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MANTLE DEVOLATILIZATION AND CONVECTION: IMPLICATIONS FOR THE THERMAL HISTORY
OF THE EARTH

Michael J. Jackson and Henry N. Pollack

Department of Geological Sciences, The University of Michigan

Abstract. The depletion of volatiles from the earth’s
mantle over its history may have had significant effects
on thermal convection, due to the effects of volatiles on
silicate rheology. Experimental data suggest that the ac-
tivation energy for solid-state creep in a volatile-free en-
vironment is as much as 25% greater than in a volatile-
rich environment, and thus devolatilization can lead to a
substantial increase in viscosity. In a devolatilizing sys-
tem, gradually increasing temperatures (relative to those
in a system with volatile-independent rheology) may be
required to maintain moderate viscosities and convec-
tion. We investigate this postulated effect by incorpo-
rating a time-dependent increase in activation tempera-
ture, simulating progressive mantle devolatilization, in a
parameterized convection model. Volatiles significantly
affect the earth’s thermal evolution when the depen-
dence of mantle rheology upon volatile content is suffi-
ciently strong, the total volatile loss is sufficiently large,
and devolatilization is relatively slow and continuous.
For models with an increase of 20% in activation energy
over earth history, the present-day ratio of heat produc-
tion to heat loss (Urey ratio) approaches or exceeds 1.0
when volatile loss is relatively continuous. With rapid
early volatile loss, the upper bound on the present-day
Urey ratio is about 0.8 to 0.9, comparable to the limit
with volatile-independent rheology. Present uncertain-
ties in these factors permit an earth that may be close
to a steady thermal state or perhaps even warming up.

Introduction

The strong temperature dependence of silicate rhe-
ology is of critical importance in convective evolution
of the mantle, a point emphasized by Tozer [1965;
1972] and presently agreed on by most researchers.
Temperature-dependent viscosity tends to regulate both
temperature and viscosity to values just sufficient to re-
move heat from the mantle via moderate convection.
Another factor which has a strong influence on rheol-
ogy, and which has been ignored to date in mantle con-
vection models, is the volatile content. The presence of
volatiles such as HoO and CO2 may significantly reduce
creep strength and melting temperatures in silicates.
Progressive devolatilization of the mantle may therefore
be accompanied by an evolving rheology with increasing
viscosity and less efficient heat transfer. We assess the
possible effects of mantle devolatilization on terrestrial
thermal evolution, by means of a parameterized convec-
tion model with volatile-dependent rheology.
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Volatile-Dependent Mantle Rheology

In numerical convection models, rheology is usually
represented as an exponential function of temperature:

(1)

where v is the kinematic viscosity, vg is a constant, E 4
is the activation energy for solid state creep, k is Boltz-
mann’s constant and 7T is the absolute temperature.
Weertman and Weertman [1975] give as an alternate
but equivalent expression:

v=uvgexp(E4/kT)

v = vg exp(9Tm/T) (2)

