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Abstract

Heat transfer across the core mantle boundary (CMB) is fundamentally important to Earth’s internal energy budget. But the
amount of heat entering the mantle from the core is poorly known. Classic arguments based on the dynamic topography over mantl
hotspots suggest a rather modest core contribution to the mantle energy budget, on the order of 5-10%. Recent geodynamic studie
however, favor significantly higher values to overcome problems of insufficient internal mantle heat generation, and to satisfy
constraints on the power requirements of the geodynamo and the thermal history of the core. Here, we use a high resolution mantl
dynamics model to show that the non-adiabatic mantle geotherm which arises from internal mantle heating has an important effect ir
lowering the excess temperature of hot upwelling plumes by systematically decreasing the temperature differential between plume
and ambient mantle from the CMB toward the surface. This non-adiabatic effect of internally heated mantle flow may explain the
unusually low plume excess temperatures inferred from the petrology of hotspot lavas, and implies current estimates of core hea
flux based on hotspot topography should be raised perhaps by a factor of three.
© 2005 Published by Elsevier B.V.

Keywords: Heat flux; Core mantle boundary; Non-adiabatic geotherm

1. Introduction than the adiabat due to internal radioactive heat produc-
tion: essentially as a volume element rises through the
1.1. Non-adiabaticity in the mantle geotherm mantle its temperature decreases in response to adiabatic

decompression. But at the same time its temperature in-
The average temperature increase through Earth’screases due to internal heat released from radioactive
crust and mantle is called the geotherm. Its basic form is decay, such that the net radial temperature change in in-
assumed to consist of adiabatic regions where tempera-ternally heated mantle flow is smaller than the adiabatic
tures rise only slightly with depth, and of narrow thermal gradient. Although there is considerable uncertainty, re-
boundary layers where temperatures increase rapidly cently published analytic and computational mantle con-
over a depth of a few hundred kilometddeanloz and  vection studies support the notion of non-adiabaticity in
Morris, 1986) In a noticeable paper, howevdganloz Earth’s mantle, and mostresearchers have concluded that
and Morris (1987)point out that the mantle geotherm the mantle geotherm away from thermal boundary layers
away from thermal boundary layers should be shallower may depart by as much as 500 K from the adiéBahge
et al., 2001; Matyska and Yuen, 2000; Sleep, 2003)
T+ Tel.- +49 89 2180 4225; fax: +49 89 2180 4205. We should have, of course, no expectation of an adi-
E-mail address: bunge@Imu.de (H.P. Bunge) abatic thermal gradient in a fluid heated from within
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(e.g.,Richter and McKenzie, 198Wwhere the assump- et al., 2001) There has been renewed attention lately to
tion of constant entropy is not valid. To estimate the the ratio of internal mantle heat generation relative to
non-adiabatic contribution to the mantle geotherm away the amount of heat that enters the mantle from the core.
from thermal boundary layers we follow a simple scal- Geochemical arguments favor internal heating due to ra-
ing argument(Sleep, 2003)Taking the heat equation, dioactive decay as the primary source in the mantle en-

we have: ergy budgefWasserburg et al., 1964} lassic arguments
9T based on the dynamic topography over hotspots also sug-
pC <8t +u- VT> = kV2T + pH (1) gestamodest core contribution to the mantle heat budget,

on the order of 5-10%Davies, 1988; Sleep, 199®Re-
whereT, u, t are temperature, velocity and time, respec- cent geodynamic studies instead favor higher values to
tively, p is the densityC and H are the specific heat overcome problems of insufficient internal mantle heat
and the internal heating rate per mass, aislthe ther- sourcegKellogg et al., 1999)and to satisfy constraints
mal conductivity. Outside of thermal boundary layers, onthe power requirement of the geodynai@tatzmaier
where thermal gradients are necessarily large, we mayand Roberts, 1995; Kuang and Bloxham, 1989 the
ignore the diffusive term asiitis relatively smallin Earth’s  thermal history of the cor¢Buffett, 2002; Nimmo et
mantle. Said differently, heat transport in the mantle is al., 2004) These studies receive further support from
accomplished primarily by advection, so that Ex).re- ab initio calculations, which permit alloying of iron and
duces to static heating by internal heat generation. Fol- potassium in the corfl_ee et al., 2004)although new
lowing a volume element through the mantle, we are left results from numerical and laboratory dynamos have

with: reappraised the power requirements of the geodynamo
DT H (Christensen and Tilgner, 2004)

