
Chapter 27 

The thermal history of the Earth 

Man grows cold faster than the planet 
he inhabits. 

Albert Einstein 

Starting with Kelvin there have been many con
troversies and paradoxes associated with the evo
lution of the Earth. These are not faith-based 
controversies, in the ordinary sense; they are 
based on calculations and assumptions - which 
are a form of faith . Present-day heat flow is 
determined by the amount and distribution of 
radioactive elements, their secular decline with 
time, the delay between heat production and its 
appearance at the surface, secular cooling of the 
interior, and a variety of minor sources of heating 
which are usually overlooked. Chemical stratifica
tion of the mantle slows down the cooling of the 
Earth; the upward concentration of radioactive 
elements reduces the time between heat genera
tion and surface heat flow. The initial conditions 
of the Earth cannot be ignored; they have not 
been forgotten. 

Continents divert mantle heat to the ocean 
basins and, in addition, tend to move toward 
cold downwellings , thereby protecting their cold 
keels . Surface conditions - including the thick
ness of plates -and mantle viscosity control con
vective vigor and cooling history of the mantle. A 
global accounting of the heat lost fi·om the inte
rior by hydrothermal processes at the surface is 
a lingering issue. A chemically layered mantle 
with upward concentrations of the radioactive 
elements, shallow return flow, and a low-viscosity 
asthenosphere is the most plausible model of 

mantle dynamics . The migration of ridges and 
trenches is an important aspect of thermal his
tory and geodynamics. 

The heat budget of the Earth cannot be 
treated as an instantaneous one-dimensional 
heat-flow problem, or one that involves a homo
genous mantle with uniform and static boundary 
conditions. Both the radial and lateral structure 
of the Earth must be considered. Viscosity of 
the mantle is temperature, pressure, composi
tion, location and time-dependent. 

Magma oceans, plate tectonics, heat pipes 
and stagnant-lid convection have transferred heat 
out of the interior at various times. The cur
rent Earth approximates stagnant-lid conditions 
in one hemisphere and a lid that fully partic
ipates in internal convection in the other. On 
early Earth, the surface may have been cov
ered with thick accumulations of unsubductable 
basalt, penetrated by pipes of magma, as appears 
to be the case on Io. In such a scenario the rate 
of heat loss is regulated by the stress and density 
of the basalt pile as much as by the viscosity of 
the interior. The interior cools by depression of 
the cold surface layer and delamination, which 
displace hot material upwards. Even on today's 
planet, eruption and mantle cooling depend on 
the stress state of the overlying plate. 

Kelvin 

Lord Kelvin assumed that the Earth started as 
a molten ball and calculated that it cooled to 
its present condition by thermal conduction. 
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Kelvin's assumed initial conditions are probably 
close to being correct. The energetics of accre
tion, core formation, giant impacts and forma
tion of the Moon result in a hot, partially molten 
initial condition; gravitational stratification was 
unavoidable. Subsequent refinements of Kelvin's 
thermal history incorporated radioactivity and 
convection. The acceptance of convection and the 
rough equality between the heat output of chon
dri tic meteorites and early estimates of the total 
terrestrial heat flow led to the view that there is 
essentially a steady state in which heat produc
tion and heat loss are balanced. However, this 
violates the first law of thermodynamics; 
it also cannot be the case since radioactive heat
ing of necessity decreases with time. TI1e sec
ular cooling of the Earth - the Kelvin effect 
- is important but has often been neglected 
or dismissed in recent years. A perceived 'miss
ing energy source,' controversies about 'correc
tions' to observed surface heat flow, origin of 
komatiite, and various Archean paradoxes 
and catastrophes are prominent in current 
discussions. The fact that there are no thermal 
or heat flow anomalies associated with 
hotspots is a paradox for the plume hypothesis 
[mantleplumes]. Current convection and geo
chemical models assume uniform radioactivity 
throughout the mantle, or a depleted upper man
tle and a primordial or enriched lower mantle -
these also cannot be correct. 