where Ty, is the melting temperature and g a dimen-
sionless constant, approximately 30. An activation tem-
perature Ty(= Es/k = ¢T,,) is another commonly
defined and useful quantity [e.g., Schubert et al., 1980].
Laboratory deformation experiments on olivine have
shown that small amounts of H;O lead to a reduction of
creep strength, with an accompanying reduction of ac-
tivation temperature by as much as 25% [Carter, 1976;
Post, 1977; Chopra and Paterson, 1984]. The peridotite
solidus temperature is also depressed by as much as 25%
to 30% in the presence of HoO and/or CO; [Green,
1973; Mysen and Boettcher, 1975; Eggler, 1978; Wyl-
lie, 1979]. By eq. 2, these results indicate a change in
activation temperature of comparable magnitude to
that observed in the deformation experiments. Thus,
although the deformation experiments have been the
subject of various criticisms [Justice et al., 1982], the
similarity of the observed effects of volatiles both on
melting and on laboratory deformation strengthens the
case for a volatile-dependent rheology in the mantle.
Further, while the relevance of laboratory deformation
experiments to mantle rheology is made somewhat un-
certain by extrapolation over many orders of magnitude
of strain rate [Paterson, 1987], the results of laboratory
melting experiments are essentially free of such rate-
related uncertainties. Thus volatiles are likely to have
significant effects on mantle rheology and convection.
Quantitative data on the functional dependence of
activation temperature on H;O content are not avail-
able for mantle rocks, but have been published for
other silicates. Systematic variation of T4 with HoO
content was demonstrated by Kronenberg and Tullis
[1984] for quartz aggregates and by Jaoul et al. [1984]
for quartzite. These results are summarized in Table 1.
Table 1 also shows, for comparison, values of activation
temperature for peridotite inferred by us from the melt-
ing experiments described above (T4 = gTp,, g = 30).
Because the solidus of peridotite containing 0.1% HsO
lies about half-way between the solidi of anhydrous
and HyO-saturated peridotite [Wyllie, 1979; Ringwood,
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Table 1. Activation Temperature and Water Content

%H;0 Rock Type Ty [10° K] Fa- a-Tawl
“dry” peridotite 7.20 1.00 1.00
“dry” quartz ag. 3.61 1.00 1.00
“dry” quartzite 2.21 1.00 1.00

0.1 peridotite 6.40 0.89 0.50
0.1 quartz ag. 2.43 0.67 0.42
0.1 quartzite 2.06 0.93 0.67
0.3 quartzite 1.76 0.80 0.00
0.4 quartz ag. 1.56 0.43 0.00
0.4 quartzite 1.81 0.82 0.10
“wet” peridotite 5.60 0.78 0.00

Subscripts “W” and “D” refer to wet and dry val-
ues, respectively. Quartzite data from Jaoul et al.
(1984); quartz aggregate data from Kronenberg and
Tullis (1984); peridotite values inferred from melting
experiments (see text).

1975], T4(0.1%) lies half-way between the dry and sat-
urated activation temperatures. By analogy with the
quartzite data we assume that the full weakening effect
occurs at HoO contents greater than about 0.3%. Acti-
vation temperature appears to vary in a similar fashion
for most silicates, although the magnitude of the change
from wet to dry conditions may differ.

Mantle Volatile Content and Devolatilization History

Ringwood [1966, 1975] estimates that the amount
of HyO in the mantle is at least three times that out-
gassed into the oceans, based on a comparison with a
nitrogen loss model. Thus according to Ringwood the
present-day mantle contains an average of 0.1% H;O.
The H,O content therefore appears to lie in the range
where it should significantly affect viscosities. This es-
timate is subject to at least a factor of two uncertainty,
and probably considerable spatial variation. Larimer
[1971] estimates that no more than 50% of the earth’s
total HoO is still in the mantle, based on the H2O con-
tent of upper-mantle derived basalts. Thus, the in-
ferred ratios of initial to present-day mantle HoO con-
tent range from less than 1.3 to greater than 2. The
time-dependence of mantle degassing is also subject to
considerable uncertainty. Sarda et al. [1985] propose an
efficient early degassing model with > 90% loss of Ar
and Xe from the mantle within the first few hundred
Ma, whereas Fisher [1985] has argued for a more contin-
uous degassing history (see Staudacher and Sarda [1987]
and Fisher [1987] for further discussion). The loss of
these noble gases with time can be taken as upper limits
for the loss of the more chemically active volatiles. We
consider as plausible earth models those with degassing
histories ranging from rapid early devolatilization to
slower, nearly uniform loss rates over earth history, and
initial/final HoO content ratios between 1 and 3.

