
Chapter 26 

Terrestrial heat flow 

During the thirty-five years which 
have passed since I gave this 
wide-ranged estimate [of 20-400 
million years] experimental 
investigation has supplied much of the 
knowledge then wanting regarding 
the thermal properties of rocks to 
form a closer estimate of the time 
which has passed since the 
consolidation of the earth, we have 
now good reason for judging that it 
was more than 20,000,000 and less 
than 40,000,000 years ago, and 
probably much nearer 20 than 40. 

Lord Kelvin 

Heat losses 

The nature of the surface boundary condition 
of the mantle changes with time. Currently, the 
mantle has a conduct i on b oundary layer 
with a thickness that averages 100-200 km. The 
boundary layer is assumed to start out at zero 
thickness at volcanic ridges; it is pierced in places 
by volcanoes that deliver a small fraction of the 
Earth's heat to the surface via magma, and it 
may be invaded at greater depths by sills and 
dikes that affect the bathymetry and heat flow. 
Ridges also jump around, migrate or start on a 

pre-existing TBL. The cooling of the mantle is 
mainly accomplished by the cooling of the sur
face plates. In early Earth history a transient 
magma ocean allowed magmas to transfer their 
heat directly to the atmosphere. As buoyant mate
rial collected at the top, the partially molten inte
rior became isolated from the surface. Magma, 
however, could break through a possibly thick 
buoyant layer and create 'heat pipes' to carry 
magma and heat to the surface. Io, Venus and 
early Mars are objects that may utilize this mech
anism of heat transfer. It is also an alternative to 
plate tectonics on early Earth. The surface bound
ary condition in these cases can be viewed as 
a permeable plate. Intrusion affects the topog
raphy and heat flow, maldng these parameters 
non-unique functions of age. 

The Earth's interior is cooling off by a combi
nation of thermal conduction - and intrusion -
through the surface boundary layer and the deliv
ery of cold material to the interior by slabs, a 
form of advection. An unknown amount of heat 
is transferred to the surface by hydrothermal 
circulation. The delamination of the bottom of 
over-thickened crust also cools off the underly
ing mantle. The heat generated in the interior 
of the Earth, integrated over some delay time, is 
transferred to the surface conduction boundary 
layer by a combination of solid-state convection, 
fluid flow, radiation and conduction. The con
ducted heat through the surface TBL (there may 
be deeper ones as well) can be decomposed into 
a steady-state (or declining) background term, a 
transient term, and a crustal contribution. In 
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the continents, heat flow is often plotted as a 
function of age (Figure 26.1) or the time since 
the last tectonic or igneous event and the long
term asymptotic value is taken to be the back
ground heat flow. The transient effect has a 
time constant of more than 200 Myr and this is 
stretched out further by erosion, which strips off 
the radioactive-rich outer layers. In some compi
lations, the transient effect is discounted in esti
mating continental and global heat flow. Crustal 
radioactivity is a major contributor to continen
tal heat flow and lateral variations in this heat 
flow. 

In the ocean basins the main contribution to 
the observed heat flow is the transient effect, 
the formation of the oceanic crust itself. Theo
retically, heat flow should die off as the square
root of age but it is nearly constant after the ini
tial transient (see Figure 26.1). The background 
oceanic heat flow is nearly the same as under con
tinents , perhaps slightly larger. There is lit
t l e evidence t h a t ho t spot s or swel l s 
are associated with h igh h ea t flow. In 
con trast to predictions from the plate and cool
ing half-space models there is little correlation 
of heat flow with age or depth (Figure 26.2) . Mea
sured heat flow is not a unique function of age . 
This indicates that the mantle is not isothermal 
(characterized by a single p otential temper
ature) or homogenous (in composition and ther
mal properties). 
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Global heat flow data 
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Measured heat flow and cumulative heat flow as a 

function of age. If the shallow mantle is at the melting point, 

or if there are fertile blobs in the mantle with low melting 

points, then intrusion by dikes and sills may modify the heat 

flow. T he top panel shows heat flow vs age with one-standard 

deviations (Stein and Stein , 1994). [constra int s on 

h ydr othermal heat flux ] 

The cold outer shell of the Earth is not simply 
a cooling boundary layer of uniform composition 
and conductivity, losing heat by conduction 
alone. Ocean bathymetry is more uniquely a func
tion of square-root age, suggesting that some 
process affects the near-surface thermal gradient 
without affecting the integrated density of the 
outer layers. 

Global heat flow 
Global heatflow compilat i on s are read
ily available (www.heatflow.und.edu) (http:// 
www.geo.lsa.umich.edu/IHFCjheatflow.html). 

The total heat flow through the surface of 
the Earth from the interior, based on measured 
heat flow, is about 30 TW. Various corrections 
and adjustments are made to the data and some 
workers think the adjusted total heat flow may be 
closer to 44 TW but this is based on assumptions. 



Table 26.1 I Summary of heat flow observa
tions 

Input 

Potential energy contributions 
Mantle differentiation and contraction 
Heat from core 

Core different iation 
Conduction down ad iabat 
Inner core growth 

Earthquakes 
T idal fr iction 
Current rad iogenic (BSE) 
Delayed radiogenic ( 1-2 Gyr) 
Secular cool ing (50-80 K!Gyr) 
Total 

Radiogenic + other 

Output 

Global heatflow (observed) 
Cool ing plate model (theoretical) 
Regions of excess magmatism 

1W 

3 
8 
1.2 
6 
0.5 
2 
I 
28 
5- 15 
9- 14 
42- 57 
56-7 1 

30-32 
44 
2.4- 3.5 

About 28 TW are generated by radioactive decay 
in the interior. There are about 10 TW of non
radiogenic heat sources such as cooling and 
differentiation of the core, contraction of the 
mantle , tidal friction and so on. On a convecting 
planet one expects temporal variations in heat 
flow of at least 10%. The secular cooling of the 
Earth contributes somewhere between 30-60% of 
the measured heat flow. Thus , there is either a 
good match between heat production and heat 
flow, or there is a deficit or a surplus of heat. 
Some workers have declared an energy crisis , or 
a missing heat-source problem. TI1is crisis is simi
lar to the crisis precipitated by Lord Ke l v i n and 
h i s age of t h e Earth . 

A summary of the energy inputs and outputs 
of the mantle and core are given in Table 26.1. 
The total radiogenic and secular cooling amounts 
to 42-57 TW, while the current radiogenic pro
duction is only 28 TW. The observed conducted 
heat flow loss is 30-32 TW. Of this, about 2.4-3 .5 
TW is from the vicinity of hotspots. An unlmown 
amount of heat loss is due to hydrothermal cir
culation. A generous allowance for this brings 
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the heat loss through the surface to 44 TW 
[ma ntl e plumes heat fl ow]. 

