of

calculations
are based is geophysically
relevant.
The function
G = F/F, is plotted
versus r in

4381 kg m-3 at the top of the lower mantle.

We

Figure 4 for the two extreme values A = 0.0 and

value

a = 0.3188

shall chooseg

reproduces

the PREM density

10.1 m s-2 Cp= 1255J kg-1'K-1

(Stacey, 1977b) and ¾ = 1.1 (Stacey and Loper,
1983; see also Anderson, 1979; Brennan and
Stacey, 1979; Anderson an• Sumino, 1980; Ullman
and Pan'kov, 1980; Zharkov et al.,
1980; Brown
and Shankland,

1981).

With previous

estimates,

q = 8.5 x 10-12 Wkg-1. Extrapolation of the
surface

estimates

of T and T, 1400 K and 550K,

respectively,
to r, using (1) and (5) yields T, =
2953 K and •, = 940 K. The former value is close
to that postulated for the lower mantle by Stacey
and Loper (1983), but is significantly
higher than
the value of 2450 K estimated by Jeanloz and

1.0.
As can be seen, the results
are quite insensitive
to the value of A. The level,
r , of

zeroverticalmass
fluxvariesweakly
withPA,
from

4.029x106

m for A = 0.0 to 3.954x106

m for A =

1.0.

that

upward;

Note

more mass is
mantle

than

the

curves

are

concave

added to the upper levels
to

the

lower

of the

levels.

The dimensionless vertical

velocity,

U/U,,

where

U = F/pA

is plotted versus r in Figure 5.

(42)

The fact that

these curves are concave upward in the upper

Loper:
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indicates

that

the

rate

A Model

of Whole-Mantle

of mass addition,

6.0

through the lower levels.
At 670 km depth, the
dimensionless
vertical
velocity
varies from 0.3375

5.o

A = 0.0

to 0.3689

for

A = 1.0.

1825

7.o

(dF/dr)/pA,
is an increasing
function of radius.
This means that material
is cycled through the
upper levels
of the mantle more rapidly
than

for

Convection

The velocity
4.0

scale

U, = r,/T,

(43)

has a value of 2 615 x10 -11 m s-1 with the
parameter values chosen previously.
Thus the
mean upward vertical speed through the 670 km
level

is

estimated

to

lie

between

8.8

2.0-

and 9.6 x

10-12 m s-1.
I

The

Primitive

Reservoir

In the model presented here, the bulk of the
mantle does not overturn
in response to slabdriven
convection.
Rather,
the principal
response
is horizontal
compression and vertical
extension.
Since

mantle

the

is

vertical

small

mass

relative

flux

at

to

the

the

base

total

of

slab

the

flux,

the vertical extensionis manifest primarily as
an upwardmotion of the bulk of the mantle. Given
sufficient
time, a parcel
of mantle material
should make its way to the surface of the earth.
In this subsection we will
quantify
the history
of such parcels.
It is very likely
that the strength
of mantle
convection
has been decreasing
monotonically
as
the mantle has slowly cooled.
Let us assume that
the vertical
mass flux may be expressed as

F(r,t)

= F, O(r)

(44)

h(t)

where the current mass flux,
G(r),
is given in
Figure 4, and h(t) is a monotonic decreasing
function
of time with a present value of unity.
Since the mass flux scales linearly
with the heat
flux (see (38)) we may associate h(t) with the

0.0
Fig. 6.
function

(1984),

total

normalized

mantle

structure

I

I

heat

by the current

flux.

is given

An estimate

in Figure

value.

of

its

3 of Stacey and Loper

(1984) which is transcribed as h(t) in Figure 6.
The integrated effect is roughly a factor of 2:

lltc

--

h(t)dt

'- 2.0

(45)

ae tc-ae
where t c is the present
the

time and ae is the age of

earth.

