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ABSTRACT 

O’Connell, R.J., 1977. On the scale of mantle convection. In: J. Bonnin and R.S. Diets 
(editors), Present State of Plate Tectonics. Tectonophysics, 38 (l-2): 119-136. 

Observational evidence from glacial rebound and gravity anomalies shows that the 
mantle has a relatively uniform viscosity. Such a structure is consistent with the effects of 
temperature and pressure on microscopic mechanisms for plastic flow of solids. Thus the 
asthenosphere may extend to the base of the mantle. Mantle phase changes do not inhibit 
mantle-wide convection, and any compositional differences between the upper and lower 
mantle are not resolved at present. Thus there is no reason not to expect convection 
extending into the lower mantle. The stress state of descending slabs is consistent with 
mantle-wide convection, and although the slabs may encounter an increased resistance to 
sinking at “700 km depth there is no evidence that they are stopped by the increased 
resistance. Seismic heterogeneity in the lower mantle suggests largescale convection, 
which is perhaps driven by heat from the earth’s core. Plate motions may interact with 
large+cale flow in the mantle, and are probably not completely decoupled from flow in 
the lower mantle, Lateral variations in flow properties in the upper mantle may be more 
important than vertical variations, and may strongly influence plate motions. 

INTRODUCTION 

The relative motion of lithosphe~c plates must be accompanied by some 
sort of flow of mantle material at depth; in fact thermal convection in the 
mantle is widely accepted as the most likely driving mechanism for the plate 
motions. The scale of any such convection is at present unknown, but it 
should correspond to the size of the plates. Since these vary in scale from 
very large plates, such as the Pacific plate (-6000 km), to smaller plates, 
such as the Caribbean (- 1000 km), we might expect a corresponding varia- 
tion in scale of mantle flow. Nevertheless, the largest plates indicate that 
there will be large-scale components of flow with lateral dimensions of sev- 
eral thousand kilometers. 

Most models of mantle convection have limited convection to the upper 
mantle (e.g. Turcotte and Oxburgh, 1972; Richter, 1973a, b; McKenzie et al., 
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1974) with a maximum depth of - 1000 km or less. This choice was based 
on a number of arguments, including the belief that the ‘viscosity’ of the 
lower mantle is considerably greater than that of the upper mantle and that 
sinking lithospheric slabs do not penetrate deeper than the deepest earth- 
quakes. While such models can produce reasonable agreement with geo- 
physical observations this does not mean that the models are correct or that 
other models could not satisfy the observations equally well. 

The object of this paper is to review data that indicate that there is no 
compelling reason to believe that mantle convection should be confined to 
the upper mantle, and to suggest that models of mantle-wide convection 
should be systematically investigated. In fact, there is considerable evidence 
that convection does indeed extend to the lower mantle, which has consider- 
able implications for the evolution of the earth. 

Mantle-wide convection has not been totally neglected. Tozer (1972) has 
maintained that thermal convection in the earth is necessarily mantle-wide 
owing to the self-regulating feedback effect of the extreme temperature 
dependence of the flow laws for solids, and McKenzie and Weiss (1975) have 
used this approach in their discussion of the earth’s thermal history. Never- 
theless, the idea that the lower mantle does not participate in large-scale flow 
has become sufficiently entrenched in the literature that it is deemed worth- 
while to systematically review the evidence bearing on the possibility or not 
of convection in the lower mantle. 

We do not presume to “prove” that the lower mantle does convect, but we 
do hope to show that the evidence that it does not convect is not very strong 
at all. We will first discuss the flow properties of the mantle as deduced from 
geophysical observations and considerations of plastic flow mechanisms in 
solids and see that there is no indication that a large increase in ‘viscosity’ 
with depth in the mantle exists or should be expected to exist. 

We will also consider whether phase changes in the mantle present a bar- 
rier to convection, and the extent that the absence of earthquakes deeper 
than 700 km indicates that no flow penetrates deeper than that. Recent 
observations of seismic heterogeneities in the lower mantle will be discussed, 
and lastly, some implications of mantle-wide convection on the forces 
moving lithospheric plates will be discussed. 

MANTLE VISCOSITY 

Several different investigations of the viscosity of the mantle indicated 
that it increased markedly with depth. More recent work has indicated, 
though, that this is not necessarily the case, McConnell (1965) deduced the 
variation of viscosity with depth in the upper mantle from a Fourier analysis 
of post-glacial rebound of Fennoscandia. His resulting model had a low vis- 
cosity channel at 200-400 km depth with an increase in viscosity by 
roughly 1; orders of magnitude at a depth of 1000 km. The coincidence of 
the low-viscosity channel with the seismic low-velocity zone led Anderson 
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(1966) to suggest that there was a physical correlation between the high 
attenuation of seismic waves in the low-velocity zone and the low viscosity 
at the same depth. This correlation has also led to the widespread indentifi- 
cation of the seismic low-velocity zone (and region of high attenuation) with 
the asthenosphere or low-viscosity zone, in spite of the fact that quite differ- 
ent phenomena are involved with the two characterizations. It further sug- 
gested that the asthenosphere was a relatively thin layer overlying a more vis- 
cous lower mantle. 

