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Abstract

Recently it was found for constant viscosity models that variable thermal conductivity can delay significantly the secular
cooling of the mantle. We have verified that this same effect also holds up well for variable viscosity, in which we have used
up to a factor of 3000 in the lateral viscosity variations due to temperature and a factor of 100 increase from pressure effects. A
purely pressure-dependent thermal conductivity does not exert any effect on retarding the secular cooling. The amount of time
for the delay is decreased a little by the presence of variable viscosity, but its influence on retarded cooling still remains. We
have also found that the cooling predicted by parameterized convection is faster than for the corresponding two-dimensional
(2D) solution taken from solving the complete convection equations.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The problem of secular cooling in the mantle has
been attracting much attention(Sharpe and Peltier,
1978; Schubert et al., 1979; Davies, 1980; Stevenson
et al., 1983)because of the popularity gained by
the introduction of parameterized convection us-
ing temperature-dependent rheology(McKenzie and
Weiss, 1975). The thermal evolution of the mantle
is influenced by many physical mechanisms, such
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as temperature-dependent viscosity(Tozer, 1972;
Sharpe and Peltier, 1978), the nature of convec-
tion with nonlinear rheology in the upper mantle
(Christensen, 1985; Kawada and Honda, 1999)and
depth-dependent viscosity(Hansen et al., 1993;
Zhang and Yuen, 1996; Bunge et al., 1996). Aside
from few works on the effects of thermal conductiv-
ity in mantle convection(Balachandar et al., 1992;
Matyska et al., 1994; Tackley, 1996), there has been
an hiatus in this important area until the introduction
of the semi-empirical thermal conductivity model
(Hofmeister, 1999). This model based on solid-state
physics can account for both the lattice and radiative
heat-transfer mechanisms of mantle materials and can
describe the temperature and pressure-dependence of
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the thermal conductivity for a wide suite of mantle
materials (Hofmeister, 1999, 2001). This work by
Hofmeister has stimulated some recent modelling
efforts in unveiling various facets where variable ther-
mal conductivity does make a difference in mantle
convection. These interesting effects from variable
thermal conductivity include effects on enlarging the
hot upwellings in the lower mantle and stabilizing the
plumes (Dubuffet and Yuen, 2000; Dubuffet et al.,
1999), producing thinner downwellings than for con-
stant thermal conductivity(Dubuffet et al., 2000),
Nusselt number versus Rayleigh number scaling rela-
tionship in heat transfer(van den Berg et al., 2001),
stabilizing of deep mantle plumes by the radiative
component of thermal conductivity(Dubuffet et al.,
2002), and secular cooling of the mantle(van den
Berg et al., 2002; van den Berg and Yuen, 2002).
The significant effect of delayed secular cooling by
a billion years, which has important ramifications
on the Earth’s heat budget, was found in the studies
by van den Berg and his colleagues. However, all of
the above works have been based on constant man-
tle viscosity and no account, up to now, has been
taken on the interaction between variable thermal
conductivity and temperature-and pressure dependent
viscosity.

In this study we will devote our efforts to the
study of the influence of temperature- and pressure-
dependent viscosity on variable thermal conductivity
convection in the secular cooling problem, since there
have been some issues raised concerning the effect
of temperature-dependent viscosity in nullifying the
delayed cooling effect brought on by variable thermal
conductivity. Therefore, our goal in this paper is to
determine whether this important result of retarded
secular cooling induced by variable thermal conduc-
tivity would stand up to the test of variable viscosity.
Section 2will be the model section describing the
thermal conductivity model and the numerical tech-
niques. This will be followed by the results section.
We will also compare the averaged temperature evo-
lution between fully developed two-dimensional (2D)
solutions obtained by solving the coupled partial
differential equations and the results arrived at by a
single ordinary differential equation within the frame-
work of parameterized convection. In the last section
we will discuss the geophysical results and give the
conclusions.

