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MANTLE HEAT FLOW
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A map of the heat flux out of the earth’s mantle has been prepared by subtracting the heat flow arising in the
earth’s crust from the surface heat flow. In continental areas the crustal contribution of the enriched zone is deter-
mined from the parameters of the linear heat flow—heat production relationship gg = g* + b4 in areas where such
data exist. Where heat flow—heat production data are not available, a new empiricism relating reduced heat flow g *
to the mean heat flow of a province 7g, ¢* = 0.6 7, is used to estimate the reduced heat flow, and the depth param-
eter b is assigned an average value of 8.5 km. The oceanic crustal heat flow contribution includes both heat liberated
by cooling, which is a function of the age of the ocean floor, and a small radiogenic component. A spherical harmon-
ic analysis to degree 18 of the computed 5° X 5° mantle heat flow values yields a mean of 48 mW m‘2; the degree
variance spectrum has prominent strength at degrees 1, 4 and 5. Continent-ocean differences are more apparent in the
mantle heat flow than in the surface heat flow. However, contrasting surface heat flow patterns within continents,
such as in central and western Australia, which arise from different surficial radioactivity distributions, do not appear
in the mantle heat flow. Mantle heat flow is positively correlated with the geopotential and negatively correlated with
the topography of the earth, However, correlation of heat flow with a “normalized” topography, in which the base
line elevation difference between oceans and continents is suppressed is significantly positive, in accordance with ob-

servation that ocean floor topography is thermally controlled.

1. Introduction

The heat conducted to the earth’s surface from its
interior averages about 60 mW m~2, and most of the
regional variation in heat flux lies within a factor of
three about the mean. In the oceans the heat flow de-
creases with increasing age of the ocean floor, while
on continents the mean heat flow in tectonic elements
of different ages decreases with increasing age of the
tectonic element. Within a given tectonic unit, the
variation about the mean arises principally from re-
gional variation in crustal radioactivity.

Although heat flow measurements still have not
been made in large areas of some continents and in
the high-latitude oceans, a reasonable global heat flow
map has been developed [1] by using heat flow—tec-
tonic age correlations to estimate heat flow where no
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observations exist, thereby supplementing the observed
data set to yield a mean heat flow for each 5° X 5°
element of the globe. The global heat flow map which
results from a 12th degree spherical harmonic analysis
of the full supplemented data set is shown in Fig. 1,
and this map will probably be very similar to one
arising from a data set comprised completely of ob-
servations.

With heat flow at the surface reasonably well known
we now turn our attention to the heat flow at interior
boundaries such as the crust-mantle boundary or the
lithosphere-asthenosphere interface. Variation of heat
flow with depth is implicit in all models of the earth
in which rocks have radioactive heat production or
are cooling by an outward heat loss. In continents,
about 0.4 of the surface heat flow is radiogenically
produced in the outer half of the crust. The oceanic
crust on the other hand contributes relatively little
radiogenic heat; rather a significant fraction of oceanic
heat flow arises in the crust by virtue of its heat capa-
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city; this heat is liberated as the oceanic lithosphere
cools. A new data set of mantle heat flow values can
be obtained by stripping these crustal contributions
from the surface heat flow values. The procedures of
heat flow stripping and the subsequent analysis of the
mantle heat flow data set so derived comprise the
body of this paper.

2. Crustal contributions to surface heat flow
2.1. Continents

The rocks of the continental crust are enriched in
heat-producing radioactive isotopes of uranium,
thorium and potassium. In fact the entire surface
heat flow could arise within the crust if the surface
concentrations of the principal heat-producing iso-
topes of U, Th and K extended to a depth of about
35 km. However, this is unlikely to be the case, as
probable lower crustal and upper mantle rocks are ob-
served to have lesser concentrations of these isotopes,
and so heat production must decrease in some manner
with depth. Some restrictions are placed on the verti-
cal distribution of radiogenic heat sources by the em-
pirical linear relationship between surface heat flow