TI1e local heat flow from the interior is esti
mated by drilling holes and measuring tem
perature gradients and thermal conductivity. 
Clearly, the surface of the Earth is not densely 
or uniformly covered by such holes . TI1e most 
straightforward way of estimating the global ter
restrial heat flow is simply to average the data in 
an appropriate way. A spherical harmonic expan
sion of heat flow data smooths it, and serves as 
an interpolation scheme; however, it is not nec
essarily appropriate for heat flow, tomography, 
bathymetry or other functions that are not poten
tial functions. Data can be binned (by region, 
age, tectonomagmatic age and so on) to minimize 
the uneven spatial distributions of the measure
ments. In practice, averages are calculated in var
ious tectonic provinces since the global dataset 
is not uniformly dense. Various 'corrections ' are 
applied to the raw data so that estimates of 
global power are model dependent. Examples 
of these corrections are: replacing oceanic mea
surements with predictions from a theoretical 
cooling model, adding in an arbitrary or the
oretical amount of hydrothermal heat flow -
which is well known only near ridges, remov
ing transient effects from tectonic or magmatic 
events, and eliminating data from areas thought 
to be affected by hotspots. Some workers argue 
that it is preferabl e to base s u rface h eat 
f low a n alys i s not only on the exten
sive measuremen ts but also on processes that 
are thought to bias the measurements . This 
has become a contentious issue. Global h eat 
f l ow ma p s show a strong age dependency that 
is lacking in the data ; this is a result of the 
correction. 

The dramatic effects of hydrothermal circu
lation on surface heat flux have been exten
sively documented on young ( < 20 My) seafloor 
but theory and data are lacldng for old seafloor. 
The magnitude of the assumed hydrothermal 
correction to measured values of heat flow is 
essentially the same as the so-called missing heat 
source. 

Con tin e n t al and ocean ic heat flow 
data are treated differently. The secular decay of 
the heat flow in continents is often considered 
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to be noise (erosion, tectonomagmatic heating) 
while it is the main signal in oceanic areas 
(the plate creation process itself). Histograms 
of heat flow data are far from Gaussian (Fig
ure 26.3) so median values are often tabulated. 
The uncorrected continental and oceanic heat 
flow histograms have similar means and medi
ans. Nevertheless, the mean heat flux through 
the seafloor may be substantially higher than 
that through continents. It may be just coin
cidental that the most frequent values and 
means of the two datasets are so close to each 
other. 

The non-uniform spatial distributions of both 
continental and oceanic data are partly the 
result of an emphasis on geothermally active and 
other anomalous areas, and sedimentary basins. 
The continental histogram is more peaked than 
the oceanic one. This is expected if vigorous 
hydrothermal circulation occurs on the seafloor. 

120 

Number 
4405 

140 

Continental heat 

Histogram comparisons can be misleading. Data 
are often edited to eliminate unusual environ
ments, or to force agreement with some the
oretical expectation. This is quite common in 
geochemistry; the impressive chemical unifor
mity of MORB is partially the result of avoiding 
anomalous areas, and removing data thought to 
be influenced by plumes. Oceanic heat flow and 
bathymetry is likewise biased by ignoring or elim
inating data thought to be influenced by hotspots. 
Unbiased sampling of a heterogenous population 
requires that sampling be as uniform as possi
ble in order that statistics can be done. One can
not test a hypothesis if a hypothesis was used 
to select and prune the data. Means and stan
dard deviations have no meaning if a hypothesis
dependent filtering of the data has taken place 
prior to the application of the statistics. In spite 
of data processing and data selection, regions 
that have been designated as hotspots appear not 
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to have anomalous heat flow or to exhibit anoma
lous subsidence [mantleplumes]. 

The various components of the global heat 
flow budget are given in Table 26.1. [heat flow 
histograms seismic tomography] 

Heat loss th rough continents 
The mean heat flow from continents is 
about 80 mWfm2

. The median value is closer to 
60 mWfm2

. About half the heat flow through 
continents is from the mantle. Continental crust 
produces about 0.6-1.2 mWfm3 of heat and this 
accounts for 5.8- 8 TW of the global heat flow. 
The continental heat flow that is attributed to 
the crust itself is 32-40 mWfm2 • Continents affect 
the style of mantle convection and, in fact, influ
ence the rate at which heat is lost from the man
tle. The thermal history of the Earth must take 
into account the properties of continents and 
plates and the fact that the surface boundary con
dition is not uniform or constant. 

Heat loss t hrough oceans 
The estimated mean oceanic heat flux includ
ing the unmeasured hydrothermal flux is about 50% 
larger than the mean continental heat flux. 
There is a large difference between the average 
(118 mW/m2

) and the median (65 mW/m2 ) value 
for the heat flux from the ocean floor. In order to 
get the total heat flux the data must be averaged 
by age and by area of the seafloor. These weighted 
estimates give about 62 mWfm2 for the aver
age. About half of this is a transient effect from 
the plate-forming process and half is the back
ground flux from the mantle. Measured oceanic 
heat flow varies from about 300- 25 mWfm2 with 
45-55 mWfm2 being a representative range 
through old oceanic crust. The theoretical value 
for half-space cooling gives 100 mWfm2 but this 
is sensitive to values adopted for thermal conduc
tivity of the mantle and crust. 

Circulating hot water in the dike injection 
zone of midocean ridges removes heat. Near-axis 
hydrothermal cooling accounts for about 1 TW of 
the global heat flux. The extent of hydrothermal 
cooling due to off-axis circulation of cold water 
is usually taken as the difference between the 
predictions of the plate-cooling model and the 
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Histograms of heat flow observations. 

observed conducted heat flow but there is no the
oretical basis for this. 

Deep, wide oceanic basins are the only regions 
of old seafloor where depth represents ther
mal isostasy. When the depths of these 
basins are corrected for sediments and crustal 
thickness, a ll the heat-flow data fall at greater 
depths than predicted by the 'plate' cooling 
model and there is no relation between 
heat flow and age. The heat flow data and 
topography favor discrete or stochastic reheat
ing events. This reheating could be due to intru
sions rath er than basal heating. Continental 
and oceanic heat flow values are compared in 
Figure 26.4. 

Expected background variations in 
heat flow 

The boundary layer and plate models attribute 
all variations in bathymetry and heat flow to 
conductive cooling as a function of time. How
ever, mantle convection and plate tectonics could 
not exist and are inconsistent with an isother
mal mantle. Lateral temperature variations of the 
mantle below the plate of at least 200 ac are 
expected. For a 100 km thick TBL this implies 
heat-flow variations of about 15% superposed 
on normal cooling curves. Stochastic intrusions 
of dikes into the plate also introduce scatter 
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into heat-flow measurements. These effects all 
change the conducted heat-flow and imply that 
one should not replace the measurements with a 
theoretical cooling curve in order to estimate the 
total heat loss of the mantle. Variations in perme
ability at the top of the plate cause variations 
in the hydrothermal component of heat flow. 
This component of heat flow must be allowed for 
separately. The important conclusion for present 
purposes is that there are uncertainties and tem
poral changes in surface heat flux that must be 
considered before one declares an 'energy' crisis . 
Even if there is a mismatch between time aver
aged heat flow and the energy sources in the inte
rior, the location of the missing energy source, if 
there is one, cannot be determined hom heat
flow data. 