- _ = 2

Dt C 2)

1.3. The excess temperature of mantle plumes
where O7/Dr is the total time derivative moving with the

volume element. For internally heated fluids all material Mantle non-adiabaticity might be detected directly
must cycle through the upper thermal boundary layer (the from the temperature difference of mantle plumes rela-
lithosphere in mantle convection) to loose its heat. This tjve to ambient mantle, the so-called excess temperature.
situation differs from purely bottom heated fluids, where |t has been recognized for quite some time that the excess
it suffices for material from the lower thermal bound- temperature in mantle p|umeS, inferred from petr0|ogic
ary layer to cycle through the upper thermal boundary stydies to range around 200—-30@®chilling, 1991) is
layer. We estimate the relevant time scale)(in Eq. low compared to independent estimates for a larger tem-
(2) from the geometry of plate tectonics. Taking the total perature change across the CNIR:anloz and Morris,
length of the oceanic spreading system as 65,000 km and1 986) If plumes originate from a thermal boundary layer
the average plate velocity as 5cm/year, some 3&fn gt the CMB, this difference is difficult to understand.
ocean floor is created each year. If we assume that slabs=grnetani (19973howed that a chemically dense layer
and the material entrained with them are 200 km thick, at the CMB helps to reduce the excess temperature of
admlttedly this is an uncertain Value, 600?(materia.| upwe”ing p|umes by effective|y buffering their temper-
of mass 2x 10*°kg enters the mantle (4 10°*kg) per  ature against the temperature of the core. The result sug-
year. At this rate the mantle cycles through the upper gests that chemical stratification across the CMB may
thermal boundary layer on a time sc&l@nantieOf order  govern the temperature of mantle plumes. We should,
2 billion years (Gyrs), which together with an assumed however, realize that relatively low plume excess temper-
internal heating ratéf of 10 '*Wkg™! and a mantle  atures are entirely expected for mantle convection with
heat capacity” of 1000 Jkg* K~ (Turcotte and Schu-  internal heat sources. We can understand why internal

bert, 2002)mplies a non-adiabatic compone® ) of heating should lower the excess temperature of plumes

order 500 K in the mantle geotherm. if we look at the different time scales that govern the
ascend of plumes relative to ambient mantle. While am-

1.2. Heat transfer across the core mantle boundary bient mantle cycles through the upper thermal boundary

layer over a time period tmante Of order 2 Gyrs, as we
The notion of significant mantle non-adiabaticity has saw before, plumes rise through the mantle on a shorter
implications for the amount of heat transferred across time scaleAfpumesgoverned by the mantle transit time
the core mantle boundary (CMB), because it influences of order 100 million years. Consequently non-adiabatic
the effective temperature drop across the C{@Binge effects due to internal heating are of minor importance
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in upwelling plumes and plume temperatures follow the Table 1
adiabat closely. The net result is that plumes start with a Model parameters
large excess temperature at the bottom of the mantle andParameter Value
that their excess temperature decreases systematicallyouter shell radius (km) 6370
from the CMB toward Earth’s surface. Inner shell radius (km) 3480

In this paper, we explicitly study the effect of in- ~ Numerical grid point resolution (surface) (km) 50
ternal heating on the excess temperature of hot plume ;'L(‘ijfgzael)g&‘)j point resolution (CMB) (km) 333
upwellings in mantle circulation models (MCMs) with 7 (cmB (for internally heated reference case) (<) 2800
mixed heating mode. We begin our study by introduc- Mmantle density (surface) (kgn?) 3500
ing three simple MCMs having 5, 15 and 45% of their Mantle density (CMB) (kg m) 5568
total surface heat flux, respectively, derived from core Coefficient of thermal expansion (surface) ¥ 4.011x 1“:
heating at the CMB. We present the bulk temperature Cefficient of thermal expansion (CMB) (%) 1256 107