Fig. 1. Degree 12 spherical harmonic representation of surface heat flow. Contours in mW m—2.

qo and surface heat production 4. This relation,
first reported for plutonic rocks by Birch et al. [2],
now seems to be applicable in many non-plutonic
settings as well. The relationship is expressed as g4
=q* + bAy where g is the surface heat flow, A is
the heat production of the surface rocks, g* is the
reduced heat flow (the heat flow intercept for zero
heat production) and b is a quantity with dimension
of depth which characterizes the vertical source distri-
bution. Several heat production distributions satisfy
the above relationship [2,3] although only the expo-
nential source model of Lachenbruch [3] maintains
the relationship through differential erosion. Field
studies by Swanberg in the Idaho batholith {4] and
by Hawkesworth in the eastern Alps [5], undertaken
to determine the nature of the variation of heat
production with depth, lend general support to the
exponential source model. The linear heat flow —
heat production relationship and the exponential en-
richment model offer a reasonable explanation, in
terms of variations in shallow crustal radioactivity,
for the variation of heat flow within a heat flow
province.

The nature of heat production in the lower crust
is less certain, but studies by Hyndman et al. [6], and
Smithson and Decker [7] provide some guidance.
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Heat production clearly decreases with increasing
metamorphic grade, although the actual values depend
on whether the rocks are in hydrous or anhydrous
facies. Reasonable values for heat production in the
lower crust probably lie between 0.2 and 0.6 uW m~3,

In order to obtain mantle heat flow values for con-
tinental areas we utilize a generalized heat production
model shown in Fig. 2. It consists of an enriched sur-
face zone in which heat production decreases expo-
nentially from a surface value 44 until it reaches the
lower crustal value of A, below which the heat pro-
duction is constant. The depth at which the transition
from the exponential to uniform distributions occurs
depends on values of the parameters Ao, b, and 4,
and is given by z = b In(4¢/4 ). In the steady state the
surface heat flow g is in equilibrium with the mantle
flux g, plus radiogenic heat from the crust. The mantle
heat flow may be expressed as:

dm=qo —{(Ao—A1)b + A1 [z, — b In(4o/A)]} (1)

where ¢ is the surface heat flow, b is the depth
parameter (logarithmic decrement) for the exponen-

PETROLOGY HEAT PRODUCTION ~ HEAT FLOW
Age! A
o€ 0 ,.A .
Voo
ENRICHED ZONE
™ A= Constant
GRANULITE ZONE e
40 | Crust __
km Mantle | q
m
z

Fig. 2. Continental crust heat production and heat flow model.
Symbols defined in text.

tial source model, z,, is the depth to the mantle, 4,

is the surface heat production, and A4 is the lower
crust heat production. Ordinarily g, 49, ¢* and b

are known only where heat flow—heat production
studies have been carried out. However, we propose a
new and simple empirical relationship between ¢* and
g, the mean heat flow within a province, which will
enable reasonable estimates of all necessary param-
eters to be made from a knowledge of the mean heat
flow of a province.

In Table 1 we have assembled much of the avail-
able data for heat flow provinces for which reduced
heat flow has been estimated. The entries in Table 1
are of varying quality, ranging from tightly constrained
values where least squares lines have been fitted to
many heat flow—heat production pairs, to a few mea-
surements with insufficient range for reliable estimates
of g* and b by line fitting. In the latter situation b
was assumed and a line passing through the cluster of
points was used. The estimates of gy, the mean heat
flow of a province, are given by the original authors,
or have been extracted from graphs or calculated
from data lists by us.

Provided the heat flow sites are representative of
the province as a whole, one can show that §o=g*

+ bAy where A is the mean heat generation of the
province. Thus the mean heat flow of a province, like
the local flux at individual sites, comprises contribu-
tions from within and below an enriched zone.