Heat sources 

Radioactivity 
All estimates of terrestrial abundances of the 
heat-producing elements depend, one way or 
another, on meteorite compositions. Carbona
ceous chondrites are the usual choice of building 
material but enstatite achondrites and meteorite 
mixes are also used. In detail, the Earth is 
unlikely to match any given class of meteorite 
since it condensed and accreted over a range of 
temperature from a range of starting materials . 
The refractory elements are likely to occur in 
the Earth in cosmic ratios but there is evidence 
that the volatile elements are depleted. The large 
metallic core indicates that the Earth, as a whole, 
is a differentiated and chemically reduced body, 
although at least the crust and the outer shells 
of the mantle are oxidized. Enstatite achondrites 
(EH) match the Earth in the amount of reduced 
iron (oxidation state) and in oxygen isotopic com
position and have been used to estimate terres
trial abundances. Since the terrestrial planets are 
mainly oxygen, by volume, this is a non-trivial 
consideration. The U and Th concentrations in 
various meteorite classes are given in Table 26.3, 
both for the bulk meteorites and calculated on a 
volatile and iron-hee basic, to approximate man
tle or ESE concentrations. 

Table 26.2 I Distribution of radioactive 
heating 

Continental crust 
Continental lithosphere 
Oceanic crust 
Upper 4 I 0 km if made of 

N MORB 
Peridotites 

oceanic 
continental 

Upper 650 km if made of 
Pacific MO RB or eclogite 
Oceanic peridotites 
Continental peridotit es 
Picrite 
Plausible range 
Depleted MORB 

Crust+l ithosphere+ upper 650-km 
Upper I 000-km if it has all 

the U, Th, K minus crust 
Upper I 000 km if heat generation 

is 12.5 fW/g 
Lower mantle 

Composition of Earth 

TW 

5.8-8.7 

13.4 

4.6 
2.1 
9.2 

28 
4 

18 
6 

10- 22 
1-2 

18-30 

12-24 
2 1 

3- 14 

Estimates of the U, Th and K contents of the bulk 
silicate earth (BSE) are given in Table 26.2 . 

The trickiest element to estimate is K since it 
is not refractory. Estimates of the K content of 
BSE range from 151-258 ppm (chondrites fall in 
the 200-550 ppm range, EH are 840 ppm). On a 
H-, C-. S- and Fe-free basis meteorites range hom 
490-1315 ppm (Table 26.3). From 40 Ar abundances 
in the atmosphere the minimum Kin the Earth 
is inferred to be 116 ppm. If the degassing effi
ciency of the mantle is comparable to the hac
tionation efficiency of LIL into the crust then the 
K content of BSE may be about 230 to 350 ppm. 
Most of the K. U and Th may be in the outer 
shells of Earth - crust, recycling crust, shallow 
mantle, ldmberlites and the MORE-source region. 
The original processes of accretion and differenti
ation, and the ongoing processes of recycling and 
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Table 26.3 I Radioactive elements in meteorites 

Meteorite Class 

Cl CM CV CO H L LL EH EL 

Radioactivities in whole meteorite 
K ppt (%o) 550 370 360 360 780 920 880 

47 
15 

840 
30 

9.2 

700 
38 

7 
Th ppb 29 41 58 80 38 42 
u ppb 8 12 17 18 13 15 

Radioactivit ies in volat ile-free sil icate port ion 
K ppt (%o) 775 5 I I 490 498 I I 02 I 2 1 I I 128 13 15 

47 
14 

97 1 
53 
10 

Th ppb 4 1 57 79 I I I 54 55 60 
u ppb I I I 7 23 25 I 8 20 I 9 

slab dehydration, result in strong upward concen
trations of the radioactive elements. 

Potassium is a minor contributor to present
day heat flow. However, in early Earth history, 
K and U would have been the major long-lived 
radioactive heat sources. Estimates of average 
bulk silicate Earth (BSE) abundances (mantle plus 
crust) are given in Table 26.2, along with their 
heat productivities. Estimates for the heating 
potential of BSE range from 12.7-31 TW. Most 
analyses give values between 17.6 and 20.4 TW. 
These are present-day instantaneous values. Heat 
conducted through the surface was generated 
some time ago, when the radioactive abundances 
were higher, so these are lower bounds on 
the contribution of radioactive elements to the 
present-day surface heat flow, assuming that the 
estimates of U, Th and K are realistic. The allow
able variation in U and Th contents of the man
tle is a large fraction of the so-called discrepancy 
between production and heatflow. Production of 
heat can be much larger if potassium contents 
have been underestimated. Because of the short 
half-life of 40K, most of the 40 Ar in the atmo
sphere would have been generated in early Earth 
history. Efficient degassing in early Earth history 
may explain, in part, the large fraction of the ter
restrial 40 Ar that is in the atmosphere , compared 
to the reluctance of 4 He to leave the mantle today 
(the helium-heatflow paradox). Different solubil
ities of He and Ar in mantle materials may also 
be involved. 

The amount of radioactivity in the crust 
must be subtracted out in order to obtain man
tle abundances and heat productivities. Using 
8 TW as the best estimate of crustal productiv
ity gives 9.6-12.4 TW as the mantle heat flow 
from radioactivity, or 18.8-24 mWfm 2

. These can 
be compared with the basal heat-flow estimates 
(25-39 mWfm 2 ). Delayed heat flow and other 
sources of mantle heating may need to con
tribute up to about 20 mWfm 2

, more than half of 
the mantle heat flow. Heat from the core (about 
9 TW), solid Earth tides (1-2 TW) and thermal 
contraction (2 TW) are non-radiogenic sources 
that may add 12 TW to the mantle heat flow, 
about the same as the current (non-delayed) man
tle radiogenic contribution. The radiogenic con
tribution can be increased by about 25% if it takes 
1 Gyr to reach the base of the lithosphere. On top 
of all this is secular cooling of the mantle . In a 
chemically stratified mantle, the outer layers cool 
much faster than the deeper layers. If cooling is 
confined to the upper 1000 km (Bullen's Region 
B and C) a temperature drop of 50 oc in a bil
lion years corresponds to a heat flow of 3 TW. 
Cooling ra tes of twice this value have been sug
gested. Thus, there appears to be no need for any 
exotic heat sources or hidden sources of radioac
tivity in the mantle. This conclusion is indepen
dent of the uncertain contribution of hydrother
mal circulation to the surface heat flow. There 
are implications, however, for the temperatures 
of Archean - and older- mantle and the style of 
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convection, and the mechanisms of heat removal; 
the present styles of mantle convection and plate 
tectonics were unlikely to have been operating. 