The increase in viscosity with depth that McConnell found was dictated 
by the long-wavelength components of the post-glacial rebound. Yet he later 
recognized ~McConnell, 1968) that the long-wavelen~h data were affected 
by his assumption about the deformation at large distances from ice sheet 
and was therefore unreliable. He attempted to constrain the long-wavelength 
data by assuming that the non-hydrostatic bulge of the earth was due to 
incomplete recovery from deglaciation. However, this assumption was shown 
to be unwarranted by O’Connell (1971), so that the increase of viscosity 
with depth below about 600 km is relatively unconstrained by reliable data. 
In addition Parsons (1972) showed that the uplift data used by McConnell 
were not sufficient to unambiguously resolve any low-vicosity channel, and 
O’Connell (1971) showed that the increase of viscosity with depth that 
McConnell did find was artificial owing to his use of a plane rather than 
spherical model. The net result is that the post-glacial uplift data from Fen- 
noscandia neither resolve a distinct low-viscosity channel in the upper man- 
tle, nor require a significant increase of viscosity below a depth of several 
hundred kilometers. 

Post-glacial rebound in North America depends more on the viscosity of 
the lower mantle owing to the greater size of the Laurentide ice sheet. 
Cathles (1975) has pointed out that the presence of a peripheral bulge is a 
direct indication that the rebound is accomplished by flow that extends into 
the lower mantle, and finds that a model with uniform viscosity of roughly 
1O22 poise (1021 Ns/m2) throughout the mantle can satisfy the uplift data. 
Peltier (1974) has reached a similar conclusion, but has pointed out the need 
for a more thorough and consistent analysis of the North American data, as 
have Farrell and Clark (1976). It should be noted that Walcott (1973) finds 
that considerations including residual gravity anomalies associated with the 
present unrecovered rebound indicate that the viscosity increases with depth 
beneath a low-viscosity channel in the upper mantle. Cathles (1975, p. 247) 
has shown that much of the uplift data is consistent with either model, and 
that the choice depends on the significance one assigns to the present gravity 
anomalies in Canada and to the indications of a peripheral bulge. We may 
expect that the extension of Peltier’s (1974) work will resolve the problem, 
but at present we must conclude that the rebound data from North America 
are perfectly consistent with a mantle of essentially uniform viscosity. 

The viscosity of the lower mantle has also been estimated by interpreting 
the earth’s non-hydros~tic bulge. McKenzie (1966) attribu~d the bulge to 
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the delayed response of the earth to secular mgular deceleration from tidal 
friction, after MacDonald (1963), and concluded that the lower-mantle vis- 
cosity was several orders of magnitude greater than that of the upper mantle. 
McKenzie’s att~bution of the bulge was questioned by Goldreich and 
Toomre (1969) who placed an upper limit of lo’* poise on the viscosity of 
the lower mantle from the rate of polar wander deduced from paleomagnetic 
data. Although McKenzie et al. (19’74) argued that both estimates were 
based on logically consistent arguments, there is no evidence whatsoever that 
the bulge is a transient associated with the earth’s secular decleration, whereas 
there are several other indications that the lower mantle need not have a very 
high viscosity. 

The non tidal secular angular acceleration of the earth, was used by Dicke 
(1969) and O’Connell (19’71) to estimate the change in the earth’s moment 
of inertia due to global post-glacial rebound; both found that a uniform man- 
tle viscosity of the order of 1O22 poise was l~dicated. In addition O’Connell 
showed that the absence of large-scale gravity anomalies due to deglaciation 
ruled against a high-viscosity lower mantle. Although Peltier (1974) has criti- 
cized O’Connell’s (1971) assumption of an exponential rebound response, 
inspection of Peltier’s calculated response curves shows that O’Connell’s 
assumption was a perfectly reasonable approximation for the average long- 
term response I) 

In summary, the estimates of mantle viscosity from post-glacial rebound 
and the associated changes in the earth’s moment of inertia give no clear 
indication of a large increase in viscosity with depth in the mantle. In fact, 
granting the uncertainties inherent in the models used to interpret the dataa, 
the indications are that the mantle may be adequately characterized by a 
roughly uniform viscosity of the order of 1O22 poise, with possible local vari- 
ations and fine structure in the upper mantle, 

PLASTIC FLOW MECHANISMS 

The flow properties of the mantle can also be estimated by considering 
the effects of temperature and pressure on the microscopic mechanisms 
responsible for the plastic deformation of solids ~~ee~rn~, 1970; Stocker 
and Ashby, 1973). Some of the first of such estimates (Gordon, 1965) indi- 
cated that the lower mantle should have a much higher viscosity than the 
upper mantle, and the agreement of this result with McKenzie’s (1966) calcu- 
lated lower-mantle viscosity may be responsible for the widely held belief 
that the viscosity of the lower mantle is very high. 