2. Model description

Our two-dimensional mantle convection model
is based on an extended Boussinesq formulation
for an incompressible infinite Prandtl number fluid
(Steinbach et al., 1989), defined in the following
non-dimensional equations which express conserva-
tion of mass, momentum and energy:

∂juj = 0 (1)

∂i �P + ∂jτij = αRaTδi3 (2)

DT

Dt
= ∂jκ∂jT + αDiw(T + T0) + Di

Ra
Φ + RH(t)

(3)

HereD/Dt in (3) refers to the Langrangian (substan-
tive) time derivative and the terms scaled with the
dissipation numberDi describe the non-Boussinesq
effects of adiabatic heating and viscous dissipation,
respectively. Symbols used in (1)–(3) are defined in
Table 1. Quantities have been non-dimensionalized us-
ing the following scale parameters: the depth of the
convecting layerh as the spatial scale and the ther-
mal diffussion time of the layert0 = h2/κ0 for the
time scale. The diffusivity scale is expressed asκ0 =
k0/ρcP , wherek0 is the scale value of the variable con-
ductivity andρ, cP are the density and specific heat
at constant pressure, respectively, which are constants
in our model. Thermal diffusivityκ = k(T, P)/(ρcP)

is based on the temperature and pressure dependent
conductivity model ofHofmeister (1999):
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The first term in(4) represents a contribution from
phonon transportklat while the second termkrad cor-
responds to radiative heat transport, where the poly-
nomial coefficientsbi are parameters obtained from
fitting spectral data.k0 = 4.7 Wm−1 K−1 and the fit-
ting parametera = 0.3 is representative for olivine. In
this composite conductivity model both components
have opposite temperature dependence, especially in
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Table 1
Physical parameters

Symbol Definition Value Unit

h Height of the domain 3× 106 m
z Depth coordinate aligned with gravity – –
P Static pressure – –
�P Dynamic pressure – –
T Temperature – –
�T Temperature scale value 3500 K
ui Velocity field component – –
eij = ∂jui + ∂iuj Strain rate tensor – –
e = [1/2eijeij]1/2 Second invariant of strain rate – –
w Vertical velocity aligned with gravity – –
η(T, z) = η0 exp(cz − bT) Temperature and pressure/depth dependent viscosity – –
η0 Viscosity scale value – Pa s
τij = ηeij Viscous stress tensor – –
Φ = ηe2 Viscous dissipation function –
α(z) = �α/([c(1 − z) + 1]3) Depth dependent thermal expansivity –
�α = α(1) – –
c = �α1/3 − 1 –
α0 Thermal expansivity scale value 2× 10−5 K−1

ρ Density – –
ρ0 Density scale value 4000 kg m−3

cP Specific heat 1250 J K−1 kg−1

k Thermal conductivity – –
k0 Conductivity scale value 4.7 Wm−1 K−1

a Conductivity power-law index 0.3 –
γ Grueneisen parameter 1.2 –
K0 Bulk modulus 261 GPa
K′

0 Pressure derivative of bulk modulus 5 –
b0 Coefficient phonon conductivity 1.7530× 10−2

b1 −1.0365× 10−4

b2 2.2451× 10−7

b3 −3.4071× 10−11

κ = k(T, P)/(ρcP ) Thermal diffusivity – –
g Gravitational acceleration 9.8 m s−2

H(t) = H0 exp(−t/τ) Time-dependent internal heating – W kg−1

τ Dimensional decay time of radioactive heating 3.6 Gyr
H0 Dimensional value of internal heating – W kg−1

R = H0h
2/cPκ0 �T Non-dimensional internal heating number

R = 20 ↔ H0 = 9.2 × 10−12 W kg−1
– –

Ra = ρ0α0g�Th3/κ0η0 Rayleigh number 106 < Ra < 107 –
Di = α0gh/cP Dissipation number 0.47 –

the derivatives with respect to temperature. Whereas
klat decreases with increasing temperature,krad is an
increasing function of temperature. The parameterf in
the radiative part controls the predominance of the two
mechanisms.f = 1 corresponds to theHofmeister
(1999) model andf > 1 has recently been shown
to control the occurrence of boundary layer instabilli-
ties near a hot core-mantle boundary(Dubuffet et al.,
2002).