SO O Upper mantle dynamic viscositym (Pas) 10 x 1072
distribution in these models compactly through the use | gwer mantle dynamic viscosity 49 num
of histograms. These histograms are 2-D contour plots Piate viscosity (upper 150 km of the mantle) 106)ym
of the total number of model grid points at any given Thermal conductivity (Wm* K1) 6.0
temperature and at any given mantle depth. We find that Internal heating rate (\[Vlkgl) 6.0x 1012
the temperature differential (the excess temperature) be-2eat capacity (Jkg' K™) 1134
ay (based omym) 108

tween model grid points at average temperature (ambient
mantle) and model grid points with a high temperature
(plumes) decreases systematically from the bottom of the
mantle upwards. The effect is particularly pronounced in (Lithgow-Bertelloni and Richards, 199&equentially
models with high core heat flux. We go further by directly as a surface velocity boundary condition where we scale
computing the excess temperature of hot upwellings rel- the RMS velocity of the plate motion history to match
ative to ambient mantle as a function of mantle depth. the (slower) RMS surface velocity from the convection
From this we find that the excess temperature drops by model. Put differently, the assimilated plate motion
as much as a factor of three from the CMB toward the history neither increases nor impedes flow in our model
surface. We conclude our paper with the speculation that calculation, and the model Peclet number remains un-
geodynamicists might have to raise their estimate of the changed. This sequential approach to data-assimilation
core heat loss based on hotspot topography perhaps by an mantle convection models has been described in detail
factor of three. before (Bunge et al., 2002)and should be compared
to more powerful data-assimilation methods based on a
variational techniquéBunge et al., 2003)

To minimize the effect of unknown initial conditions
we extend the data-assimilation back to pre-Mesozoic
times by cyclically repeating the plate motion record

2. Mantle circulation models

2.1. Model setup

Fig. la shows the near surface and interior tem-
peratures for a predominantly internally heated MCM
(Bunge et al., 1998)The model is obtained by solving
the usual mantle convection equatiof3arvis and
McKenzie, 1980)for compressible flow at infinite
Prandtl number (no inertial terms). Note that the viscos-
ity increases by a factor of 40 from the upper to the lower
mantle. The effect is known to have a strong influence
on the convective planforniBunge et al., 1996)But

through all Earth history. The vigor of mantle convection
is governed by the non-dimensional Rayleigh number
Raint (a buoyancy parameter) based on internal heating.
Raint for Earth is probably of the order of $@Turcotte
and Schubert, 2002{lowever, we choosRain; = 1G8in

our model due to computational limitations, i.e. we can-
not quite resolve the narrow thermal boundary layers in
global mantle convection models at Earthlike Rayleigh
numbers. We also include a modest 5% contribution of

viscosity remains constant otherwise. We also include a the total surface heat flux through bottom heating from
factor 100 viscosity increase through the lithosphere (the the core. Since one cannot simultaneously specify both
upper 150 km in our model) relative to the upper mantle. bottom heat flux and temperature, i.e. bottom heat flux
Our modeling parameters, which are similar to arecently is a model output for any given bottom temperature, we
published studyBunge et al., 2002)re listed inTable evaluated a large number of MCMs with core heat flux
1. We run the MCM for 4 Gyrs of Earth tim@unge et contributions ranging from zero (insulating) to 50%, and
al., 1997)until quasi-steady state is reached. We also as- retained the model with 5% core heating. Geodynami-
similate arecord of Mesozoic and Cenozoic plate motion cists regard this value as a lower bound for core heat flux,
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Fig. 1. (a) Temperature distribution for a predominantly internally heated reference mantle circulation model (see t&xgywit 0°. The view

is centered on the American hemisphere and continental outlines are drawn for orientation. The linear color scale is identical for all models an
ranges from 300 to 4000 K, where blue is cold and red is hot. The uppermost 100 km of the mantle is removed to show temperatures below tk
upper thermal boundary layer. An isosurface contours temperature values at 3500 K. Most of the mantle beneath the upper thermal boundary lay
reveals uniform temperatures and a lack of hot upwelling plumes. (b) Same as (a), except for the addition of 15% core heat flux resulting in
moderate number of hot upwellings near the mantle base. (c) Same as (a), except for the addition of 45% core flux. The isosurface in this figure
pinned to 4000 K and there is a large number of hot upwelling plumes from the lower thermal boundary layer. (d—f) Non-adiabatic geotherms (se
text) for cases (a—c). Superadiabaticity is concentrated into narrow thermal boundary layers near the top and bottom of the mantle. The geotherrr
subadiabatic in intervening regions. Mantle subadiabaticity is strongest (about 400 K) in the predominantly internally heated reference model (a
and decreases in the models (b) and (c) with higher core heat flux. The inset figure (g) shows the model adiabat for comparison, plotted on a sc:
of 0-3000 km depthxfaxis) and 0-4500 Kytaxis). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