Let us begin by calculating
would have
lithosphere
a function

the time,

t s, it

taken a parcel
of current
oceanic
to reach the surface
of the earth as
of its assumed starting
depth.
Using

(42) and (44), t s may be calculated from

tc

DAdr = •s
r F,G
Itc-t
sh(t)dt = fre

(_46)

wherer e is the radius of the earth's surface.
The function •s/T, is plotted versus r for A =
0.0 and 1.0 in Figure 7. Thevalue of •s is
zero

0.6

I

to
t
20
s.O
•0
A plot of the mantle heat flux as a
of time, taken from Stacey and Loper

at

the

material

is

bottom

of

the

mantle

because

assumed to be conveyed

this

to the surface

very rapidly via deep mantle plumes. (In this
case r e is replaced by r,.)
The numerical value

0.5

of •, is 4.4x109y, very close to the age of the

04

earth.
earlier

O5

tially

Allowing for the more rapid
times, we see that material

flux at
which ini-

resided at a level having %s/Z, > 2.0 has

yet to appear at the surface of the earth.
This
material
constitutes
that portion
of the primitive reservoir
which has not been cycled through
oceanic
lithosphere.
According to the present

initially

model,

this

material

lay betweenr = 3.92 x106 m and 4.60 x

106 m if A = 0.0 and between r = 3.88x106
m and
4.47 x106 m if A = 1.0.
The amount of mass is

oo

I

4000

I

r

I

I

6000

I

6000

8.03 x 1023 kg if A = 0.0 and 6.75 x 1023 kg if

Fig. 5. A plot of the dimensionless vertical
velocity,
U/U,, as function of r for A = 0.0
(solid curve) and 1.0 (dashed curve).
The
graphs are concave upward in the upper mantle,
indicating
that mass is deposited at a greater
rate in the upper levels of the mantle than in

A = 1.0:
approximately
17 to 20% of the mass of
the mantle.
This may be considered a lower bound
on the fraction
of chemically
undepleted
material
in the mantle.
Since only the upper layers
of
the cold descending slabs have undergone significant partial
melting
and chemical differentiation,
a portion
of the slab mass flux is primitive
as

the

well.

lower.

To convert

to

dimensional

units,

multiply U/U, by U, = 2.615 x10-11 m s-1.

To quantify

this,

let

f(r,t)

be the fraction
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will
yield other percentages,
but in all cases,
the lower mantle material
is less depleted than
upper mantle mmterial.
Moreover,
due to the
vigorous recycling
of material
through the upper
mantle, straining
will lead to a much greater
homogenization of upper mantle material
compared
with the lower mantle.
Consequently,
a midoceanic ridge will sample a relatively
homogeneous
upper mantle, while a deep-mantle plume will
sample a more heterogeneous
region.
The characteristic
horizontal
speed, V, in the
upper mantle induced by the divergence
of the
slab mass flux is given by

3.0

V

-

1

•F

A

-

pL •r
4000

Fig.

7.

•s/•,,

•000

r

A plot

of

600 0

the dimensionless

where L is the total length
parallel
to the trenches).

time,

to reach the surface of the earth as a

function

of initial

depth.

at depths having •s/•,
the surface.
sents

the

Material

initially

> 2.0 has yet to reach

The solid

case A = 0.0

(dashed)

zL

curve repre-

(1.0).

of slabs (measured
Estimating L = 3.23 x

104 km (Garfunkel, 1975), we obtain V = 0.56 cm
y-1 at the top of the mantle. This is comparable
to,

but

a bit

smaller

than,

the

relative

hot spots (0.8-

2.0 cmy-l)

Atwater

The extra horizontal

due

to

(1973).
subsidence

of

motion

of

deducedby Molnar and

nonvertical

speed may be

slabs

as illus-

trated experimentally
by Jacoby (1973), or due to
ridge-push as suggested by Carlson et al. (1983).
of

mantle

mmterial

at

radius

r which

is

still

un-

depleted and let o be the fraction
of primitive
or undepleted
slab material
which becomes
chemically
depleted each time it passes through
the oceanic lithosphere.
The equation governing
the

evolution

of

f

The slower motion (4 2 cmy-l) of nonsubducted
plates, versus the more rapid (4 9 cmy-l) speed
of subducting plates, as noted by Forsyth and
Uyeda (1975; see also Richter,
1978), can be
explained
Dis

pA •)f/•)t + F •)f/•)r =-

[f-(1-O)fs]•)F/•r

cussion

(47)
In

where fs is the value of f at the surface
earth.

Using

by the same mechanisms.

is

(37)and

(44)

this

of the

may be expressed

bulk

as

•(fG)
+ a(.fG)
•
• = (l_o)fs dG
d-•

(48)

where
_

dt = h(t)dt

(49)

the previous

of

the

mantle

chemical

primary

With

G(r)

known and the

(50)

initial

value

of

f

equal to unity,
(48) may be integrated
along
successive characteristics
to obtain f(r,t).

consideration.

of the solutions
values

of

f

at

To

obtained
the

surface

illustrate

the

from (48),
and

at

the

of

to

overturn.