Distribution of radioactive elements 

There is a strong decrease in the concentrations 
of the radioactive elements as one goes from 
the upper crust to the lower crust to the upper 
mantle. Accretion and early differentiation prob
ably swept most of the radioactivities toward the 
surface. Present recycling involves dehydration 
at depths of the order of 200-300 km, which 
removes incompatible elements from the slab 
and places them in the mantle wedge above the 
slab. The residual slab carries LIL-poor material to 
greater depths. A vigorously stirred mantle would 
tend to be homogenous. In a layered mantle with 
dehydration, fluid migration and partial melting 
we expect the processes of fractionation, gravi
tational separation and differentiation to dom
inate over processes of convective homogeniza
tion, except where melts are co-mingled prior to 
eruption. Plates, continents , downward increase 
of viscosity, phase changes, non-Newtonian rhe
ology and chemical stratification all serve to 
decrease the vigor of convection and to prevent 
efficient homogenization. The net effect could be 
a rapid, or exponential, decrease of K, U and Th 
content with depth, rather than the completely 
homogeneized and depleted upper mantle and a 
U-rich lower mantle, as in current geochemical 
models. 

Continental crust 

Estimates of the U and Th concentrations of 
continental crust range from 0.9-1.3 ppm and 
3.5-9.0 ppm, respectively (Rudnick and Fountain, 
1995). Estimates of the K2 0 content show a simi
lar range, 1.1-2.4 wt.% . The inferred heat produc
tions and heatflows range from 0.58-1.31 mWfm3 

and 23-52 mW/m2
. The large range reflects, in 

par t, uncertainty in the composition of the lower 
crust. More than 30% of the most incompatible 
elements in BSE are in the continental crust. 
This is a measure of the differentiation efficiency 

of the Earth. The continental crust contributes 
5.8-8.0 TW to the total energy budget of the 
Earth. 

The estimates of radioactivity in the conti
nental crust are incompatible with geochemi
cal models that attribute its origin to extrac
tion from a chondri tic or primitive upper mantle, 
leaving behind an undifferentiated lower mantle. 
There is not enough material in the upper man
tle portion of undifferentiated mantle to provide 
the concentrations inferred for the more incom
patible elements. One-hundred-percent efficient 
extraction, and absence of recycling replenish
ment, is unlikely. It appears that the portion of 
the mantle from which the crust was extracted 
was already enriched in the LIL, most likely as 
a result of a radial zone-refining process concur
rent with accretion. A corollary is that crustal 
extraction did not have to approach 100% effi
ciency, and that there is still U, Th and K in 
the upper mantle. The deep mantle may have 
little heat-production capability; it may be bar
ren or sterile. If indeed most of the radioactive 
heating in the mantle is shallow then there will 
be a smaller lag between heat production and 
heat flow and the bulk of the slab cooling effect 
will be in the region of main heat production. 
Some of the arguments against layered convec
tion assume that the lower mantle is U-rich and 
will therefore overheat. The core would also lose 
heat less efficiently in this kind oflayered model, 
which may pose problems for the growth of the 
inner core and maintenance of the dynamo. 

Continental lithosphere 

Based on xenolith studies, the continental litho
sphere (CL) may have radioactivities as high as 
10% of the level of average crustal rocks. The 
CL may contribute half or more of the heat 
flow in older or low-heatflow continental ter
rains . Peridotitic xenoliths represent only part of 
the subcrustal mantle, possibly the most depleted 
part. Large parts of the Archean cratonic 
lithosphere appear to be enriched in 
u and Th. About 15 mW/m2 of heat is gener
ated in the continental keel (Vitorello and Pol
lack, 1980). This requires radioactivities about 



five times higher than measured in depleted peri
dotites. 

The shallow mantle is a sink ofsubducted sed
iments, slab-derived fluids , altered ocean crust 
and serpentinized peridotites and may con
tain trapped small-degree melts, kimberlites and 
metasomatic fluids. If so. it is a non-negligible 
heat source and, because of its large volume, 
may have an integrated productivity compara
ble to the continental crust. Even if the conti
nental crust has achieved a steady state between 
construction and destruction, there is a certain 
amount of radioactive-rich crustal material circu
lating in the mantle. 

Mantle components 

Mantle melts are buoyant compared to resid
ual solids, at least in the shallow mantle, and 
frozen melts (basalts) are buoyant until they con
vert to eclogite at about 50 km. These materi
als strip radioactivity out of the source man
tle and deliver it to shallow depths where they 
pond, underplate, intrude or erupt. The erosion 
of continents puts radioactive-rich material into 
seawater and onto the ocean floor where some 
gets recycled into the mantle. Some of this gets 
returned quickly to island arc and back-arc vol
canoes but some remains in the shallow mantle 
as an enriched component. Delaminated conti
nental crust also recycles into the mantle . Never
theless, most estim.ates of the composition of the 
shallow mantle adopt the most depleted basalts 
erupted along the midocean-ridge system and 
assume that these, along with residual peridotite 
having little or no radioactivity, are character
istic of the entire mantle above the 650 km 
phase change. Many mantle peridotites have U 
and Th contents comparable to depleted basalts 
and this alone can raise estimates of upper man
tle radioactivity by a factor of ten. 

Basalts found along the global ridge system 
have radioactivities that vary by more than an 
order of magnitude. Kimberlites, carbonatites 
and alkalic basalts extend the range of upper 
mantle materials even further. Peridotites also 
have a large range of compositions. It is con
ventional to adopt the most depleted of these 
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m aterials as representative of the upper mantle; 
this is ad hoc. An alternative approach is to mix 
terrestrial materials together in proportions that 
satisfY ch ondritic or cosmic ratios of the refrac
tory elem ents. 

Upper mantle 

If the total heat productivity of the Earth is 19-
31 1W then the upper mantle share, if uniformly 
distributed, is 5-10 1W. If the crustal inventory 
of 8-9 1W was derived only from the upper nl.an
tle then the UM would be barren indeed . There 
is little room for recycled sediments and crust 
or metasomatic fluids. However, this is only a 
model. Detailed mass-balance calculations and 
th e amount of 40 A.r in the atmosphere suggests 
that most or all of the mantle must have con
tributed to the LIL inventory of the crust and UM. 
This indicates an efficient differentiation and 
melt extraction process. However, inefficient melt 
extraction and recycling keep the u pper mantle 
from being completely barren. If the LIL were 
concentrated into the outer layers of Earth dur
ing accretion, then extraction of the crust leaves 
10 to 23 1W in the UM. These numbers can be 
matched by making the UM out of Pacific MORE 
and peridotitic xenoliths or a mix of enriched 
and depleted MORE and peridotites and a small 
fraction of enriched components such as recy
cling crust or kimberlitic material. 