Global heat-flow estimates range 
from 3 0 to 44 TW. Estimates of the radioac
tive contribution from the mantle, based on cos
mochemical considerations, vary from 19-31 TW. 
About 5-10 1W enters the mantle from the core. 
Thus , there is either a good balance between 
input and output, as once believed, or there is a 
serious missing heat-source problem, ranging up 
to a deficit of 25 TW. Attempts to solve the per
ceived deficit problem by invoking secular cool
ing, or deeply-hidden heat sources - stealth 
layers in the mantle - have run into prob
lems. some real, some perceived. Survival of 
ancient cratonic roots, komatiitic tempera
tures, an Archean heat flow catastrophe, 
overheating of the lower mantle, and helium 
heat flow paradoxes have been cited as 
potential problems. These concerns have replaced 

the chondritic coincidence that preoccupied geo
chemists when the first estimates of global heat 
flow came in, which suggested a steady-state 
Earth with an instantaneous balance of deep heat 
production with surface heat flow. 

Initial conditions 

A type of radial zone refining process accompa
nies the accretional process. TI1is sweats out the 
crustal and radioactive elements and keeps them 
near the surface and drains the dense metal
lic melts and refractory crystals toward the inte
rior. This chemical stratification, plus radioactive 
heating, stretches out the subsequent cooling of 
the mantle. Convection and the subduction part 
of plate tectonics accelerate the cooling but the 
surface and internal thermal-boundary layers are 
still conduction bottlenecks. In the limit of mul
tiple layers the Earth approaches the conduc
tion cooling condition calculated by Lord Kelvin. 
At the high pressures and temperatures in the 
deep interior both lattice conductivity and radia
tive conductivity may be much higher than in 
the shallow mantle, again making the mantle 
approach Kelvin's assumptions. Under some con
ditions the Earth can forget its initial thermal 
state but chemical stratification and redistribu
tion of radioactive elements cannot be forgotten. 
A chemically stratified mantle has a low effec
tive Rayleigh number; vigorous convection and 
chaotic mixing are not expected. 

In models of geodynamics and geochemistry 
that were popular in the last century, and are still 
in the textbooks, the lower mantle was assumed 
to have escaped accretional differentiation and to 
have retained primordial values of radioactivity 
and noble gases or even to have unde
tectable radioactively enriched layers. The crust 
was derived entirely from the upper mantle, 
making the latter extraordinarily depleted in 
the radioactive and volatile elements. However, 
mass balance calculations and the 40Ar content 
of the atmosphere show that most, if not 
all, of the mantle must have been pro
cessed and degassed in order to explain 
the concentrations of incompatible and volatile 
elements in the outer layers of the Earth. TI1e 



accretional zone-refining process results in an 
outer shell that contains most of the U, Th and 
K, at levels about three times chondritic (if the 
outer shell is equated with the volume of the 
present upper mantle), from which the proto
crust and basaltic reservoirs were formed. TI1e 
residual (current) upper mantle retains radioac
tive abundances greater than chondritic while 
the bulk of the mantle, including the lower 
mantle, is essentially barren. Previous chapters 
explored this possibility. The outer shells of Earth 
probably also contain, or contained, the bulk of 
the terrestrial inventory of noble gases. This is 
the reverse of the classical models and those used 
in convection simulations. 

In more recent models of geodynamics the 
entire mantle is assumed to have escaped chem
ical differentiation, except for crust extraction, 
and to convect as a unit, with material circulat
ing freely from top to bottom.TI1is is one-layer 
or whole mantle convection. Recycled 
material is quickly stirred back into the whole 
mantle. In these models, (1) chemical hetero
geneities are embedded in a depleted matrix, 
(2) the whole mantle is uniformly heterogenous 
and (3) the mantle is relatively cold and the hot 
thermal-boundary layer above the core plays an 
essential role in bringing heat to the surface. 
Convection is assumed to be an effective homog
enizer. An amendment to this idea is that there 
is a radioactive-rich layer deep in the mantle, 
but this is based on unlikely assumptions about 
upper-mantle radioactivity. Ancient radioactive
rich regions in the deep mantle (if they survive 
accretional differentiation) will overheat, over
turn and deliver their heat and heat-producing 
elements to the shallow mantle. 