General

mantle

present

section,

a simple

mathemmtical

flow has been developed.

variables

of

the

model

are

the

The
vertical

mass flux, F, and the fraction,
f, of chemically
undepleted material.
An important result
of the
model is that an initially
homogeneous mantle can

The

resulting
structure
of the primitive
reservoir
depends upon the value of •, which is poorly known
and may vary with the particular
chemical species
under

model

reservoirs.

the

model of this

dx = 0A dr/GF, .

a qualitative

convection
occurs only in response to cooling from
above, with descending
cold lithospheric
slabs
being the active agent of cooling.
In this model
there is no general
overturning
of the mantle,
thus allowing
the preservation
of distinct
In

and

sections

mantle convection was developed in which heating
from below led to plumes but did not cause the

nature

I.O

0.8

•

the current
level

of

zero vertical
mass flux are plotted
versus • in
Figure 8 for A = 0.0.
This figure
shows that if
the depletion
fraction
is 0.75,
say, the fraction
of the material
presently
at the top of the
mantle which is chemically
undepleted
is approximately 24%, with 10% reaching
the surface
for the
first
time and 14% being recycled but still
undepleted.
By contrast,
at the level
of zero
vertical
flux,
which can be considered
as representative
of the average composition
of the source
material
for deep-mantle
plumes, 37% is undepleted,
with 11% having been cycled but undepleted
and 26% uncycled.
Other values of •

0.6•'••
02

0.0

i

I

0.2

0.4

•

I

I

06

08

Fig. 8.
A plot of the composition of mantle
material
at the surface
(solid
curve) and at
the level of no vertical
motion (dashed curve)
as a function
of the fraction,
o, of slab

material

which becomes chemically

depleted.
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in
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the

lower
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mantle

is

more

primitive
than the upper mantle.
This stratification, which occurs as a consequence of wholemantle convection,
is continuous; that is, f
increases smoothly with depth with no layering.
The specific structure of f is somewhat model
dependent.
In particular
it is sensitive
to the
choice

of

heating,

the

structure

of

the

In the preceeding

dissipative

analysis,

we assumed

qv to be proportional to the productof stress and
strain,

averaged at a given radius.

Other choices

ture

from this

tified

1827

state

in

the asthenosphere,

iden-

by c-athles (1975) as a low-viscosity

channel approximately
75 km thick immediately
below the lithosphere.
The standard explanation
of the as thenosphere is that it is the result of
the mantle adiabat approaching the liquidus
most
closely immediately below the lithosphere.
However, if the mantle is isoviscous as proposed in
this paper, then this explanation is obviated and

anothercauseof the asthenosphere
mustbe found.

would lead to other structures
for f, some of
which would result
in even stronger
chemical

Morgan (1972) proposed that this channel is due
to low-viscosity
plume material
brought up from
great depth.
In this section we shall elaborate

s tra

upon this

tification.

The mathematical model presented here is highly
simplified
with several important effects
arbitrarily
parameterized or ignored.
In addition to
the viscous dissipation
these include the thermal
structure
of the descending slab and horizontal

variation

of properties

in the mantle.

For

idea.

Stacey and Loper (1983) have estimated the mass
flux of material
moving upward via deep-mantle to

be 1.84 x lO6 kg s-1. Converted to surface density
the volumetric flow rate is 17 km3 y-1. At this
rate

a layer

of plume material

140 km deep would

accumulate at the surface of the earth in 4.5 x

example,considerthe effect of the thermal struc-

109 years. Theyfoundit difficult

ture of a slab.

more than a few percent of this material

The outer, warmer layers of the

slab will be deposited in the upper mantle, while
the colder

core of the slab will

descend to the

to disposeof
as lava

in recognized hot spots (Loper and Stacey, 1983).
For example,

estimates

of the volume flux

at

lowermantle. As a consequence,
relatively more

Hawaiirangefrom0.05 km3 y-1 (Moore,1970) to

achieve a given cooling rate.
This may cause
increased depletion of the upper mantle relative

that the majority of the plume material does not
emerge at the surface as ocean-island or

slab material mustbe addedto the uppermantle to
to the lower mantle,

increasing

the chemical

0.1 km$ y-1 (Swanson,1972). Thusit appears
continental-flood

basalts.
(1983)

On the other hand,

stratification.