We use a variable temperature (T ) and pressure (P)
or depth (z) dependent viscosity model. The delay-
ing effect of temperature dependence of viscosity on
secular cooling through the negative feedback on the
vigor of convcetion is well known(Tozer, 1972). On
the other hand, we(van den Berg et al., 2002)have
shown recently that variable conductivity models in-
cluding temperature dependence are characterized by
a shallow low thermal conducitivity zone, resulting
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in a higher temperature in the top part of the upper
mantle (van den Berg et al., 2001). In models with
temperature dependent viscosity higher temperatures
at shallow depth will cause a more pronounced as-
thenosphere which facilitates global heat-transport to
the surface, resulting in an increased cooling rate com-
pared to a constant viscosity case. Therefore, we will
investigate the impact of variable conductivity on the
secular cooling evolution of convecting planets and at
the same time include the effect of temperature de-
pendent viscosity, because of the multiple nonlinear
feedback mechanisms involved.

The variable viscosity is Newtonian and is parame-
terized in terms of non-dimensional depthz and tem-
peratureT ,

η(T, z) = η0 exp(cz − bT) (5)

wherec, b are defined as the natural logarithm of the
viscosity contrasts across the convecting layer due to
pressure(�ηP) and temperature(�ηT ), respectively.
The viscosity contrast due to pressure�ηP is fixed to
100. For the viscosity contrast due to temperature we
have used�ηT = 3000 for most of the results shown
and a contrasting value of 300 for comparison. The
Rayleigh number, based on the surface physical pa-
rameters, is around 106. For further details, the reader
should consultTable 1.

The governing equations are solved on a rectan-
gular domain with a layer depth of 3000 km and an
aspect ratio of 2.5. Free-slip, impermeable bound-
aries are used for the StokesEq. (2). The model
is completely heated from within with a zero heat
flux bottom boundary in order to focus just on the
secular cooling behavior of the convecting mantle.
The top boundary is kept at 273 K and zero heatflux
conditions are applied to the vertical boundaries. The
internal heating is parameterized by a uniform dis-
tribution with exponential decay given by a half-life
time of 2.5 Gyr. The transient convection experiments
are started from an initial temperature distribution
obtained from a statistically steady-state model with
stronger constant heating characterized by an in-
ternal heating numberR = 40 (Leitch and Yuen,
1989) with a CMB temperature of about 3773 K.
The equations are solved using finite element meth-
ods using the SEPRAN finite element package,
(http://dutita0.twi.tudelft.nl/sepran/sepran.html). We
use 104 quadratic elements for the StokesEq. (2)and

four times as many linear elements for the energy
equation(van den Berg et al., 1993), resulting in a grid
resolution of 150 points and 140 points in the horizon-
tal and vertical directions, respectively. More points
are needed for variable conductivity calculations than
constant conductivity(van den Berg et al., 2001).
Gridpoint spacing is uniform in the horizontal direc-
tion and grid refinement is applied near the horizontal
boundary layers, with point spacing of 6 km, to resolve
strong gradients of both the viscosity and conductiv-
ity, in particular at shallow depth. The Stokes equation
is solved using a penalty method with the penalty pa-
rameterε = 10−6. The discrete coupled system of fi-
nite element equations is driven by the time dependent
energy equation which is integrated in time using a
predictor corrector method(van den Berg et al., 1993).

3. Results

First we show the temporal evolution of a model
with variable conductivity and temperature and
pressure-dependent viscosity.Fig. 1 shows two snap-
shots of the temperature, viscosity, streamfunction
and the lateral variation of the effective conductivity,
at different integration times corresponding to 0.91
and 4.25 Gyr, respectively. The early snapshot (a) is
characterized by a hot interior with amplitudes of tem-
perature variations limited to 700 K in the interior of
the domain. The pressure and temperature dependent
logaritmic viscosity is shown in frames (c and d). The
viscosity plots show a background field characterized
by a low viscosity zone in the upper part of the domain
which is broader in the highT snapshot. Correlation
with the temperature field can be clearly seen in the
cold downwellings and in the general increase of the
viscosity resulting from the secular cooling. The flow
field is dominated by fast cold downwellings at the
vertical boundaries. and more diffuse upwelling away
from the vertical boundaries with some concentration
in the upper mantle, as illustrated by the streamfunc-
tion field shown in (c). The second snapshot (b), after
another 3 Gyr of secular cooling, is dominated by
slab-like cold downwellings in the interior domain,
showing penetration of the cold slab-like features into
the high viscosity (Fig. 1d) hotter lower mantle. The
corresponding streamfunction frame (Fig. 1f) again
shows concentration of the flow in the upper mantle.