At low or moderate stresses and high temperature, plastic deformation of 
solids is accommodated by the diffusion of vacancies (Nabarro-Herring and 
Coble creep) and the climb of dislocations over obstacles ~~ee~rn~ or 
power-law creep). In either case the rate-limiting process is the diffusion of 
vacancies either to grain boundaries or to dislocations. The effects of pres- 
sure and temperature on the rate of flow, or effective viscosity, enter primar- 
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ily through their effects on thermally activated vacancy diffusion. For 
example, the viscosity that results from Nabarro-Herring creep is (Stocker 
and Ashby, 1973): 

RTd2 -- 
r7 - 14v(Jl 

where R is the gas constant (8.314 J/g-mole “K), T the temperature, d the 
gram size, V, the molar volume and D is the diffusivity of vacancies given 
by: 

D = Do exp ~-- 
E” +pV” 

RT 

where E* is the energy for the formation and activation of a vacancy, p is 
the pressure, V* is the activation volume and De a constant. The important 
parameter for the effect of pressure is the activation volume V* which may 
be considered to represent the volume increase of the sample that accompa- 
nies the creation and motion of a vacancy, or alternatively the logarithmic 
pressure derivative of the diffusivity. One expects V* to be of the order of 
the atomic (or molar) volume of the vacant atom, and indeed for metals it is 
slightly less than this (cf. Lazarus and Nachtrieb, 1963), presumably owing 
to the relaxation of the lattice around the vacancy. Whether this is also the 
case for oxides is not known, but there is no reason to expect that they 
would behave much differently. 

Since the activation volume represents an actual volume increase of the 
solid due to the creation and motion of a vacancy, it will itself depend on 
pressure. The volume of the solid will decrease with pressure owing to bulk 
compression; the volume of a vacancy should decrease proportionately at 
least as much as the atomic volume, Furthermore, since a vacancy results in a 
local ‘soft spot’ in the atomic lattice, it should be more compressible than 
the lattice itself. As a first approx~ation we may represent a vacancy as a 
spherical cavity in an elastic continuum. This approximation is suggested by 
the success of similar models in treating lattice defects (e.g. Narayan and 
Washburn, 1973), and its accuracy depends on the extent to which the 
distortion due to the defect is accommodate by elastic defo~ation of the 
surrounding lattice rather than by extremely short range interactions imme- 
diately around the defect. 

To illustrate the possible effects of mantle pressures and temperatures on 
plastic flow we consider Nabarro Herring creep of MgO, for which some reli- 
able data is available and which may be an important constituent of the 
lower mantle (Ringwood, 1975). The purpose of the calculation is to show 
that such flow mechanisms can result in a mantle with little variation of 
viscosity with depth, and it is not to be considered as a realistic calculation 
of the effective viscosity of the mantle. Nevertheless it may indicate the 
order of magnitude of possible bounds that can be placed on mantle flow 
properties. In order to estimate the effect of pressure on the activation 
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volume, we treat it as a spherical cavity in a homogeneous continuum. 
The effective compressibility of such a cavity is (Timoshenko and Goodier, 
1951): 

For Poisson ratio v = & the effective bulk modulus of the cavity, K,, is then 
$ of the bulk modulus of the matrix, K. The size of the cavity at pressure can 
be found by integration: 

-l/K; 

where Ki = aK,/ap is taken as z of the corresponding value for the matrix. 
Table I lists the parameters used. The activation energy and constant Do 

are from Narayan and Washburn (1973), and correspond to intrinsic volume 
diffusion of oxygen ions in MgO. The activation volume V* is just the molar 
volume of MgO, and may be an overestimate if there is significant relaxation 
of the lattice around a vacancy. The bulk modulus K and its pressure deriva- 
tive K’ are appropriate for MgO. The pressure and temperature gradients 
taken for the mantle are rough figures only, but are realistic representative 
figures. 

Table II shows the diffusivity of vacancies and effective viscosities for 
MgO under mantle conditions. Although the effect of pressure more than 
doubles the effective activation energy, this is more than compensated 
by the increase in temperature. Note also that pressure reduces the acti- 
vation volume by a factor of two at the base of the mantle. Regardless 
of the absolute values of the effective viscosities (which depend on the 
grain size), Table II clearly shows that the effect of pressure will not necessar- 
ily increase the effective viscosity of the mantle with depth. This result was 
obtained using plausible values for parameters and temperatures in the man- 
tle (3000°C at the core-mantle boundary). Since the effect of pressure 

TABLE I 

Creep parameters used 

E* 
v* 
DO 
R 
P 

dplb 
dT/dz 
K 
K’ 
v 

460 kJ/mole 
11.25 cm3/mole = 11.25 . 10m6 m3/mole 
1.37 . 10e6 m*/sec 
8.314 J/mole ‘K 
3.584 Mg/m3 
0.333 kbar/km = 33.3 MPa/km 
0.6” K/km 
1600 kbar = 160 GPa 
4 
0.25 
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TABLE If 