Loper and Stacey

have presented

A static isoviscous mantle is dynamically unstable and will overturn spontaneously.
However,

and thermal model of a steady-state
plume which
entrains material during its ascent.
This

a dynamic

in the present model, the isoviscous mantle is not

strongly suggests that the plumes do not dissipate

static but is in a state of relatively
vigorous
convection.
It is an open question whether a
convecting isoviscous mantle is prone to this
dynamic instability.
If the convective motion
acts to suppress the instability,
as seems plausible, then the present model should be more stable

within the mantle but transport the hot material
upward, presumably until an obstacle is reached.
The most likely obstacle which arrests the ascent
of plume material is the cold rigid lithosphere.
Some of the plume material can occasionally break
through the lithosphere,
as at Hawaii, if the

than the isoviscous model of Fowler (1983), which

underlying plume is particularly

is characterized by a relatively
weak convection.
The convective pattern proposed for the mantle
tends to cycle upper-mantle material
through the
oceanic lithosphere
more rapidly than lower-mantle
material.
Assuming a continual formation of chem-

the lithosphere is weak, but the most likely
result is that the plume material is deflected
horizontally
to form, and add to, the asthenosphere.
The injection
of plume material
into the
as thenosphere is a logical explanation of the

ically
will

buoyant crust from oceanic lithosphere,
lead

to the upper mantle

ingly more dense, relative
with

time.

It

is

conceivable

this

becoming increas-

to the lower mantle,
that

a convecting,

isoviscous, homogeneous
mantle is dynamically
stable, but as the compositionally
density gradient exceeds a critical
flow
This

induced
value, the

becomes unstable
to convective
overturning.
would be a convulsive
overturning
which

occur

due

to

chemical

Speculation
of

the

stratification.

on the Nature

Asthenosphere

In the previous section a simple model of the
structure

of

convection

in

an isoviscous

mantle

was developedwhich appearspromisingas an explanation of the causeof chemical stratification
in the mantle.

Recent observations

reported

inference

has recently

by

been made by P. Olson

and H. Singer (unpublished manuscript,

1984), who

note that "the volume of buoyant material
needed
to produce the swell far exceeds the volume of

erupted volcanics."

The plume material originates
considerably

at the outset.

reestablished,
allowing another overturning
to
occur.
Thus episodic overturning of the mantle
could

topographic swells associated with hot spots.
This

and hence is

would soon give away to convection driven by the
slabs.
Gradually the density gradient would be

vigorous and/or

hotter

in the D" layer
than the mantle

Stacey and Loper (1983)

estimated

the mass-averaged temperature excess of plume
material

at

Furthermore,

the

base

this

of

the

material

mantle

rises

to

be

700 K.

superadiabat-

ically
due to the heating effect of viscous
dissipation
within the plume. Consequently the
plume material becomes partially
molten.
Loper
and Stacey (1983) estimate the fraction
of molten
material
at 670 km depth to be about 0.24.
A
further
superadiabatic
rise to the asthenosphere
will

increase

this

fraction.

Thus the

plumes

deposit in the asthenospherehot mobile material
which is chemically relatively undepletedcompared

with

the surrounding

mantle.

The partially

molten

Peltier (1983) place a stringent constraint on
the viscosity of the lower mantle and lend support

material in the asthenosphere causes seismic waves
to have lower velocities and enhanceddissipation;

to the hypothesisof an isoviscousmantle.
However, there appears to be a significant depar-

this provides an explanation for the occurrenceof
the seismiclowvelocity zone (see Bolt, 1982, p.191).
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of a plume pore fluid

to be positive

pressure

due to the injec-

tion of the molten plume material
from below.
A
weak spot in the lithosphere
and crust will
allow

the relatively
undepleted liquid to migrate to
the surface and form a high volcano of primitive
basalts.

On the other

hand at

a midoceanic

spreading center away from hot spots, pore fluid

pressure is nearly in hydrostatic balance with
the adjacent solid,

and passive upwelling caused

by the plate motion samplesprincipally the
depleted solid material.
Where a plume lies on a
spreading center, as at Iceland, pore fluid pressure is positive,
but not as high as it would be
away from the spreading
a relatively

center.

low volcanic

edifice

This results

in

of varying

Convection

produces

two-dimensional

slabs.