http://dutita0.twi.tudelft.nl/sepran/sepran.html
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Fig. 1. Temperature (a and b); viscosity (c and d); streamfunction (e and f); and lateral variation of the thermal conductivity (h and i); for
two integration timest = 0.9 × 109 yr and t = 4.2 × 109 yr, to illustrate the effect of secular cooling. Results are for a model with with
variablek(P, T) and the surface Rayleigh numberRa = 8 × 105. The initial value of the time dependent temperature at the core-mantle
boundaryTCMB is approximately 3800 K. The finite element grid consists of 150 evenly spaced points horizontal and 140 points in the
vertical direction with grid refinement near the top and bottom boundary.

Fig. 1h and ishows the lateral variationδk of the
corresponding temperature and pressure dependent
conductivity fields. The plots illustrate the strong spa-
tial correlation betweenδk and the temperature field
where the variation of the conductivity with pressure
has been removed in the subtraction of the horizontal
average. The weak low conductivity region at the top
of the mantle inFig. 1e and fmainly results from the
removal of the lateral average which is dominated by
the strong positive conductivity anomalies at shallow
levels in the cold downwellings. This may have im-
plications for the issue regarding thermal assimilation

of the subducting slab(van der Hilst and Karason,
1999).

The background conductivity field also shows a
much broader low conductivity zone (LCZ)(van den
Berg and Yuen, 2002)which results from the contrast-
ing pressure and temperature sensitivity of the con-
ductivity with ∂k/∂T < 0, ∂k/∂P > 0. This 1D LCZ
has been filtered out in the computation of the late-
rial variation. Profiles of the total conductivity field
including the LCZ are shown inFig. 2.

Vertical profiles of the top 300 km of the upper
mantle are shown inFig. 2 for horizontally averaged



288 A.P. van den Berg et al. / Physics of the Earth and Planetary Interiors 142 (2004) 283–295

Fig. 2. Vertical profiles of horizontally averaged values of temperature (a); thermal conductivity (b); and viscosity (c); for the same variable
conductivity model and integration times (plus initial time) ofFig. 1. Only the upper 10%, 300 km of the model are shown to bring out
the sharp variations in the top boundary layer.

temperature, conductivity and viscosity at different
model integration times. The geotherms ofFig. 2a
show a total cooling of about 500 K over the 4.25 Gyr
time window.Fig. 2bshows the sharp boundary layer

Fig. 3. Temperature (a and b); viscosity (c and d); and streamfunction (e and f); for the same integration timest = 0.9 × 109 yr and
t = 4.2 × 109 yr as in Fig. 1. Results are for a model with constant conductivityk0 = 4.7 Wm−1 K−1 and for the same Rayleigh number
Ra = 8 × 105 and initial value ofTCMB, approximately 3800 K as inFig. 1.

characteristics of theT, P dependent variable con-
ductivity, with a shallow low conductivity zone and a
strong conductivity variation near the cold boundary
similar but much sharper as compared to the vis-



A.P. van den Berg et al. / Physics of the Earth and Planetary Interiors 142 (2004) 283–295 289

cosity distribution shown inFig. 2c. The different
snapshots shown illustrate the increase of both the
conductivity and the viscosity fields during secular
cooling.

Next we turn to the case with constant thermal con-
ductivity. We have used the same effective Rayleigh
number for both the constant and variable conductiv-
ity cases, in order to make the comparison. This type
of comparison between variable and constant thermal
conductivity models has been described invan den
Berg et al. (2002). Fig. 3shows the snapshots of tem-
perature, the logarithmic viscosity and streamfunction
for a model with the same parameters as shown in
Fig. 1apart from the conductivity model which is con-
stant here, for the same time instants as inFig. 1.
We emphasize here the principal difference between
Figs. 1 and 3is the increased degree of cooling ap-
parent from framesFig. 3band corresponding higher
viscosityFig. 3d.