based on the global buoyancy flux inferred for mantle geotherm to reveal the total non-adiabatic temperature

hotspotgDavies, 1988; Sleep, 1990) change with depth. Note that in between the strongly
superadiabatic upper and lower thermal boundary lay-

2.2. Non-adiabatic geotherms in internally heated ers, mantle temperatures drop subadiabatically by about

mantle circulation models 400K from the upper mantle to the CMBig. 1b and

¢ show two additional MCMs identical to the reference
Fig. 1d shows the MCM geotherm. We subtract the MCM in Fig. 1a, except that they include core heating
reference adiabat (see figure inset) from the model rates of 15 and 45%, respectively, of the total surface
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heat loss. These two models are representative for thedepth, i.e. we contour the total number of model grid

range of more strongly bottom heated MCMs that we

points at any given temperaturegxis) as a function of

performed (see above), and show the effect of higher mantle depthy-axis). The reference MCMHg. 2a) re-

core heat flux. Model geotherms for these two MCMs
are shown inFig. 1e and f. In the intermediate MCM
with 15% core heatingHig. 1e) there is a total suba-
diabatic temperature drop from the upper mantle to the
CMB of about 300K, while the model with 45% core
heating Fig. 1f) reveals mantle subadiabaticity of about
200K from the surface to the CMB, about half the value
of the reference MCM irfrig. 1d.

It is logical to ask whether hot upwelling plumes
reduce the mantle subadiabaticity in our MCMs with
stronger core heat flux. We address this questiéign2
Here, we plot histograms of MCM temperature versus
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veals a narrow temperature distribution throughout the
mantle. The contour plot shows a ridge where contour
lines are tightly spaced both in the upper and the lower
mantle. In other words, the temperature for the majority
of model grid points clusters around values from about
1500 K in the upper mantle to about 2300 K in the lower
mantle. There are also some model grid points where
temperatures are lower by about 500K relative to the
bulk of the mantle. This is evidenced by a tail of contour
lines to the left side of the ridge. The tail was noted in 2-
D mantle convection mode({¥anagisawa and Hamano,
1999) before. It is due to downwelling slabs (the cold
upper thermal boundary layer of the mantle). The tem-
perature reduction of about 500 K at these grid points is
comparable to the temperature drop across the cold upper
thermal boundary layer, as expected. Note that the his-
togram reveals nearly isothermal lower mantle tempera-
tures, i.e. the bulk of the model grid points shows nearly
constant temperature valuesgxis) as a function of
mantle depthy-axis). This agrees well with the reference
MCM geotherm Fig. 1d), where we saw strongly suba-
diabatic temperatures in the deepest mantle. The largest
depth variation in the contour plot occurs near the sur-
face. Here strongly superadiabatic temperatures charac-
terize the upper thermal boundary layer, as expected for
the predominantly internally heated flow in our model.
The temperature histogram for the MCM with 15%
core heatingKig. 2b) is similar to the reference MCM.
However, in this model a significant depthwise change

Fig. 2. (a) Contour plot of the bulk temperature distribution in the
reference mantle circulation model, where the total number of model
grid points at any given temperatunegxis) is contoured as a function

of mantle depthy-axis). There are five contour lines spaced evenly
at intervals of 17,440 model grid points, and starting from 3200 (the
outer bold contour line) to 90,400 model grid points (the center contour
line). The model temperature distribution is narrow and ridge like with

a tight spacing of contour lines both in the upper and the lower mantle,
and most model grid points cluster around temperature values ranging
from about 1500K in the upper to about about 2300K in the lower
mantle. There are also model grid points where temperatures are about
500 K lower than average, due to cold downwelling slabs (see text), as
evidenced by contour lines to the left side of the ridge. Beneath the cold
upper thermal boundary layer the contour plot reveals nearly isothermal
mantle temperatures. (b/c) Same as (a) for the models with 15 and 45%
core heating, respectively. Contour lines to the right side of the ridge
reflect model grid points with warmer than average temperatures due
to hot upwelling plumes. Note that the spacing of contour lines to the
right side of the ridge narrows systematically away from the CMB. The
effect is particularly pronounced in the model with high core heat flux
(c) and reflects a systematic reduction in plume excess temperature
relative to ambient mantle.