Thus the mantle

does not overturn in responseto heating from
below and the response to the injection
of slabs
is a broad upwelling.
This allows the preservation

of

distinct

chemical

reservoirs

mantle for very long times.
The function of the deep-mantle

in

the

plumes is

little

motion

in

the

bulk

of

the

mantle.

Mantle

cooling

is accomplished by thee descent and assim-

ilation

of cold lithospheric

slabs.

The driving

mechanism for this motion is slab pull.
It was
argued that the pattern
of convection
in the
mantle is governed by the sensitivity
of viscosity

with temperature, while density variations,

compos i tion.

The divergent
flow at the tops of the plumes
puts a stress on the overlying
lithosphere.
This
could be an important agent in the initiation
of
continental
break-up,
particularly
if several
plumes happen to lie close together in a line.
This may be occurring
in East Africa at present.

apart

from the high density in the slabs which drives
the flow, are relatively
unimportant.
Due to
this sensitivity,
the mantle evolves to an essen-

tially

isoviscous profile

and verified
These

were

model

slab

as proposed by Tozer

by Peltier.

ideas

dimensional
the

Surmna ry

to

carry heat from the core upward through the
mmntleand this is accomplishedwith •elatively

mass

quantified

in

mmntle

convection

of

flux

as

a

function

a simple
of

in

onewhich

radius

is

The first
portion
of this paper consists of a
review of the evidence
concerning
the structure
of mantle convection.
The evidence
relating
to
mantle convection
was judged to favor wholemantle convection
rather
than layered
convection.
The isotopic
evidence
clearly
requires
distinct
long-lived
chemical
reservoirs
in the mantle,
but
not necessarily
in the form of layers.
In fact
the layered models have recently
been criticized
on geochemical
grounds.
Also, a layered mantle
is likely
to have a large viscosity
contrast

governed by the requirement
that the temperature
profile
remains isoviscous,
despite
the effects
of
radioactive
heating,
secular cooling and viscous
dissipation.
The resulting
convection
was found
to cycle material
through the upper mantle more
rapidly
than through the lower mantle.
Assuming
slab material
to be depleted
in certain
chemical
constituents,
the upper mantle becomes depleted
more rapidly
with time than the lower mantle.
This result,
together
with the fact that the
mantle does not overturn,
provides
an explanation
for the origin and persistence
of long-lived
chemical reservoirs
in the mantle.
In this model,

betweenthe layers due to the required temperature
difference. Seismic evidence, once used primarily

mid-oceanridge basalts tap the depleted homogeneousupper mantle while the hot-spot basalts tap

as an argumentfor layered convection, now favors
whole-mantle convection, primarily due to evidence
that slabs penetrate into the lower mantle. The

the more primitive inhomogeneous
lower mantle.
Furthermore, it explains how the mantle can have
isotopic anomalieswith a large range of temporal

nature of the 650 km discontinuity
has been discussed and an explanation
has been advanced that
it is a phase change which relaxes
stresses.
The
sharpness of the discontinuity
may be due to nonequilibrium
phase-change effects
caused by vertical motion through the discontinuity.
The second
scale of convection
appears to be entirely
due to

and spatial
ferent

scales

chemical

Finally

as these mechanisms tap dif-

reservoirs.

the role

of the plumes in creating

and

maintaining
the asthenosphere
was discussed.
The
deposition
of hot, partially
molten plume mmterial
could explain both the low viscosity
and low
seismic velocity
of this region.
Only a small

plumes since rolls do not appear to be dynamically

fraction of the total plume mass flux appears at

unstable

the surface of the earth; most remains trapped in
the asthenosphere and causes nonvolcanic hot spots

and in any event

cannot

explain

the per-

sistence of hot spots for 108 years.
Attention

was

then

turned

to

a discussion

of

the structure
of mantle convection,
and several
common assumptions
of mantle
convection
were
critically
analyzed.
First,
the idea that mantle
convection
is driven by internal
heating
was shown

and uplifted

plateaus.

instrumental
break-up.

in

to be false.
In the absence of heat flux through
the boundaries of the mantle, internal
heating

the

Foundation

tendsto producea stable temperature
gradient.
It follows that convectionin the mantleis driven
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