Style of mantle convection 

TI1e deep mantle convects sluggishly because of 
the effects of pressure on thermal expansion, 
thermal conductivity and viscosity. Large grain 
size, high temperature and partitioning of iron 
may increase the ability of the lower mantle to 
transmit heat by conduction and radiation. The 
buoyancy flux of hotspots is often equated with 
the heat flux from the core but this heat may also 
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be conducted readily into the base of the mantle 
and become part of the general background flux 
of the mantle. In any case the heat flow from 
the core and the heat generation of a depleted 
lower mantle are minor compared to the heat 
generation, secular cooling and plate insulation 
effects, and lateral temperature gradients in the 
upper mantle. Plate tectonics, recycling and mag
matism are forms of convection but the active 
layer may not extend deep into the mantle where 
the effects of pressure , low-heat sources and more 
uniform thermal gradients suppress the impor
tance of convection. The plate tectonic style of 
convection and heat removal may not extend too 
far back in time. 

At upper-mantle conditions, viscosity, conduc
tivity and thermal expansion are strongly depen
dent on temperature. When this is so, mantle 
convective vigor adjusts itself to remove more 
heat as the temperature rises , unless the plates 
at the surface do not allow this. At high pressure, 
temperature is less effective in changing ther
mal and physical properties that depend on vol
ume and there is less negative feedback. Viscosity 
also depends on water content. Recycling serves 
to reintroduce water into the upper mantle, 
which promotes melting and a lowering of 
viscosity. 

One might think that a hotter Archean Earth 
convected more vigorously than the current man
tle. But if melt and volatile removal are more 
important than recycling then a hot dry early 
mantle may have convected more slowly than the 
current mantle. If so, present-day secular cool
ing can contribute to the observed heat flow 
with no Archean thermal catastrophe. TI1e 
ability of continents to divert heat to the ocean 
basins, and to move toward cold mantle, means 
that the stability of continental crust and man
tle does not imply the absence of secular cool
ing for the mantle as a whole. The mantle may 
have cooled more slowly during the Archean than 
now because of the combined roles of subduction 
depth, recycling and mantle viscosity on mantle 
heat loss. The fact that the core is still mostly 
molten and the upper mantle is still near or 
above the melting point implies a long drawn-out 
cooling process. This favors a chemically stratified 
mantle but also one with most of the radioactive 





plate-tectonic mode removes heat by plate tecton
ics (plate cooling at the surface and slab cool
ing in the interior). Io, a moon of Jupiter. may 
be an example where continuous volcanism. and 
the subsidence of the surface layer- the heat
pipe mechanism - rather than plate tecton
ics , is the mechanism for coping with the prodi
gious tidal heating. The current style of plate tec
tonics also involves massive recycling of water 
into the interior. This means that the melting 
point of the mantle is low and the viscosity is 
low, in spite of relatively low temperatures com
pared to the Archean. Magmatism is primarily 
restricted to plate boundaries and regions of ten
sile stress; the latent heats of crystallization con
tribute much less than the heat associated with 
cooling from high temperatures. This may not 
always have been the case. TI1e cooling rate and 
cooling mechanism of the mantle are unlikely to 
have been the same throughout time. 

The vigor of mantle convection does not 
depend only on mantle temperature and viscos
ity. Plates, slabs and continents affect the style of 
mantle convection. Plates dissipate energy by col
liding, bending, breaking and moving past each 
other and the underlying mantle. TI1e buoyancy 
that d rives convection can be dissipated in the 
plate system as well as in the mantle. Plates may 
actually regulate mantle convection and over-ride 
the buffering effect of mantle viscosity. Thick 
plates, and a jammed plate system, can allow the 
mantle to over-heat, compared to the viscosity
regulated effect. Thus , the arguments against 
high mantle temperatures in the past, the vis
cosities associated with such temperatures, the 
intuitive relationships between temperature and 
heat flow and the self-regulation of mantle tem
perature must be reconsidered [fate of fossil 
heat]. 

Chemically stratified mantle? 