Creep properties at mantle conditions 

Depth (km) 

500 
1000 
1500 
2000 
2500 
3000 

T(“W 

1773 
2013 
2373 
2673 
2973 
3273 

pv+IE* 
~I 

0.33 
0.58 
0.77 
0.94 
1.08 
1.21 

v*/vo* D (m2/s) 77 (poise) * 

0.82 1.1 , Ii-24 2.4 . 1O24 
0.71 6.7 . 10-25 4.6 . 1O24 
0.63 1.5 * 10-2” 2.4 . 1O24 
0.58 5.1 * 10-2’ 7.7 . 1023 
0.53 2.1 * lo-2J 2.1 ’ 1023 
0.49 8.3 - 10-23 5.8 - 1O22 

* Nabarro-Herring creep with grain size of QJ mm. 

enters through the vacancy diffusivity, the conclusion should hold equally 
for dislocation climb controlled creep. Whether the calculation is realistic for 
silicate phases is not known, but the activation volume should not be very 
different. Since it is this that determines the effect of pressure, our conclu- 
sion may well apply to silicate phases as well. If the lower mantle is a mix- 
ture of magnesio-wiistite and stishavite, sufficient flow could possibly be 
accommodated by (Mg,Fe)O alone even if stishovite was much more resis- 
tant to flow. The effect of changes to denser phases at greater depths is not 
known; a denser phase may have a larger activation energy owing to its mure 
closely packed atomic structure. On the other hand the activation volume 
may be smaller owing to the greater density and more lattice relaxation 
around a vacancy. These two effects may offset one another at high pressure, 
and the net result is unknown, 

In any event, it is clear that one can not predict an increase in viscosity 
with depth in the mantle on the basis of micro-mechanisms of plastic flow; 
in fact one could predict a decrease in viscosity with depth by choosing 
appropriate, yet plausible, parameters. 

The seismic d~~ontinuiti~s at 450 and 570 km depth have been identified 
with the tr~sfo~ation of olivine to a spine1 structure and then to a denser 
phase (Anderson, 1967), mast likely a mixture of the oxides magnesio- 
wiistite and stishovite (Ming and Bassett, 1975; Kumazawa et al,, 1974). 
Further phase transformations may exist at greater depths (Ringwood, 1975), 
but none have yet been clearly identified with seismic structure. It has been 
argued that such phase transitions would present a barrier to convection 
across them (cf. Ringwood, 1972); nevertheless it has been shown that phase 
transitions can promote convection in some circumstances (cf. Schubert et 
al, 1975). Also Richter (1973b) has clearly shown that the &vine--spine1 
transition would not present a barrier to finite-~plitude convection, but 
would enhance it. Since this transition has a positive Clapeyron slope, the 
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phase boundary will be elevated in a descending lithospheric slab relative to 
the surrounding mantle (Toksiiz et al., 1973; Solomon and Paw U, 1975) 
and the resulting sinking force (or negative buoyancy) may well be the most 
easily identified of the forces responsible for mantle flow. 

It has been thought that the disproportion of olivine spine1 to mixed 
oxides would have distinctively negative Clapeyron slope (Ahrens and 
Syono, 1967) and that this phase boundary would be deeper in the cooler 
slab than the adjacent mantle, thus providing buoyancy resisting the further 
sinking of the slab. That this is not necessarily the case has been shown by 
Jackson et al., (1974), who demonstrated that the reaction may well have a 
negligible entropy change (and thus be independent of temperature) or even a 
distinctly positive Clapeyron slope if the olivine spine1 has a large inverse 
character at high temperature. In this case the transition would be elevated 
in a sinking slab, and would promote further sinking of the slab similar to 
the olivine-spine1 transition. Furthermore Richter (1973b) has shown that 
even with a negative Clapeyron slope, the transition would not inhibit 
convection. Thus there is no clear evidence that the phase boundary at 670 
km depth presents a barrier to convection extending into the lower mantle, 
and it may even promote such convection. 

Although the phase changes by themselves may not inhibit mantle-wide 
convection, it has been suggested that the lower mantle is enriched in iron 
relative to the upper mantle (Anderson et al., 1972; Press, 1972). Such 
chemical differences between the phases may present a barrier to convection 
(Richter and Johnson, 1974) and, in fact such differences would present 
direct evidence that large-scale mixing and homogenization of the mantle has 
not taken place. The evidence for chemical differences between the upper 
and lower mantle comes from interpreting seismic velocities and the density 
of the mantle in terms of the elastic properties of minerals and theoretical 
equations of state for extrapolating the properties to different pressures 
and temperatures. There are considerable uncertainties involved in the 
determination of small variations in the composition of the mantle by such 
methods, and it has been more recently shown (Davies, 1974; Watt et al., 
1975) that such variations in iron content as have been claimed are beyond 
the resolution of the available data. In addition, the lack of definite knowl- 
edge of the crystal structure and phase assemblages of the major constituents 
of the lower mantle (Liebermann et al., 1976) indicate that extreme caution 
should be used in deducing chemical composition from the seismic proper- 
ties of the lower mantle. Since at present either chemical homogeneity or 
iron enrichment in the lower mantle is allowed, but not required, by the data 
(Davies, 1974), there is no reason to rule out mantle-wide convection on the 
basis of chemical inhomogeneity of the mantle. In addition, any heterogene- 
ities that are resolved in the future should be compared with heterogeneities 
in the upper mantle before assessing how strong a constraint they impose on 
the likelihood of lower-mantle convection. 
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EARTHQUAKES IN DESCENDING PLATES 