Model
Parameterized Mantle Convection

Parameterized convection models are based on the
theoretical and empirical relation between the heat flux

out of a convecting system and the temperature differ-
ence driving the convection, expressed in terms of the
Nusselt (Nu) and Rayleigh (Ra) numbers:

Nu = (Ra/Racrt)? (3)

The value of the constant 5 is near 1/3 [Richter et al.,
1983; Schubert and Anderson, 1985]. An ordinary dif-
ferential equation for dT'/dt can be derived from (3) and
energy conservation. The change in the heat content of
the mantle with time is determined by the difference be-
tween heat production and heat loss. A dimensionless
quantity which is related to the efficiency of heat trans-
fer in the mantle at a given time is the ratio of heat pro-
duction to heat loss, or Urey ratio. A Urey ratio less
than unity corresponds to a cooling earth. In this pa-
per we utililize the model equations of Schubert et al.
[1980], with the nominal parameter values given in Ta-
ble 2, and the time scale of radiogenic heating governed
by a terrestrial K/U ratio [Jackson and Pollack, 1984].

Time-Dependent Activation Temperature

In order to include directly the effects of devolatiliza-
tion in a parameterized model, it is necessary to specify
both the dependence of viscosity upon mantle volatile
content, and the volatile content as a function of time.
Due to the large uncertainty in each of these functions,
we have instead made activation temperature T4 a di-
rect function of ¢:

T4(t) = Tao(l + (ATa/Ta0)(t/4.6)7) (4)

with0 <7< 1and0 £t < 4.6 Ga. ATy is the to-
tal change in activation temperature over earth history,
Tao is the initial value, and 7 describes the time depen-
dence. By suitable choice of parameter values, we can
use eq. 4 to encompass the range of possibilities in both
the volatile-dependence of viscosity and the degassing
history of the earth. The limiting case AT4 = 0 corre-
sponds to the traditional volatile-independent rheology,
in which activation temperature is constant. Non-zero
values of AT4 correspond to a more strongly volatile-
dependent rheology and/or larger total volatile loss.
The temporal behavior is controlled by the time con-
stant 7. For 0 < 7 << 1, the activation temperature
T4(t) increases rapidly early in earth history, and then
gradually approaches T4,, appropriate for efficient early
degassing models. Continuous degassing models can be

Table 2. Parameter Nominal Values

Definition Value
g gravitational acceleration 9.8 m s72
a  thermal expansivity 3x 1075 K™
k&  thermal diffusivity 1076 m? 57!
D depth of convecting layer 2.8 x 106 m
vo minimum viscosity 2.21 x 107 m? 57!
k  thermal conductivity 42 Wm—! K1

B Nusselt-Rayleigh exponent 0.3

pc  volumetric specific heat 4.2 %108 Jm~3
R, core radius 3471 km

R,, mantle outer radius 6271 km

T. surface temperature 273 K
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Figure 1. Results of parameterized mantle convection
model with a time-dependent activation temperature.
Top: Evolution of characteristic mantle temperature.
Dotted line is for volatile-independent model; dashed
lines for 20% increase in T'4; solid lines for factor of
two increase; r values indicated for each curve. Bot-
tom: Corresponding homologous temperature T /T4
for 7 = 1, normalized to present-day value.

accommodated with 7 values near 1, for which T4 (t) in-
creases linearly throughout earth history.

We consider first two end-member models, one with
no change in activation temperature (i.e. a volatile-
independent rheology), and one in which the activation
temperature is strongly volatile-dependent, increasing
by a factor of two over earth history. The latter model,
which also implies a factor of two increase in the mantle
solidus temperature, is not proposed as realistic, but is
intended to illustrate limiting end-member behavior. A
third intermediate model derived from the data in Table
1 and an initial/present HoO content ratio of 3 yields a
20% increase in activation temperature, representing a
more moderate departure from the traditional volatile-
independent model. For each of the volatile-dependent
models, both early rapid (r = 0.25) and continuous lin-
ear (r = 1.0) devolatilization histories are considered.