We return once again to the possibility of a 
chemically stratified mantle. This pos
sibility has apparently been ruled out by some 
workers based on visual inspection of a few 
color tomographic cross-sections. One-layer or 
whole mantle convection is the current 
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reigning paradigm in mantle geochemistry and 
geodynamics. The various paradoxes that plague 
studies of mantle dynamics and geochemistry 
can be traced to the assumptions that underlie 
the models. In one class of models the mantle 
is divided into large reservoirs that can inter
change, and exchange or entrain material. TI1e 
deeper layers are highly radioactive and usually 
gas-rich. Slabs and plumes traverse the whole 
mantle, carrying the various components that 
are thought to characterize hotspot magmas. 
Ocean-island basalts (OIB) are assumed to come 
from the lower mantle , or the undegassed man
tle. The upper-mantle reservoir is called 'the 
convecting mantle,' implying that it is well 
stirred by vigorous convection and is therefore 
homogenous. 

Chemical stratification is the natural result 
of a planet growing in its own g ravity field. 
The effect of pressure on thermal properties 
makes this stratification irreversible on a large 
planet. TI1e standard models of mantle geo
chernistry and geodynamics, however, are quite 
different. The reasons are not hard to find; 
unphysical assumptions have been used to rule 
out the possibility of chemical stratifica
tion and irreversible differentiation. 
These include the Boussinesq approximation. 
assumption of a radioactive-rich lower mantle, 
assumed flat chemical interfaces between layers , 
and the assumption that the only plausible chem
ical boundary is the 650-km phase change. The 
textbook model of a depleted upper mantle, 
an undepleted, undegassed or primordial lower 
mantle , and a major isotopic boundary at 
650 lm1, is unsatisfactory on many counts but 
this has been used to argue against all stratified 
models. 

The Kelvin effect, revisited 

The production of heat by decay of radioactive 
elements and the secular cooling of the man
tle are the two main contributors to the present 
observed mean heat flux Qat the surface of the 
Earth. The first term is traditionally written as 
the Urey ratio, defined as the ratio between 
the heat production by radioactive elements and 
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the total heat loss of the mantle . Attempts to 
reconstruct the thermal history of the Earth 
from a geophysical point of view have, since the 
time of Lord Kelvin, been in apparent disagree
ment with geochemical and geological observa
tions. The geophysical approach uses simplified 
parameteri zed mode l s of ma n t l e coo l
ing, usually involving whole-mantle convection. 
Effects of time-dependence, sphericity, pressure, 
pla tes and continents are generally ignored. The 
rate of cooling in early Earth history obtained 
in these models is generally too rapid to allow 
a sufficient present-day secular cooling rate. 
Geochemical estimates of radioactive element 
concentrations in the mantle appear to be too 
low to explain the observed present mantle heat 
loss. With present estimates of radioactive heat 
production in the mantle, simple parameterized 
models of whole mantle convection lead to a cool
ing of the Earth at the beginning of its history 
that is too fast and they are unable to explain 
the present heat loss of the Earth. This is one of 
the heat flow paradoxes of geophysics and it is 
related to the age of the Earth paradox of Lord 
Kelvin's time. There are several paradoxes associ
ated with U, Th and K and their daughters such 
as heat, helium, lead and argon. 

The balance between internal heat produc
tion and efficiency of heat transfer for a mantle 
with a temperature-dependent viscosity is such 
that the system is not sensitive to the initial con
ditions and self-regulates at each time step. A 
local increase in heat production or temperature 
results in a lower viscosity and more vigorous 
convection that carries away the excess heat. 

Mantle convection may not be self-regulating. 
Cooling may be regulated by plate tectonics -
involving the sizes and stiffnesses of the plates 
and the distribution of continents- leading to a 
weak dependence of the heat flow on the man
tle viscosity and temperature. A hotter mantle 
results in a deeper onset of melting, more exten
sive melting, and a thicker buoyant crust and a 
dryer, stiffer lithosphere, which can reduce the 
total heat loss. Mantle viscosity and plate rhe
ology depend on water content as well as tem
perature. These effects may be more important 
than the lowering of mantle viscosity by high 

temperature; a hotter mantle can actually result 
in lower heat flow. 