8

in the contour plot also occurs in the lowermost 200 km
of the mantle. The contour plot shows a temperature
rise by about 500K in this region. Strongly superadi-
abatic temperatures at the bottom of the mantle char-

acterize the lower thermal boundary layer, as expected

for partly bottom heated flow. There are also model grid
points in the lowermost mantle where temperatures are

higher by about 500K than average as evidenced by a

tail of contour lines to the right side of the ridge. The
tail is due to hot upwelling plumes. It is widest in the
lowermost mantle and narrows progressively toward the
surface.

We show the temperature histogram for the MCM
with 45% core heating iffrig. 2c. The stronger bottom
heating results in a stronger thermal boundary layer at
the CMB, as expected. More importantly, there is now
a wide tail of contour lines to the right side of the ridge
with warmer than average model grid points due to up-
welling plumes. The tail is broadest in the deepest mantle

and narrows toward the surface, as we saw before in the

model with 15% core heating. We understand this be-
havior in simple physical terms: plumes rise through the
mantle relatively fast, especially in MCMs with strong

core heating so that their radial temperature change is

nearly adiabatic. The radial temperature variation in am-
bient mantle, instead, is nearly isothermal due to inter-

nal heating as we noted before. Thus the temperature
difference (the excess temperature) between plumes and

ambient mantle narrows systematically from the bottom
toward the surface in our models.

2.3. Depth variation of plume excess temperatures

We quantify the plume-mantle temperature difference
(the excess temperature) explicitly fig. 3. Here, we

plot plume excess temperatures for the three MCMs as a

function of mantle depth. To keep things simple we first
compute ahot geotherm (Gp) by averaging at each ra-
dial level all model temperatures that lie 200 K and more
above the mean mantle geothei@y{). We then subtract
Gm from Gp. Recall that the excess temperature of man-
tle plumes at Earth’s surface is probably no more than
200 K, based on the petrology of hotspot lag&shilling,
1991) So, our criterion foG, reflects a physically plau-
sible choiceFig. 3a reveals that the excess temperature
Gn — G is nearly constant for our reference MCM with
5% core heating, reflecting the near absence of hot up-
welling plumes. For the intermediate MCM with 15%
core heatingfig. 3 shows thaGn — G, decreases by
about 100 K, with most of the change concentrated into
the lowermost 1000 km of the mantle. This observationis
in line with a visual inspection of the mantle temperature
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Plume Excess Temperatures
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Fig. 3. (a) Plume excess temperature (see text) for the predominantly
internally heated reference mantle circulation mo&éj (a) shown as

a function of mantle depth. The excess temperature is nearly constant,
owing to the near absence of hot mantle upwellings in this model. (b)
Same as (a) for the model with 15% core heating. Excess temperature
decreases by 125K, mostly in the lowermost 1000 km of the mantle.
(c) Same as (a) for the model with 45% core heating. Plume excess
temperature decreases systematically from 750K near the CMB to
250K near the surface. This is a three-fold reduction in plume excess
temperature over the mantle depth.

field (Fig. 1b), which reveals hot upwellings primarily
near the mantle base. The most dramatic reduction in
excess temperature occurs in the MCM with 45% core
heat flux Fig. 3c). Inthis caseGh — Gy, decreases from
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about 750 K near the CMB to about 250 K near the sur- mation of these results comes from recent analytic work
face. This represents a threefold drop in the plume excesswhich favors mantle subadiabaticity of comparable mag-

temperature over the mantle depth. nitude(Sleep, 2003)A systematic decrease of plume ex-
cess temperatures from about 750 K at the bottom of the
3. Discussion and conclusion mantle to about 250 K near Earth’s surface, as suggested