Results

Figure 1 shows the characteristic mantle tempera-
ture through geologic time for each of the models. The
volatile-independent model yields monotonically decreas-
ing temperature and increasing viscosity. Temperature
variations in the strongly volatile-dependent models
are far more drastic, and clearly not monotonic. In the
early stage, high temperatures coupled with the low ac-
tivation energy for solid-state creep lead to very low vis-
cosities, rapid convection and rapid heat loss. The mean
mantle temperature reaches a minimum when the ac-

tivation temperature and viscosity increase enough to
retard convection significantly, and radiogenic heat be-
gins to accumulate. From the minimum onward in time
the planet warms. For early rapid degassing models,
this minimum is reached slightly earlier, and at consid-
erably higher temperatures. Results for the 20% model
are intermediate between the end-member models. The
temperature decreases monotonically for 7 < 1, but with
very slow cooling rates, on the order of 30° Ga—! from
the late Archean onward. For the model with 7 = 1, the
mantle is nearly isothermal over much of its history; the
temperature reaches a barely perceptible minimum at
about 1 Ga ago, and increases only slightly thereafter.

Also shown in Figure 1 is the evolution of the homol-
ogous temperature T/T4. Following the initial phase of
rapid adjustment, the homologous temperatures slowly
decrease at a rate determined by the devolatilization
time constant. It is evident that despite the strong dif-
ferences in actual temperature histories for the volatile-
dependent and volatile-independent models, the homol-
ogous temperature behaves essentially the same way in
both models.

Figure 2 shows how the Urey ratio (heat produc-
tion/heat loss) depends upon the fractional change in
T4 over the age of the earth. For large and probably
unrealistic increases in T4 (50% or greater), only small
values of 7, corresponding to rapid early volatile loss,
result in present-day Urey ratios less than 100%, and
therefore a cooling earth. For more plausible increases
in T4, less than about 25%, Urey ratios exceeding 100%
still arise for 7 values of 0.75 or more, i.e., for relatively
continuous degassing models. Because we impose the
present-day heat loss as a boundary condition on all the
models, the Urey ratio is also linearly related to heat
production. Figure 2 shows the initial heat production
required by the various models. A present-day Urey
ratio of 1.0 requires about 25% higher heat produc-
tion than is needed for a ratio of 0.8 typical of volatile-
independent models. Direct geochemical estimates of
mantle heat production lack the resolution to discrimi-
nate between these cases.

Discussion and Conclusions

Tozer [1972] argued that a strongly temperature-
dependent viscosity (with constant T4) would regulate
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Figure 2. Present-day Urey ratio and required initial
heat production as a function of the fractional change
in activation temperature over earth history. Large
changes in T4, or moderate changes in T4 with values
of T corresponding to slow, continuous degassing give

rise to Urey ratios > 1.
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planetary interiors to nearly constant temperatures.

Our results show that this concept can be stated more
generally in terms of a nearly constant homologous tem-
perature in a system with rheology dependent also upon
volatiles. Due to the secular decrease in radiogenic heat-
ing, homologous temperature must decrease slowly with
time. However, we have shown that a similar decline
does not necessarily occur for actual temperature.

A number of studies [e.g. Schubert et al., 1980;
Davies, 1980] have used parameterized models to at-
tempt to place bounds on the mantle cooling rate and
Urey ratio. Principal conclusions of these studies were
that the mantle is presently cooling at about 100° Ga™!
and that the Urey ratio can be as low as 0.5 or less
[Sharpe and Peltier, 1978; Davies, 1980] and no higher
than about 0.8 [Schubert et al., 1980]. We have previ-
ously pointed out [Jackson and Pollack, 1984] that these
upper bounds are sensitive to the K/U ratio in the man-
tle, and concluded that Urey ratios as high as 0.9 can-
not be ruled out. The results we present here suggest
that plausible models of devolatilization and rheology
require another upward revision of the upper bound on
the Urey ratio, even to admitting the possibility that
current heat production exceeds the present-day heat
loss and therefore the Earth is warming.
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