It is common to assume the existence of a 
hidden mantle reservoir - a stealth or phan
tom reservoir - enriched in radiogenic elements 
and sequestered from global mantle circulation, 
to explain the present-day global heat budget. 
A deep, invisible undegassed mantle reservoir 
enriched in heat-producing elements has been 
the traditional explanation for the various heat 
flow and U-Pb- He paradoxes. But it is difficult to 
store heat-producing elements in the deep man
tle. It is more likely that heat flow is variable with 
time, that plate tectonics controls the cooling 
rate of the mantle, and that the depleted MORE
reservoir does not occupy the whole of the upper 
mantle. There are various missing element para
doxes in geochemical mass-balance calculations 
and there is good evidence that the deeper man
tle may be irreversibly stratified. But the inacces
sible regions are more likely to be refractory and 
depleted. It is the assumption that depleted mid
ocean ridge basalts and their depleted residues 
represent the entire upper mantle that is respon
sible for the idea that there are missing heat
producing elements. Recycled and delaminated 
crust, not currently at the Earth's surface, and 
ultra-enriched magmas, such as kimberlites , can 
readily make up the perceived He, Th and K 
deficits . 

Wrap up 

One-dimensional and homogenous mantle mod
els, or models with a downward increase in 
radioactive heating have dominated the attention 
of convection modelers . Paradoxes such as the 
Archean catastrophe, overheating of the lower 
mantle, persistence of cold continental keels and 
the missing heat-source 'problem' can be traced 
to these non-realistic assumptions and initial and 
boundary conditions. 

A variety of evidence indicates that high 
temperatures and efficient gravitational differ
entiation determined the initial conditions of 
the Earth. On an Earth-sized body the effects 
of accretional energy and high pressure in the 



interior make chemical segregation essentially 
irreversible. The outer parts of Earth contain 
most of the heat-producing elements and supply 
much of the secular-cooling part of the present 
heat flow. 

The major outstanding problems in the 
Earth's thermal budget and thermal history 
involve the role of hydrothermal circulation near 
the top, and the role of radiative transfer of heat 
near the bottom of the mantle. Convection mod
eling has not yet covered the parameter range 
that seems most pertinent from physical consid
erations and geophysical data. The largest fail
ings in this regard are the neglect of pressure 
effects on material properties, and the use of 
parameterized convection. What is needed is a 
thermodynamically self-consistent approach that 
includes the temperature, pressure and volume
dependence of physical properties, realistic ini
tial and boundary conditions, and the ability to 
handle melting. Modeling has focused on models 
that are do-able, and which are perceived by 
modelers to represent constraints from other 
fields. These include whole-mantle convection or 
layered convection models with mass transfer 
between layers, the persistence of large isolated 
mantle reservoirs, and the need for vigorous 
chaotic stirring. 
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The perceived mismatch between heat sources 
and surface heat flow and the assumption of a 
homogenous upper mantle and undepleted lower 
mantle have led to a series of complex propos
als regarding mantle overturns and depths of 
recycling. Continents affect the form of man
tle heat loss; continents drift so as to be over 
cold downwellings or near trenches . The stabil
ity of cratonic roots and the temperatures of 
komatiites do not constrain the thermal evolu
tion of ocean basins or the rate of mantle con
vection. Higher mantle temperatures may have 
led to more vigorous convection (the Tozer effect) 
but increased melting also removes volatiles and 
increases the viscosity and strength of the upper 
mantle-plate system. The Hadean and Archean 
mantle may have been capped by a thick buoyant 
unsubductable layer and may have been drier and 
higher viscosity than the current mantle. There 
appears to be no mismatch between observed 
heat flow and plausible sources of heating. 
Current radioactive heating is just part of the 
equation. There are many open questions and 
opportunities for new approaches and ideas are 
enormous. The uncertainties are large and we 
must not make the same mistake as Lord Kelvin, 
who was confident in his estimate of the age of 
the Earth. 