Table 26 .2 shows how much heat can be gen
erated in the upper mantle if it has the com
position of various mantle samples. The upper 
410 km can generate 91W if it is entirely made of 
continental peridotites and 13 1W if made from 
a representative MORE. The upper 650 km can 
generate 28 1W if it is made up of Pacific MORE 
or an average eclogite. A plausible range, using 
basaltic and peridotitic mantle samples, is from 
10-22 1W. This is about an order of magnitude 
higher than estimates based on depleted MORE. 

If most of the U and Th is in the upper man
tle then most of the 4 He will be generated there . 
The missing 4 He in the integrated volcanic flux 
implies that He is not readily outgassed. This is 
consistent with measured U/He ratios and abso
lute He concentrations in midocean ridge basalts. 
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The high 3 Hef4 He ratios found in some basalts 
probably reflect long-term evolution in a U-poor 
environment. This need not be a large reservoir 
but could be single olivine crystals or pieces of 
depleted lithosphere. 

The adiabatic gradient 

The horizontally averaged interior temperature of 
an actively convecting region of a uniform fluid, 
heated from below, at high Rayleigh number, is 
adiabatic if one is sufficiently far from thermal 
boundary layers. Secular cooling and internal 
heating cause the geothermal gradient to be sub
adiabatic. The seismic velocity gradient in the 
deep mantle (~1000 km-2600 km depth) is con
sistent with an adiabatic gradient, suggesting 
that this region may satisfY the conditions of 
being mainly heated from below and not experi
encing substantial secular cooling. However, the 
uncertainties are such that a substantial subadi
abatic gradient is also consistent with the data. 
Although there is little heat entering the lower 
mantle from the core it may dominate the heat
ing if the lower mantle is depleted in radioactive 
elements. 

The upper mantle is radially and laterally 
heterogeneous and the seismic properties are 
affected by phase changes and partial melting. 
There is no reason to believe that it is adiabatic 
below the plates. In addition to the surface ther
mal boundary layer any upward concentration 
of buoyant material will extend the depth of 
the conduction layer. Upward migration of melts, 
underplating and dehydration and melting of the 
downgoing slab will concentrate U, Th and K into 
the shallow mantle. The bottoming out of slabs in 
the upper mantle or transition region contribute 
to the secular cooling of the shallow mantle, 
and the maintenance of a subadiabatic gradient. 
Under these conditions one expects that melting 
will be confined to the shallow mantle and per
haps to the thermal boundary layers where the 
thermal gradient is high and positive. 

Secular cooling 

The heat content of the Earth is immense; about 
1038 ergs which is equal to a 10 Ga supply of 
the present flux. Calculations suggest that the 

upper mantle of the Earth may be cooling by 50-
100 °C per Ga. This provides about 15-35% of the 
global heat flux, but values as high as 50% are 
not ruled out. The inferred high mantle temper
atures in the past probably require a different 
style of plate tectonics and heat removal, even 
after the continents were formed and stabilized. 
Options include the heat-pipe mechanism used 
to extract heat from the interior of Io, stagnant 
or buoyant lid convection, multiple short-lived 
platelets, continuous and widespread volcanism 
and magma oceans. Heat productivity at 3.5 Ga 
was at least a factor of three higher than today 
and a more efficient heat removal mechanism 
must have prevailed. Tidal friction and energy 
due to mantle and core differentiation may also 
have been much higher at that time. 

Delayed heat flow 

There are several sources of delay in the heat 
generation vs. heat-flow cycle. The heat flowing 
through the interior represents heat generated 
at some time in the past when the heat genera
tion capacity of radioactive elements was higher. 
One does not expect an instantaneous balance 
between present heat generation and heat flow. 
The Earth is cooling, and this contributes to the 
observed heat flow. These secular effects may con
tribute at least 10 1W to the heat flow compared 
to what would be expected from the present level 
of radioactivity. This is comparable to the shorter 
term fluctuations due to plate and mantle reorga
nizations. If the crust is still growing the radioac
tivity in the mantle, in the past, may have been 
higher than at the present. If this mechanism 
is important the U, Th and K in the mantle 
are decreasing with time both by decay and by 
removal. These elements are also returned to the 
mantle by subduction and the balance between 
removal and return may have changed with time. 
In the extreme case, all the LIL were stripped out 
of the bulk of the mantle during accretion and 
the magma ocean stage and only later returned 
to the upper mantle when the mantle cooled suf
ficiently for plate tectonics to operate. 

Heat being built up under large plates may be 
episodically released upon plate reorganizations, 
stress changes and the formation of new plate 



boundaries. These transient effects (large igneous 
provinces, continental flood basalts , seaward dip
ping reflectors, volcanic chains) m ay reflect natu
ral transient plate-tectonic events associated with 
stress changes in the lithosphere. If the astheno
sphere is close to the melting point and vari
able in fertility then th e location of volcani sm 
is controlled by plate stress and architecture, 
and mantle composition, rather than by absolute 
temperature. 

Minor heat sources 

Radioactive heating and secular cooling are the 
major contributors to the energy budget of the 
Earth's interior. There are many other contribu
tions that are often overlooked. The progressive 
differentiation of the mantle and core releases 
heat. As the Earth cools and differentiates the 
mantle generates about 3 1W of gravitational 
energy. There is a release of gravitational energy 
and latent heat by growth of the inner core. 
This contributes about 1.2 1W. The total power 
from the core has been estimated to be 8.6 1W. 
Solid Earth tides contribute slightly to the heat
ing of the mantle. This energy source would have 
been greater in the past when the Moon was 
closer to the Earth. Past tidal heating may con
tribute to present-day heat flow. The Earth, as it 
cools, releases gravitational energy by contrac
tion. Some fraction of this may be released by 
earthquakes. The change in gravitational energy 
associated with earthquakes has been estimated 
to be as high as 2 1W. A very speculative energy 
source, ~31W, is thermonuclear reactions ('natu
ral nuclear reactors') in regions where radioactiv
ity has been concentrated by natural processes. 
These minor, and in some cases, speculative, 
energy sources may account for up to some 17-
221W of the total heat flow. This is of the order of 
the 'missing energy source' which has prompted 
many suggestions for hidden radioactivity in the 
deep mantle. In addition, heat flow may not be a 
steadily decreasing function of time if plate reor
ganizations modulate the heat flow. Current heat 
flow, for example, may be 5% higher than the 
mean because of the relatively recent breakup 
of Pangea. The cumulative contribution of these 
sources, and the uncertainties in the magnitudes 
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of the major sources, appear to be in the range of 
the 'missing heat-source paradox' which 
has led to a series of speculative papers on hid
den radioactive heat sources in th e deep mantle 
or core. The 'missing heat' is also not a problem 
if the hydrothermal contribution to plate cool
ing has been over-estimated. The magnitude of 
the 'missing energy' is comparable to the upward 
adjustment of the measured heat flow due to 
its m.ismatch with theoretical expectations from 
simple plate-cooling models . 