In Fig. 4 we show the time series of volumetrically
averaged temperature (Fig. 4a and b) and viscosity
(Fig. 4c and d), over a logarithmic time-scale. A com-

Fig. 4. Time series results for a model with variable conductivity
k(T, P) (solid lines), compared to a model with constant conduc-
tivity k0 (dashed lines). Volume averaged temperature (a and b);
and viscosity (c and d); are shown for two values of the thermal
viscosity contrast�ηT = 300 (a and c); and 3000 (b and d). The
surface Rayleigh numberRa = 8× 105, and the viscosity contrast
due to pressure�ηP = 100.

parison is made between variable conductivity models
plotted as solid curves and constant conductivity mod-
els shown as dotted lines. Two model classes are con-
sidered, which are different by an order of magnitude
in the temperature dependence of the viscosity, char-
acterized by the thermal viscosity contrast across the
layer depth, shown in the left and right hand column,
respectively. The temperature curves inFig. 4a and b
show clearly a delay in the secular cooling from 1 to
2 Gyr, for the variable conductivity models compared
to the corresponding constant conductivity cases. A
similar delay effect due to variable conductivity was
already observed for isoviscous models in(van den
Berg et al., 2002; van den Berg and Yuen, 2002). The
results shown here illustrate that this delay also is a ro-
bust phenomenon in models with variable temperature
and pressure dependent viscosity. The differences in
the cooling rate and internal temperature are reflected
in the curves for the volumetrically averaged effective
viscosity, resulting in consistently lower viscosity, up
to a factor of two, for the slower cooling variable con-
ductivity models.Fig. 5shows similar results as given

Fig. 5. Time series as inFig. 4 but with purely depth dependent
conductivityk(P) (solid lines), compared to a model with constant
conductivity k0 (dashed lines). Volume averaged temperature (a
and b); and viscosity (c and d); are shown for two values of the
thermal viscosity contrast�ηT = 300 (a and c); and 3000 (b and
d). The surface Rayleigh numberRa = 8× 105, and the viscosity
contrast due to pressure�ηP = 100.
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in Fig. 4for corresponding models with a purely depth
dependent conductivity model, obtained by substitu-
tion of the surface value for the temperature in the
conductivity expression (Eq. (4)). The results show a
negligable difference in the secular cooling behavior
and the corresponding viscosity evolution. This result
clearly illustrates the key role played by the temper-
ature dependence of the conductivity in reducing the
efficiency of convective heat transport and the overall
cooling rate, since pressure dependence alone does not
exert any visible effect. We can basically explain this
behavior by the faster thermal decay of cold down-
wellings due to the increased background temperature
of the shallow mantle in models with temperature de-
pendent conductivity(van den Berg et al., 2002), as
compared to the fully depth dependent case. The de-
caying thermal buoyancy mainly drives thermal con-

Fig. 6. Comparison of corresponding temperature snapshots between model cases with variable conductivity (as inFig. 1) (left hand
column) and constant conductivity (as inFig. 2) (right hand). The temperature scale has been reduced to emphasize the cold downwellings.
Integration time, increasing in the top down direction, is used in the individual frame labels.

vection in a ‘cooling from the top’ set up with adiabatic
bottom boundary and fixed temperature top surface, as
applied in our models. ComparingFigs. 4 and 5the re-
sults underscore strongly the inadequacy of applying
a purely depth dependent conductivity or a constant
viscosity model(DeLandro-Clarke and Jarvis, 1997)
in modelling accurately long term cooling behavior.

The impact on secular cooling of the variable con-
ductivity model and the depth dependent conductivity
model ofFigs. 4 and 5is further illustrated inFig. 6
in a number of corresponding temperature snapshots
for integration times covering a large portion of the
planetary history. The time labled in million years is
increasing from the top down. A prominent charac-
teristic of these results is the slower cooling of the
variable conductivity model shown in the left hand
column. The results for the depth dependent model
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Fig. 7. Cooling rates d〈T 〉/dt as a function fo time for different
temperature dependence of the viscosity�ηT = 300 (a and c); and
�ηT = 300 (b and d); for two different conductivity models: the
depth dependent conductivity modelk(P) (a and b); as inFig. 5
and the variablek(T, P) model (c and d) as inFig. 4.

show a consistently more pronounced cold down-
wellings. The longevity of cold temperature anomalies
which drive the convective flow is directly influenced
by the particular thermal conductivity model used.