Both the occurrence of earthquakes in descending lithospheric plates and 
the orientation of stress deduced from focal mechanisms have been taken as 
evidence that the plates do not penetrate deeper than 700 km (McKenzie et 
al., 1974; McKenzie and Weiss, 1975). This is not the only possibility how- 
ever; the absence of earthquakes deeper than 700 km could be due to any 
one of: (1) the failure of slabs to penetrate deeper than 700 km; (2) the rise 
of temperature in the slab and the consequent reduction in creep strength of 
the material (McKenzie, 1969; Griggs, 1972); or (3) the change of phase of 
lithospheric material to a material with different flow properties. The latter 
two possibilities account for the cessation of seismicity, yet still permit the 
slab to sink deeper. That the slab will heat as it descends and eventually lose 
its mechanical integrity seems beyond question, and this may well account 
for the cessation of earthquakes. Nevertheless the rather sudden drop off in 
seismicity that occurs at around 700 km (Isacks and Molnar, 1971) in some 
regions suggests that the phase transition at that depth in the mantle may be 
responsible. If the transition is from predominately olivine to mixed oxides, 
there may be a marked reduction in the creep strength of the material, thus 
relaxing shear stresses before catastrophic failure takes place. Such a change 
in flow properties could be due to the introduction of a non silicate, mag- 
nesio-wiistite, as a major phase, which might have a lower creep strength 
than olivine spinel. In addition the change of phase could result in a much 
smaller grain size, which might be stabilized against grain growth by the 
presence of two mutually insoluble major phases in roughly equal amounts. 
The small grain size would enhance diffusional creep (Stocker and Ashby, 
1973) and could dramatically reduce the effective viscosity of the material. 
Thus the absence of earthquakes could be due to the slab becoming less 
rigid, or penetrating a less rigid region, rather than running into a more rigid 
lower mantle. 

The distribution of stresses in sinking slabs has also been taken as evidence 
that the slabs encounter increased mechanical resistance at 700 km depth. In 
particular, the stresses in the slabs can be characterized by the observation 
(Isacks and Molnar, 1971) that slabs that extend to 700 km exhibit down- 
dip compression for their entire length, whereas slabs that do not extend so 
deep exhibit down-dip extension above 300 km, and compression below 300 
km if they extend that far. The stress distribution in a slab is determined by 
the distribution of forces on the slab. If the slab is sinking at a uniform 
velocity into the mantle, the body force due to the greater density of the 
slab must be exactly balanced by surface tractions due to the resistance of 
the mantle to penetration by the slab. These resisting forces can be roughly 
divided into shear tractions on the sides of the slab due to viscous drag, and 
normal tractions at the front edge of the slab due to the local increase in 
pressure necessary to force the fluid out of the way of the slab. In addition 
there may be extensional normal tractions at the top of the slab resisting the 
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sinking of the slab. These result from a reduction of the normal hydrostatic 
stress due to the motion of the slab. If the pressure on the front edge is the 
predominant resisting force, then a slab sinking under its own weight should 
be under down-dip compression for its entire length, in the same way that a 
brick standing on end on a table is under vertical compression, owing to the 
body force distributed along the length of the slab being balanced by an equal 
and opposite force at the front edge of the slab. (This is contrary to the asser- 
tion by Isacks and Molnar (1971), that such a sinking slab should be under 
extension.) Thus down-dip compression of the slabs is consistent with sinking 
slabs resisted primarily by normal forces at the leading edge. 

The extension of the slabs at depths less than 300 km indicates that the 
sinking of the slab under its own weight is resisted by shear tractions concen- 
trated near the top of the slab or by extensional tractions from the shallower 
parts of the slab, or else the slab is being “pulled down” by the part of the 
slab that is deeper. The last alternative could result from a concentration of 
the sinking force in the region where the olivine-spine1 phase change is ele- 
vated in the slab, namely at 300-400 km depth. In this case the lower part 
of the slab would tend to sink under its own weight more rapidly than the 
upper part. This would lead to extensional deviatoric stresses in the upper 
part of the slab owing to the reduction in the normal stress parallel to the 
slab. Note that such extensional stresses do not require that tensile stresses 
be supported by the slab; since the whole slab is under considerable hydro- 
static stress, a reduction in the down-dip component of the compressive 
stress leads to a deuiutoric stress state that is extensional even though the 
stress is everywhere compressive. (It is in this way that Bridgeman measured 
the tensile strength of materials at very high pressures.) Thus compressive 
stresses below 300 km, and extensional stresses above 300 km are entirely 
what one would expect for a slab sinking under its own weight, with a large 
fraction of the excess density of the slab concentrated between 300 and 400 
km owing to the elevation of the olivine-spine1 phase boundary in the 
cooler slab. There is no need to postulate that the slab is penetrating more 
resistant material at depth in order to account for the compression of the 
lower part of the slab; this can be accounted for by just the resistance to 
penetration of a mantle with relatively uniform viscosity. 