The helium-heat flow paradox 

U and Th generate 4 He and anti-neutrinos as well 
as heat. The observed flux of 4 He to the oceans 
from the mantle is about 3.2 x 105 kg/a. The flux 
predicted from a mantle with 21 ppb U and 
95 ppb Th is 3.4 x 106 kgfa. For comparison, the 
4 He flux predicted from the continental crust is 
about 106 kgfa. The fact that the current flux of 
4 He from the oceanic mantle is an order of mag
nitude less than predicted from the mantle U 
and Th abundance is known as the helium
heat flow paradox, just one of many para
doxes associated with the decay chain of ura
nium. The discrepancy is even larger if there is 
a substantial delay in the transport of 4 He from 
the source to the surface. On the other hand, He, 
and C02 , may be trapped in the shallow man
tle. The amount of 40Ar in the atmosphere com
pared to that released by 4°K over the age of the 
Earth indicates that, on average, the mantle is 
efficiently outgassed. Because of the short half
life of 4°K a large fraction of the Earth's 40 Ar was 
produced in early Earth history. The production 
of 4 He decreased with a longer time constant. 
Argon does not escape from the atmosphere so 
the atmospheric inventory of 40Ar can be used 
to give a lower bound on K in the Earth. Helium 
escapes so we cannot bound the U and Th in this 
way. 

Helium is degassed, along with its main car
rier, C02 , as basalts rise toward the surface. 
Helium differs from argon in being highly sol
uble in magmas . Total degassing requires erup
tion or intrusion near the surface and even then 
quickly quenched glasses retain substantial quan
tities of C02 and helium. The missing helium-4 
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paradox has a parallel in the carbon budget. 
Carbon is depleted by about an order of magni
tude in the exosphere, compared to other volatile 
elements. On the other hand, the presence of dia
monds and carbonatites in the mantle, and C02 

in magmas, shows that the mantle is a long-time 
repository for C02 and probably helium. The pres
ence of 3 He in mantle magmas shows the same 
thing. 3He is a primordial isotope in the sense 
that it is not created in substantial quantities by 
reactions in the Earth (although some is brought 
in or generated by cosmic particles). Some 3 He 
may have been brought into the Earth by a late 
veneer but in any case helium has been trapped 
in the mantle for a long period of time. The 
most efficient location for bringing magmas to 
the near-surface and degassing is along the global 
spreading ridge system. Even in these locations 
the presence of magma chambers and off-axis vol
canoes suggest that gas exsolved from magmas 
at low-pressure may be trapped in the shallow 
mantle. However, gas can separate from parent 
magma, which separates the gas from U and Th. 
Helium trapped in olivine crystals in cumulates 
or melt-depleted peridotite will therefore retain 
its isotopic composition. Ridges migrate readily 
over the mantle; in fact , ridge migration may 
be essential to continuous magmatism. It takes 
about 1 to 2 Gyr for ridges, at their present migra
tion rates, to visit each part of the mantle. At 
these times, trapped gas has another chance to 
reach the surface. But the 3 Hef4 He ratios of some 
of these gases will be more appropriate for man
tle 1 to 2 Gyr older. Gases of various trapped ages 
may co-mingle, especially in the ridge environ
m ent, but in other environments, e.g. seamounts, 
oceanic islands, a diversity of components of dif
ferent ages may be evident, including extreme 
values which would be averaged out at ridges. 

It is interesting, and instructive, that products 
of U and Th decay (heat, lead and helium) have 
their names attached to so many geoch emical 
paradoxes and enigmas. This is a strong sig
nal that current geochemical models are inade
quate. Nucleogenic neon is also a product of U 
and HefNe ratios are not completely understood. 
It does not seem possible to use the 4 He budget 
to usefully constrain the U and Th abundances in 
the mantle. On the other hand, trapping of He 

and C02 in the upper mantle may explain the 
low outgassing rates of He and the low crustal 
abundances of C02 . It would be interesting to 
know if the mantle is currently a sink for C02 

(subduction fluxes exceeding volcanic fluxes) as 
is occasionally reported . If so , the shallow man
tle may well be the repository of the missing C02 

and 4 He and a storage vessel for 3 He as well. Some 
midocean ridge basalts have large concentrations 
of 3 He; the accompanying C02 causes the rocks 
to explode or pop when they are removed from 
depth by dredging. 

Heat from the core 

The existence of a geomagnetic field and a solid 
inner core place constraints on the Earth's ther
mal history. The solid inner core may be essen
tial for the nature of the current field includ
ing reversals. Any model of the Earth's evolution 
must involve sufficient heat loss from the core to 
power the dynamo, but not so much as to freeze 
the core too quickly. These constraints are sur
prisingly strong. The inner core probably grew 
with time and may have started to freeze about 
2 Ga. The magnetic field existed earlier than this 
so freezing of the inner core- and compositional 
stirring of the outer core - may not have been 
involved in the generation of the early magnetic 
field . Cooling from a high initial temperature 
(superheat) may have driven the early dynamo. 
Whether this could have been maintained for 
~2 Gyr is a matter of debate. Convection in the 
core is highly turbulent and the thermal gradi
ent in the outer core is probably adiabatic. Since 
the core is an excellent thermal conductor it can 
conduct heat readily down this thermal gradient. 
This places a constraint on the minimum amount 
of heat that enters the mantle from below. This 
minimum is 8.6 TW. Contraction due to cool
ing and freezing adds a little to this. If the core 
is still growing by interactions with the man
tle there will be additional gravitational energy 
terms. Radioactivity, secular cooling and thermal 
contraction of the core must be minor compared 
to the equivalent energy sources in the mantle. 
This minor heat source, however, is the source of 
heating in the plume hypothesis. 



In the fluid outer core, a dynamo process con
verts thermal and gravitational energy into mag
netic energy. The power needed to sustain the 
dynamo is set by ohmic losses. Es tima t e s o f 
ohmi c l osses in the cor e cover a wide range, 
from 0.1-3.5 1W with more recent estimates in 
the range of 0.2-0.5 1W. The lower estimates 
remove the need for radioactive heating in the 
core and allows the a ge of the solid inner 
cor e t o exceed 2 . 5 billio n years . In order 
to sustain the dynamo, the heat flow from the 
core must be 5-10 times larger than the ohmic 
dissipation of 1-5 1W. 