Fig. 7 shows the time series of the secular cooling
rate for several conductvity models and for the same
two viscosity models as inFig. 4. The cooling rate has
been computed by central time differencing the time
series of the volume averaged mantle temperature fol-
lowed by a seven point symmetric boxcar moving av-
erage filter operation to remove the round-off noise
signal. The curves in the right hand column show faster
fluctions in time and higher values of the cooling rate,
inline with the lower viscosity values for these cases
with stronger temperature dependence of the viscosity.
As in Figs. 5 and 6results are compared between the
depth dependent conductivity modelk(P) Fig. 7a and
b and the variable conductivity modelk(T, P) Fig. 7c
and d. Both these cases are compared with the con-
stant conductivity casek0 (dashed curves). The con-
stant conductivity results show a cooling rate roughly
in the range 150,200 K per billion years with decreas-
ing values at times close to the age of the Earth.

Again, the depth-dependent conductivity models in
Fig. 7a and bshow similar values as the constant con-
ductivity models, very much in line with the closeness
of the temperature results shown inFig. 5. This situ-
ation is different for the variable conductivity models
in Fig. 7c and d, showing reduced cooling rates by
some 100 K per billion years early in the history and
decreasing difference with increasing model time. We
also note the opposite trend in the variable conductiv-
ity cases with cooling rate increasing with time com-
pared to the constant conductivity case which shows
weakly decreasing cooling rate with increasing time.
This effect reflects the negative feedback between tem-
perature and conductivity and its impact on both con-
ductive cooling through the cold and highly viscous
top boundary layer and convective cooling driven by
the more rapid diffused cold downwellings(Dubuffet
et al., 2000).

The effect of the initial temperature distribution on
the differences in secular cooling between different
models is shown inFig. 8 where the delay in secu-
lar cooling due to variable conductivity is compared
between models with different initial temperature
expressed by the approximate temperature of the adi-
abatic boundary at the core-mantle boundary.Fig. 8
shows that the cooling delay in variable conductivity
persists for hotter initial temperature distributions.

Fig. 8. Delay in secular cooling for variable conductivity models
with different initial temperature contast across the mantle�T . The
slower cooling top curve of each pair corresponds to the variable
conductivity case, the faster cooling one is for the corresponding
constant conductivity model.
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At model times around 4 Gyr differences in cooling
amount about 200–300 K, increasing with the initial
temperature. This shows that the results are robust
within the range of uncertainty of the initial temper-
ature at the CMB.

In Fig. 9 we compare the results for different
Rayleigh numbers. Time series are shown for the
surface heatflux (bottom), volume averaged temper-
ature (middle) and volume averaged viscosity (top),
using solid lines for variable conductivity models
and dashed lines for constant conductivity cases. The
high Rayleigh number models shown in the left hand
column cool faster, as shown by the higher surface
heatflux and faster decrease of the volume averaged
temperature. The cooling delay between variable and

Fig. 9. Influence of the surface Rayleigh number on the delay in secular cooling due to variable conductivity illustrated in time series of
surface heatflow (a and b); volume averaged temperature〈T 〉 (c and d); and volume averaged viscosity (e and f). The left hand column (a,
c and e) with higher Rayleigh numberRa = 2× 106 shows faster cooling compared to the lowerRa case (b, d and f) withRa = 8× 105.
The delay in secular cooling is slightly greater for the higherRa case.

constant conductivity models is slightly greater for
the highRa cases.

Fig. 10shows the same volume averaged tempera-
ture curves as displayed inFig. 9c and dtogether with
corresponding cooling curves obtained from a param-
eterized convection model (e.g.Schubert et al., 1979)
for the volume averaged convection model based on a
powerlaw relation between Nusselt and Rayleigh num-
ber with powerlaw exponentβ = 1/3, given by

d

dt
〈T(t)〉 = H(0)

C
exp

(−t

τ

)
− 〈k(t)〉

Ch2
(〈T(t)〉 − Ts)

1+β

×
[

ραgh3C

〈k(t)〉〈η(t)〉RaC

]β
(6)
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Fig. 10. Volume averaged temperature as a function of time for two values of the Rayleigh number. Comparison of 2D full convection
model results for variable conductivity (red curves labeledk(T, P)) and constant conductivity (green curves labeledk0). The blue curves
labeled〈k(t)〉 represent corresponding results of a parameterized convection model based for the volume average temperature using time
series of volume averaged conductivity〈k(t)〉 and viscosity〈η(t)〉 taken from the full convection model (blue curves labeled〈k(t)〉.