The observation that slabs that reach 700 km depth exhibit compression 
along their entire length seems to indicate that the slabs encounter increased 
resistance to sinking at this depth. Such resistance could result from either 
an increased viscosity below 700 km, or from an increased buoyancy of 
material that reached that depth; both alternatives were suggested by Isacks 
and Molnar (1971). We note that a modest increase in viscosity (say by a fac- 
tor of 2) might well be sufficient to account for the increased resistance to 
penetration; this would not be enough to prevent the slabs from penetrating 
the lower mantle, nor would it inhibit convection in the lower mantle. 

Alternatively, the increased resistance could be due to buoyancy due to 
the downw~ing of the spinel-mixed oxides phase boundary to a depth of 
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700 km. This is suggested by the presence of the earthquakes down to 700 km, 
and absence immediately below that. The downwarping could result from 
either a negative Clapeyron slope for the transition, or from the failure of 
the transition to occur at the equilibrium depth, with olivine spine1 existing 
metastably between 670 and 700 km where it finally all converts to mixed 
oxides. Either would account for an increase in the force at the tip of the 
slab resisting the downward sinking of the slab. This force would increase 
that already present, and result in the slab going into compression for its 
entire length; the increased resisting force should also slow the descent of the 
slab. But it is not necessary to postulate a rigid obstruction that stops the 
slab sinking in order to account for the stress state of the slab. In fact 
Forsyth and Uyeda (1975) have suggested that compression along the whole 
length of a slab could be the result of slabs being constrained by being 
attached to the same plate; thus even increased resistance to sinking at 700 
km is not required. 

In summary we see that the distribution of earthquakes and stresses in 
sinking slabs do not necessarily indicate large increase in viscosity at 700 km 
depth, nor do they indicate that sinking slabs stop sinking at that depth. One 
can reasonably account qualitatively for the observations by a simple model 
of a sinking slab propelled to a large extent by the sinking force due to an 
elevated olivinespinel phase boundary, and resisted primarily by hydrody- 
namic resistance at the leading edge of the slab, with this resistance perhaps 
increasing somewhat at 700 km depth. Such a picture suggests convection 
extending into the lower mantle. 

LOWER-MANTLE HETEROGENEITY 

We have seen that there is little evidence that convection cannot extend 
into the lower mantle. There is at the same time accumulating evidence of 
significant heterogeneities in both the upper and lower mantle that may be 
directly related to temperature differences and flow, and which indicate that 
convection extends into the lower mantle. Some of this evidence has 
recently been reviewed by Jordan (1975); he notes: (1) that seismic velocity 
differences between continents and oceans appear to extend to depths 
greater than 400 km, which suggests that the region that translates coher- 
ently in the course of horizontal plate motions is at least that thick; (2) sub- 
stantial ScS-S differential travel-time residuals indicate significant seismic 
heterogeneity in the lower mantle; and (3) marked azimuthal dependence of 
travel-time residuals may be associated with velocity anomalies below 800 
km depth in the mantle, which may be associated with subduction zones. 
Seismic anomalies below 700 km beneath subduction zones have also been 
noticed by Engdahl(l975). 

Large-scale seismic velocity anomalies in the lower mantle have been 
found by Dziewonski et al., (1976); moreover the anomalies detected were 
shown to correlate remarkably well with the long-wavelength components of 
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the gravity field. The anomalies could be interpreted in terms of composi- 
tional variations, or in terms of temperature variations and distortions of the 

earth’s surface and core-mantle boundary associated with large-scale flow. 
Either alternative suggests chemical or thermal convection in the lower man- 
tle. Seismic anomalies in the lower mantle should come as no great surprise. 
The existence of substantial gravity anomalies of low spherical harmonic 
degree indicates that there are density anomalies in the mantle, and the lower 
mantle is a likely location for those that contribute to the low-degree com- 
ponents of the gravity field (Dziewonski et al., 1976). Associated with the 
density anomalies are deviatoric stresses of the order of tens of bars 
(Kaula, 1963); these must be supported either by the finite strength of the 
material or by dynamical effects of fluid flow. The mantle is unlikely to have 
a finite strength sufficient to support the stresses (Weertman, 1970), which 
leaves only fluid flow, which if not maintained, would quickly decay, 
relaxing the stresses and reducing the gravity anomalies. Even the estimate of 
a high-viscosity lower mantle of McKenzie (1966) (which precluded convec- 
tion in the lower mantle) was based on an estimate of -lo7 years for the 
time for the Ci term of the nonhydrostatic gravity field to decay. Other, 
equally large, components of the gravity field, such as that associated with 
the ellipticity of the equator, would also decay in lo7 years. Thus their exis- 
tence, even with a high-viscosity lower mantle, requires some active process 
in order to maintain them over geologic time. Since the evidence indicates 
that the lower mantle has a relatively low viscosity, the requirement for fluid 
motions in order to support the nonhydrostatic stresses becomes even more 
severe, and the most likely cause of the flow would be large-scale thermal 
convection. 