The fate of core heat that enters the man
tle is controversial. Some workers assume that 
heat from the core is removed efficiently from 
the mantle and taken directly to the surface via 
narrow plumes or heat pipes. Heat from the man
tle is removed by large-scale convection and plate 
tectonics . If this is so, the thermal evolution of 
the core and the mantle can be treated sepa
rately. If mantle convection is strong, instabili
ties at the core-mantle boundary (CMB) will be 
swept away and entrained in mantle convection. 
Core heat then just gets added to mantle heat. 
Since more heat is generated near the surface of 
the mantle, and more heat passes through the 
surface boundary layer than passes through the 
CMB, and since thermal expansion and viscosity 
favor rapid turnover at the top, mantle convec
tion must be primarily driven from the top and 
not the bottom. Narrow instabilities are unlikely 
to pass unperturbed through the whole mantle, 
even if they can form in the first place, in the 
presence of convection driven from above and 
internal heating. 

The most important considerations in the fate 
of core heat are the thermal properties at lower 
mantle conditions. Thermal conductivity is much 
higher than at the top of the mantle because of 
the combined effects of pressure on the lattice 
conductivity and the effect of temperature, grain 
size and composition- including spin-transitions 
- on radiative conductivity. This promotes the 
establishment of a thick, and sluggish, conduc
tive TBL. The coefficient of thermal expansion is 
very low at the CMB, perhaps as much as an order 
of magnitude lower than at the top of the mantle. 
This means that an increase in temperature- and 
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heat from the core - does not yield much ther
mal buoyancy. Only very large features develop 
enough buoyancy to rise. Pressure increases the 
viscosity, making it difficult for even very large 
features to rise. If the deep mantle is chem
ically denser than the mesosphere it may be 
trapped since temperature is ineffective in bring
ing the density down low enough so it can escape. 
These considerations are neglected in the plume 
hypothesis for core cooling, which is based on 
laboratory injection experiments where pressure 
effects are minimal, and Boussinesq calculations 
where pressure effects on material properties are 
ignored. The net effect is that core heat is proba
bly added to mantle heat, and is carried away by 
conduction or radiation, or by large-scale slug
gish upwellings . 

Although small in magnitude, core heat may 
dominate the heat budget at the base of the man
tle if most of the radioactive elements are at the 
top of the mantle, and most of the secular cool
ing is in the top layers, the case for a chemically 
stratified mantle. The core mainly cools by rapid 
conduction into the base of the mantle rather 
than by short-circuits to the top of the Earth. The 
temperature gradients at the base of the man
tle vary from place to place. The core will lose 
heat most efficiently through the colder parts of 
the lower mantle . These are not the places one 
expects to find hot plumes. 

Heat fluxes 

Heat is removed from the interior of the man
tle by conduction through the surface thermal 
boundary layer (TBL), intrusion into the TBL, 
hydrothermal circulation near the surface, and 
volcanism. ln addition, the interior is cooled 
by subduction of cold slabs and warm delam
inated lower crust. The relative importance of 
these mechanisms changes with time. The con
duction layer is, in part, chemical and perma
nent - although mobile - and, in part, tran
sient. This means that the heat-flux problem is 
not one-dimensional (1D) or steady-state. Heat 
can be diverted to regions having thin TBL, and 
can, to some extent, be temporarily stored in the 
mantle. 
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Heat flow shows little correlation to crustal 
age (Figure 26.2), ocean depth at the sampling 
site, or the inferred thickness of the plate, it is 
nearly constant through the Atlantic and Indian 
ocean crust and Pacific ocean crust older than 
about 40 million years. Young Pacific crust has 
a slightly elevated heat flow but much less than 
predicted from plate tectonic models of cooling 
with constant thermal conductivity. Heat flow is 
not significantly elevated over hotspots, swells or 
superswells, compared with the flux for normal 
oceanic lithosphere, implying that (1) the under
lying mantle is not hotter than average, (2) the 
associated volcanism does not significantly warm 
the lithosphere or (3) underplating, intrusion 
and heating are common and that conditions for 
extrusion involve stress in the lithosphere rather 
than excess temperatures or unusual mantle at 
places that are called hotspots. Even midocean 
ridges are not always distinguished hom 160-Ma 
lithosphere on the basis of heat flow. A significant 
problem with interpreting heat-flow data is that 
hydrothermal circulation suppresses the conduc
tive gradient. Thus, the conduction gradient can 
be affected by fluid circulation from above or by 
magma injection hom below. These processes are 
controlled by physical and environmental effects 
that are not simply functions of age. 

The conduction gradient is steep compared to 
melting curves and the lower part of the TBL can 
be above the solidus. Melts can be extracted from 
various depths in the TBL and can therefore yield 
different potential temperatures. Rapidly ascend
ing melts rise adiabatically and one speaks of the 
potential temperature inferred from these melts. 
This may not be the same as the potential temper
ature of the deeper mantle. The mantle beneath 
the plate is referred to as 'the convecting man
tle' with implications about an adiabatic gradi
ent and chemical homogeneity. At high tempera
tures, the base of the TBL may be weak and fall 
off, or delaminate, if it is denser than the under
lying mantle. It may also deform or flow laterally, 
if the necessary forces exist, or experience small
scale convection, if the viscosity is low enough. 

Departures of bathymetry and heat flow from 
the theoretical square-root of age relations, are 
often attributed to thermal perturbations due to 
deep mantle plumes. These have been used to 
estimate the buoyancy flux of plumes and as an 

estimate of core heat. However, the mantle is not 
homogenous or isothermal, plates are not uni
form or impermeable, and thermal properties are 
not independent of temperature. The upper man
tle is close to or above the solidus and the melt
ing point of the mantle is variable. Regions that 
are shallow for their age do not imply a deep 
source of heat; there is no reason to believe that 
the mantle has a single potential temperature or 
a uniform composition or melting temperature. 

Mechanisms for seafloor flattening 
Ocean depth and heat flow are usually inter
preted in terms of boundary layer and plate the
ories . In both, the initial condition is an isother
mal (or adiabatic) homogenous bath of fluid of 
zero viscosity. The surface is suddenly dropped 
to a low temperature. A cold boundary layer 
grows with time. In the plate model, the thermal 
boundary layer is taken to be constant thickness 
and the bottom is at the same temperature as the 
vertical ridge axis. Heat is conducted through the 
plate and its average temperature increases with 
time. After a long time, the heat flow and the 
temperatures in the plate reach equilibrium val
ues . The constant thickness of the TBL and the 
constant temperature at its base are not natural 
boundary conditions, even if the plate is of dif
ferent material than the underlying mantle. A 
variant of the plate model is to change the lower 
boundary condition to one of constant heat flux. 