by our results, would go along with a threefold reduc-

Our calculations address a number of important re- tion of the apparent buoyancy flux carried by plumes
lated geodynamic problems. Geodynamicists have long through the mantle. The effect would help to bring the
noted that the petrologically inferred excess temperature higher heat flux considerations of the geodynamo in line
of order 200—300 K for mantle pluméSchilling, 1991) with the classic plume flux arguments based on dynamic
is much lower than geophysically plausible estimates for topography over mantle hotspots.
the temperature change across the CMB. The constraint The evidence from our calculations for a substantial
that the outer core temperature must exceed the meltingdepthwise increase in the excess temperature of plumes
point of the iron alloy comprising the core suggests a addresses, indirectly, two other problems in mantle
much larger temperature rise across the thermal bound-dynamics. First, there are now numerous tomographic
ary layer at the CMB of order 1000 (eanloz and Mor-  studies to show that slow seismic velocity anomalies
ris, 1986) The difference between these two estimates indicative of mantle plumes are particularly prominent
could be due in part to chemical stratification across D” in the lowermost mantléDziewonski, 1984; Grand et
(Farnetani, 1997)However, as far as we are aware our al., 1997; van der Hilst et al., 1997; Ritsema et al., 1999;
calculations show for the first time that low plume excess Boschi and Dziewonski, 1999Recently, these lower
temperatures are entirely expected for internally heated mantle plumes have been linked directly to higher heat
mantle flow. flux carried across the CMBRomanowicz and Gung,

There is another consideration. Recent simulations 2002) The notion of strong plume flux in the mantle
of the geodynamo favor substantial heat flux across theis supported further by novel tomographic modeling
CMB, on the order of 6—-10 TW, to maintain convective techniques which account for finite frequency effects
criticality (Glatzmaier and Roberts, 1995; Kuang and (Montelli et al., 2004)and reveal a variety of lower
Bloxham, 1997)Supporting independent evidence fora mantle plumes. Itis probably also related to independent
high core heat flux comes from thermal history studies evidence for ultra-low seismic velocities at the CMB
of the core which require substantial internal core heat (Garnero, 2000)Second, geochemical considerations
production to maintain plausible growth rates of the solid suggest that the current mantle heat loss substantially
inner corgBuffett, 2002; Nimmo et al., 2004%imilarly, exceeds the heat production rate from radioactive decay
there is evidence from recent ab initio calculations on (Davies, 1999) The mantle heat imbalance could be
the alloying behavior of iron and potassium under high closed if heat producing elements were concentrated
pressure conditions that permitthe presence of potassiuminto a dense basal layer in the lowermost mantle as
in the core(Lee et al., 2004)These arguments favor suggested recently biellogg et al. (1999) But a
substantial heat transfer across the CMB. As a result higher core heat flux would offer a viable and simple
some geodynamicists have argued for a higher core heatalternative.
flux (Labrosse, 2002) One shortcoming of our analysis is the somewhat ar-

The main argument for a relatively low heat flux bitrary use of a 200 K cutoff to select for plume tempera-
across the CMB, on the order of 2—-3 TW, comes from tures. The choice reflects the fact the excess temperature
buoyancy flux studies of mantle plumes constrained by of mantle plumes is not well known. We could have used
the magnitude of hotspot swel{avies, 1988; Sleep, another cutoff to define the hot geothet. But our
1990) While these studies have stood the test of time, basic observation for a systematic decrease in the plume
our calculations show that both lines of argument could excess temperaturéify. 3) would remain unchanged.
be reconciled. Our results suggest that estimates of theThe other main shortcoming of our models is the ab-
buoyancy flux carried by mantle plumes should account sence of horizontal viscosity variations due to thermal
explicity for the effects of mantle non-adiabaticity. We (or stress) variationgTackley, 1993) Apart from fur-
verified for a large number of model calculations, where ther facilitating the rise of hot upwelling material due to
we varied the amount of core heat flux from zero to 50% a local reduction in the viscosity of plumes it is not ob-
of the total surface heatloss, that mantle non-adiabaticity vious whether our main conclusions would be changed
of the order of 500 K is arobust feature of mantle convec- by modeling them. However, this question needs to be
tion with internal heating. Important independent confir- pursued in future studies.
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