Jordan (1975) has mentioned that mantle-wide convection poses a geo- 
chemical problem, however. Since mantle-wide convection would bring to 
the surface material that was once near the core-mantle boundary, one 
would expect that the oxidation state and nickel content of surface rocks 
would reflect equilibrium with the metallic, nickel-rich core of the earth. But 
that would be the case only if a large enough volume of the lower mantle 
could equilibrate with the core, and such equilibration would require the dif- 
fusion of chemical species in the solid-mantle material. The magnitude of 
diffusion constants for solid-state diffusion is such that one would expect 
only local equilibrium in a thin boundary layer at the base of the mantle. To 
estimate its thickness, take the value for Fe-Mg interdiffusion in olivine 
(Buening and Buseck, 1973) extrapolated to 3000°C : D = 10e6 cm’/s; this 
value must certainly be an upper limit (by several orders of magnitude) for 
lower-mantle material. Using a residence time at the core-mantle boundary 
of 500 million years, one calculates that the thickness of a diffusional 
boundary layer 1 = (Dt)” is about one kilometer. This is considerably thinner 
than a similar boundary layer for thermal conduction. Thus chemical equi- 
librium will be achieved only over extremely small distances, and the frac- 
tion of mantle material that can have equilibrated with the core is very small 
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indeed. Consequently, it appears that the disequilibrium between the mantle 
and the core is consistent with mantle-wide convection. 

DISCUSSION 

The evidence we have reviewed indicated that neither the viscosity of the 
lower mantle, nor phase changes, nor the state of sinking slabs preclude con- 
vection in the lower mantle. We must therefore conclude that lower-mantle 
convection is as likely as upper-mantle convection. The heat sources for deep 
mantle convection could come from distributed radio-active heat sources, 
but an important heat source must be the earth’s core. 

Gubbins (1976) has placed an absolute lower bound on the heat flux out 
of the core from consideration of the minimum ohmic dissipation involved 
with the generation of the magnetic field. He finds that the heat flux is at 
least 2 - 10” watts, and most probably is considerably greater than this. 
There is little difficulty in accounting for this heat flow from the core. It 
could arise from radio-active 40K in the core (Lewis, 1971) which could 
account for as much as one third of the observed surface heat flux; even a 
much lower concentration of potassium would still produce a substantial 
heat flux into the lower mantle (Verhoogen, 1973). Alternatively, the heat 
could come from.the gradual cooling and freezing of the inner core (Ver- 
hoogen, 1961), which could account for - 3 - lo1 2 watts (10% of the surface 
flux) if the inner core froze over 3 - 10’ years (Stacey, 1969 p. 264). This 
estimate assumes that the core has cooled by 300°C; if the mantle cooled 
proportionally, then its stored heat would also have to be transported to the 
surface by convection. Consequently a substantial fraction of the present sur- 
face heat flux could be due to the earth’s “primordial” heat. In addition, if 
the solid inner core has a different composition than the liquid, composi- 
tional differences in the liquid will arise as the inner core freezes out; these 
may give rise to instabilities that promote flow which will involve dissipa- 
tion of energy. The heat available from this mechanism may be comparable 
to that from the latent heat of freezing (D. Gubbins, personal communica- 
tion, 1976; Braginsky, 1964). 