Explanations for seafloor flattening at old age 
range from the mundane to the exotic; some 
explanations affect estimates of the global heat 
budget. Flattening sets in at different times for 
different sections of the seafloor and sometimes 
does not occur at all. The most obvious expla
nation is to accept that the theoretical mod
els are highly artificial and they should not be 
expected to correspond to reality. The mantle 
is not isothermal or adiabatic, in the absence 
of plates, and the plate is subjected to pro
cesses other than monotonic conductive cool
ing. If the plate has a constant heat flow lower 
boundary condition, rather than a constant tem
perature one, then one automatically obtains a 
background heat flux, and a constant heat flux 
in old ocean basins. The inferred thickness of 
the outer conduction layer is often much greater 
than can form by cooling in 200 Myr, consistent 



with a chemically buoyant region. Plate creation 
may superpose a new TBL on top of the old one, 
particularly if ridges migrate and jump. If one 
can slow down the process of heat conduction for 
old plates one can slow down the flattening pro
cess. Candidates for this include sedimentation, 
or a decrease in conductivity at depth due to tem
perature, mineralogy or crystal orientation. 

If the mantle at depth is partially molten then 
dikes may be injected to shallower depths when 
the lithospheric stress conditions become appro
priate. This serves to reheat the plate and par
tially reset the thermo-magmatic age. This would 
not uniformly affect all plates or affect them at 
the same age. The reheating/diking events would 
be milder versions of the plate creation process 
itself, at the ridge. The plate does not have to 
be impacted by a hot plume or over-ride hotter
than-average mantle for this mechanism to be 
effective. 

One explanation for the 'flattening' of the 
seafloor at old age, and the motivation for the 
plate model, was that it might be caused by 
the lower oceanic lithosphere becoming convec
tively unstable once a critical age is reached. 
This is a form of delamination. Small-scale con
vection beneath the plate is assumed to main
tain an isothermal boundary at a specific depth, 
and cause the thermal structure of the cooling 
lithosphere to resemble that of a finite-thickness 
plate. The stirring action of small-scale convec
tion alone may act to cool the upper mantle, 
leading to increased subsidence, not flattening of 
the depth-age curve. What is needed is a method 
to reheat the plate or to slow down the cooling. 
Dike or sill injection, or magma underplating, 
does this without the involvement of particularly 
hot mantle. 

Hotspots are often held responsible for adding 
heat to the system and retarding lithospheric 
subsidence. A low-viscosity plume is very ineffi
cient at thinning the overlying plate, and there is 
insufficient time for conductive thinning except 
for slowly moving plates. The excess buoyancy of 
dike and sill-injected plates could contribute to 
the anomalous subsidence of the seafloor, with
out the need for plumes or extra basal heating. 

The shallow depths of the seafloor in the 
western Pacific and the superswell in French 
Polynesia have been attributed to the residual 
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effect of a hot Cretaceous superplume but evi
dence used in support of this is largely spurious. 
The superswell is well explained by a 
warm or buoyant low-viscosity astheno
sphere, not by lithospheric reheating or thin
ning (McNutt and Judge, 1990); a deep source of 
heat is not required. 

Hypsometric curves predicted by plate cooling 
models are not a good match to the bathymetry 
observations. Reheating or intrusion models may 
be required to explain the heatflow, the hyp
sometry, the abrupt flattening of median depth 
with age, and the increased variability of depth 
at older ages. The cooling half-space model pre
dicts that bathymetry and heat flow will follow 
a square-root age relation for all time. The plate 
model assumes that a fixed temperature is main
tained at a fixed depth everywhere and so pre
dicts that subsidence curves should flatten at the 
same age everywhere; they do not. From time to 
time some areas will probably be extended and 
intruded; uplift and rejuvenated subsidence may 
occur anywhere at any time, depending on the 
stress-state of the plate. 

Attempts to 'correct' heat flow and ocean 
bathymetry by avoiding hotspots or correcting 
for their effects are misguided if dikes and sills 
and underplating are ubiquitous in oceanic litho
sphere. This mechanism for explaining heat flow 
and bathymetry is basically a stress mechanism 
since it does not depend on high temperatures, 
only stress conditions in the lithosphere. The 
plate can be treated as semi-permeable to magma 
and a partially open system, rather than a rigid 
impermeable LID over the asthenosphere. The 
stochastic nature of heat sheet penetration is 
a combination of stress conditions in the plate 
and the variable fertility and melting point of 
the asthenosphere. Underplating and intrusion 
of magmas in the ordinary range of temperatures 
may be responsible for the background heat flux 
rather than numerous high temperature deep
mantle plumes. 

Flexural rigidity, a measure of elastic plate 
thickness, appears to decrease and then to 
increase rapidly after the imposition of a large 
volcanic load such as at a 'hotspot.' This is 
usually taken as an indication of thermal rejuve
nation or heating and weakening of the litho
sphere by a plume. However, the load itself causes 



348 TERRESTRIAL HEAT FLOW 

'stress-rejuvenation' and an apparent thinning 
of the plate and does so without a heat flow 
anomaly. Thus, not only can volcanic chains 
themselves be caused by stress rather than tem
perature, but other features such as subsidence 
and heatflow can also be explained by ather
mal stress mechanisms. TI1e subs idenc e of 
oceanic plateaus and uplift ofCFBs are some 
of the paradoxes of thermal mechanisms. All 
of these considerations show that, while sur
face hotspots may represent local rise of normal 
asthenopspheric mantle to shallow depths, they 
do not require abnormally hot mantle. In global 
compilations of heatflow, one should use all the 
data instead of attempting to mask out hotspots, 
and one should not use simple theoretical mod
els to correct measured heatflow to the value that 
it should have for the appropriate age crust. 

Temporal changes in heat flux 

The question arises : are present estimates of 
global heatflow representative of the present 
cycle of continental break-up and seafloor 

spreading? If the heat flux to the surface has 
changed significantly in the last 200 Myr it 
should show up in variations of seafloor spread
ing rates and sealevel. The c r eat i o n o f n ew 
oceani c p l ates a ppear s t o have bee n 
constant during the pas t 1 80 Myr . Detailed 
plate reconstructions and sea-level variations pre
clude large global thermal pulses . There is no 
evidence for a major increase in plate rates dur
ing the Cretaceous. Likewise, there is no evi
dence for the superplumes, mantle overturns and 
avalanches that were spawned by the specula
tion that there are large and rapid variations in 
plate-creation rates. Long-term (hundreds of mil
lions of years) variations of 5 or 10% in surface 
heat flow, however, are expected simply from the 
nature of high-Rayleigh-number convection, even 
if the boundary conditions are constant. Plate 
reorganizations may release pent up heat at new 
plate boundaries since mantle temperatures tend 
to increase beneath large long-lived plates. Heat
flow also depends on the aspect ratio and style 
of mantle convection and this may change in 
the order of 50% over a supercontinent cycle of 
500 Myr. 