In the ODE(6) time dependent values of the volume
average values for the conductivity〈k(t)〉 and viscos-
ity 〈η(t)〉 were substituted, obtained from postprocess-
ing the fully 2D convection results. For both Rayleigh
number cases shown here, the parameterized convec-
tion model predicts a much too fast secular cooling,

Fig. 11. Comparison of parameterized convection results for different conductivity parameterizations. Red curves labeled〈k(t)〉 are for
a model using timedependent volume averaged conductivity taken from a corresponding full convection run with variable conductivity
k(T, P). Blue curves labeledk0 are for a model with constant conductivity. Notice the parameterized convection predicts a faster secular
cooling for the variable conductivity case, in contrast to the results for full 2D convection.

even faster than the constant conductivity case. Clearly
the parameterized convection results are off by up to
500 K in temperature and faster by more than 2 Gyr
in time than for variable thermal conductivity results.

Fig. 11shows the results of the parameterized con-
vection model using different parameterizations for
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the conductivity for the same two Rayleigh numbers
as inFigs. 9 and 10. The top curve in each frame is for
a model using constant conductivity and the bottom
curve is based on time dependent volume averaged
conductivity values obtained from postprocessing
the full convection model results. Both frames show
the variable conduction parameterized model to cool
faster than the corresponding constant conductivity
case. This is in direct contrast to the results obtained
from the fully 2D convection results.

4. Concluding remarks

Recently we(van den Berg et al., 2002; van den
Berg and Yuen, 2002)have found that the variable
thermal conductivity could delay secular cooling for a
constant viscosity model by around O(Ga). It is there-
fore vitally important to confirm these results within
an Earth model with variable viscosity. To delineate
the nonlinear interaction between variable viscosity
and conductivity we have employed a model with
a purely depth-dependent thermal conductivityk(P)

and variable viscosity and found that the retardation
effect with respect to the corresponding uniform con-
ductivity case is definitely absent. This means that
variable conductivity, vis a visk(T, P), provides the
necessary nonlinear feedback to the system, whereas
k(P) does not exert any feedback at all on the tem-
perature evolutionary equation (Eq. (3)). In this work
we have employed a viscosity which depends on both
temperature and depth or pressure (Eq. (5)). Varia-
tions in the temperature-dependent viscosity were set
at 3000, while there was a two-order of magnitude
of increase in the viscosity with depth(Mitrovica
and Forte, 2002). In all cases we have found that the
delayed cooling effect is retained in the presence of
variable viscosity. These results are further strength-
ened by our comparing the 2D solution with the 1D
solution obtained from parameterized convection. We
found that the parameterized convection model deliv-
ers the fastest cooling rate, with the variable thermal
conductivity and variable viscosity 2D solutions hav-
ing the slowest cooling rate. These results make our
previous findings much more robust and endow it
with greater geophysical relevance. However, there
remains a serious shortcoming in this model and this
has to do with the adiabatic thermal condition im-

posed at the core-mantle boundary. We must assess
this flaw by using a core-coupling model of the genre
proposed bySteinbach et al. (1993). We have already
begun to study these effects with such a core-coupling
model in which the temperature at the core-mantle
boundary evolves with time(Rainey et al., 2002).

What then are the implications of delayed secu-
lar cooling on mantle thermal evolution? First, the
influence of initial conditions(Solomatov, 2001)on
thermal evolution might be more important than has
been appreciated. Second, as shown in previous work
(van den Berg et al., 2002)variable conductivity mod-
els are characterized by a higher internal temperature,
compared to constant conductivity models, due to the
shallow low conductivity zone. As a result the lower
mantle today would be hotter with a variable thermal
conductivity model than with a constant conductivity
model. This would mean that an enriched radiogenic
layer in the abyssmal portion of the lower mantle
(Kellogg et al., 1999)would be more subject to par-
tial melting since the temperatures would lie close to
the solidus of lower mantle materials(Boehler, 2000).
Within the context of a thermal–chemical convection
model with mechanical heating, variable viscosity,
and constant thermal conductivity,Hansen and Yuen
(2000)have already pointed out to this aspect of deep
mantle enriched layers. Thus the variable conductiv-
ity model puts further constraints on the amount of
internal heating in enriched deep mantle layers.
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