If convection extends into the lower mantle, one might expect that its 
horizontal scale would be of the order of the depth, namely -3000 km. If a 
substantial amount of heat is supplied by the core, the upwelling flow may 
be more localized, and only a few hundred kilometers across, as suggested by 
the numerical experiments of McKenzie et al. (1974). The flow in the upper 
mantle could have two different scales, as suggested by Richter and Parsons 
(1975) and McKenzie and Weiss (1975), with the difference that the large- 
scale flow would extend into the lower mantle rather than be confined to the 
upper mantle as they assumed. The large-scale flow might be expected to 
change more slowly with time than the small-scale flow, owing to its greater 
turnover time, and may be associated with volcanic hot spots (Morgan, 1971, 
1972) (although not necessarily by forming concentrated jets of hot material 
reaching the surface). 
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If the mantle has relatively uniform flow properties and is convecting at 
all depths, then it does not seem correct to regard the asthenosphere as a 
weak plastic layer in the upper mantle. Rather the entire mantle constitutes 
the asthenosphere, and there is no need for a more rigid “mesosphere” beneath 
the asthenosphere. The identification of the asthenosphere with the seismic 
low-velocity zone may be misleading, since different mechanisms account for 
long-term creep and shorter anelastic relaxation. The low-velocity zone, LVZ 
is thought to be due to partial melting (Anderson and Sammis, 1970), 
although other interpretations exist (Guegen and Mercier, 1973). A very 
small amount of partial melt can account for the observed velocity reduction 
and high attenuation. The effect of a partial melt on the plastic flow proper- 
ties is not precisely known; but if it were distributed as thin films along grain 
boundaries it would enhance grain boundary diffusion and deformation by 
Coble creep (Stocker and Ashby, 1973). The magnitude of this effect 
depends on the diffusivity of the solid phase in the fluid, and is not accu- 
rately known. But it has been shown that the presence of a fluid phase itself 
will not enhance steady-state creep rates over that of the solid grains (Auten 
et al., 1974). Thus the boundary between the mechanically rigid lithosphere 
and the plastic asthenosphere may bear no intrinsic relation to the top of the 
seismic low-velocity zone, although they may coincide (where the LVZ 
exists) by chance. 

With large-scale flow throughout the mantle, the interaction between 
lithospheric plates and the flow may by quite complex, and the assignment 
of the forces driving the plates to specific mechanisms difficult. For example 
Forsyth and Uyeda (1975) and Solomon and Sleep (1974) have analyzed the 
forces acting on the plates by assuming (among other things) a viscous drag 
on the bottom of plates that is proportional to velocity. But this implicitly 
assumes that the plates are sliding over a relatively thin viscous layer over a 
relatively stationary lower mantle. It does not necessarily take into account 
the interaction of one smaller plate with the flow associated with a larger, 
adjacent plate for example, or with variations in the flow at depth in the 
mantle. 

Forsyth and Uyeda (1975) found that the drag under continental plates 
was about eight times that under oceanic plates, which is consistent with Jordan’s 
(1975) observations of substantial differences between oceans and conti- 
nents at depth. Such observations suggest substantial lateral variations in the 
flow properties of the mantle, most probably related to temperature differ- 
ences; such lateral differences may be more important than vertical differ- 
ences, especially in the upper mantle. Thus the flow associated with conti- 
nental plate motions may extend deeper into the mantle than that associated 
with oceanic plates, owing to the latter overlying hotter, more plastic mantle 
material. Such differences would indicate that the analysis of the forces on 
plates may have to consider the variations in the flow at depth in the mantle 
in order to determine the viscous drag (or pull) on each plate. 
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CONCLUSIONS 

Direct estimates of the effective viscosity of the mantle, based on geo- 
physical observations, indicate that the viscosity is relatively uniform with 
depth; there is no evidence for a large increase of viscosity in the lower mant- 
le that cannot be explained equally well by a model with no such increase, 
while there is evidence that requires no large increase in viscosity, namely the 
absence of large-scale gravity anomalies correlated with deglaciation. A similar 
conclusion comes from consideration of plastic flow mechanisms in solids; the 
effect of pressure, which increases creep resistance, may be offset by the 
increase in temperature with depth in the mantle, so that the effective viscos- 
ity remains fairly constant with depth in the mantle. Such behaviour is con- 
sistent with recent models of the earth’s thermal history, as well as with 
plausible temperatures in the lower mantle. Previous estimates of a large 
increase in viscosity in the mantle may have overestimated the activation 
volume for vacancy formation and diffusion. 

The seismic evidence for the stress state of descending lithospheric slabs 
indicates that the slabs may encounter increased resistance at 700 km depth; 
this may come from a slight increase in flow resistance or be due to the 
spinel-post-spine1 phase change. The fact that such slabs do not stop or sig- 
nificantly slow down indicates that the resistance is not sufficient to prevent 
material flowing into the lower mantle. Since mantle phase changes will also not 
necessarily inhibit convection, it is unlikely that convection will be confined to 
the upper mantle, but will be mantle-wide. 

Such a convection pattern is also suggested by heterogeneities in the lower 
mantle. The more precise determination of these may permit more firm con- 
clusions about the pattern of mantle flow, and may shed considerable light 
on the distribution of heat sources and the thermal state of the earth’s core. 

The asthenosphere, where significant flow can take place, is not a thin 
layer in the upper mantle, but includes the whole mantle. Furthermore the 
asthenosphere should not be identified with the seismic low-velocity zone, 
since it extends deeper, and quite different physical mechanisms probably 
account for the properties of each region. This suggests that there is no weak 
decoupling layer under the plates, although lateral variations of flow proper- 
ties may produce local decoupling or unusually strong coupling to the lower 
mantle in some regions, such as oceanic ridges or under continents. 

The scale of mantle-wide convection may preclude a simple analysis of the 
forces driving plate motions based on a model of plates strongly decoupled 
from the flow beneath. Rather, an analysis that takes into account the flow 
at depth may be required, and should be investigated. 
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