It is apparent from Table 1 that b lies within a
quite restricted range; 8.5 £ 1.5 km encompasses most
results. The effect that a 3-km range in b can have on
the variation of g, between provinces can be easily
estimated. Assume that g* and the mean heat produc-
tion are the same for two provinces, but that b differs
by the above indicated range of 3 km. For a typical
upper crustal heat production of 2.5 uW m~3 one
would obtain a variation in g of only 7.5 mW m~2,
As differences between provinces range up to several
tens of mW m™2, it is clear that the major element in
the variation of mean heat flow from province to
province must be variations in Agand ¢*, the mean
heat production within and input from below the en-
riched surface zone, respectively.

We have plotted g* versus g (Fig. 3) for the re-
gions and data shown in Table 1. A linear relationship
emerges from which we tentatively establish a new
empiricism relating reduced heat flow to mean surface
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Mean heat flow, reduced heat flow, and characteristic depth of heat source distribution, for several heat flow provinces

Province Mean heat flow Reduced heat  Characteristic = References

(mW m—2) flow (mW m™—2) depth b (km)

+ std. devia- + uncertainty

tion
Basin and Range 92+ 13 59+8 9.4 [8,9,19]
Central Australia 81+10 27+ 6 11.1 [11,21]
Zambia 67+ 7 40+ 6 [12]
Eastern U.S.A. 5717 33+ 4 7.5 [8]
Canadian shield 39+ 7 28+ 6 9.8 [13]
Western Australia 39« 8 27+8 45 [11,13,21]
Sierra Nevada 39+12 172 10.1 [9,10]
Baltic shield 36+ 8 22+6 8.5 [13]
Niger 20+ 8 11+ 8 8 [14]

heat flow in a heat flow province:
q*=0.6qo

Simply stated, within a continental region with mean
heat flow @, approximately 0.4 of the mean flux
arises from near-surface radiogenic sources, and 0.6
comes from greater depths. This empirical partition
of ¢ thus fixes the contribution of the enriched zone
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Fig. 3. Reduced heat flow versus mean heat flow in several
heat flow provinces. Horizontal bars represent standard devia-
tion about the mean heat flow; vertical bars represent uncer-
tainty of estimate of reduced heat flow. Regions represented:
N = Niger, B = Baltic shield, SN = Sierra Nevada, WA = west-
ern Australia, CS = Canadian shield, EUS = eastern United
States, Z = Zambia, CA = central Australia, BR = Basin and
Range.

at bAy= 0.4 g, which, if b is known or assumed,
yields the mean surface heat production of the en-
riched zone.

With the necessary parameters of the crustal heat
source distribution determinable from the above ar-
guments, mantle heat flow for continental areas can
now be calculated from equation (1). For the compu-
tation in each 5° X 5° element we adopt the following
numerical values:

Go =g, the mean 5° X 5° surface heat flow

Ay  =(Go — q*)/b wherever ¢* and b are known
from measurements, otherwise

Ao =0.47g4/b, with g* = 0.6 §y and b = 8.5 km

assumed
A; =021 yWm™3
Zm =40km

We recognize that variations in crustal thickness
exist; a range of £10 km about the adopted value of
40 km embraces nearly all reported continental values
As the effect of this variation on heat flow is only +2
mW m~2 we have elected to omit it in the present
analysis.

2.2, Oceans

The principal characteristic of the thermal regime
of the oceanic lithosphere is its transient cooling fol-
lowing formation at a spreading ridge. In pioneering
calculations, McKenzie [15] and Sclater and
Francheteau [16] showed that the variations of heat
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flow and topography away from a spreading ridge

are reasonably explained by the cooling and contrac-
tion of a slab of uniform thickness and with isother-
mal lower boundary. Subsequent calculations by
several workers [17—19] have retained the fundamen-
tal concept of a cooling slab but have relaxed the con-
straint of uniform thickness. These models have in
common a thermal definition for the base of the slab,
i.e. the depth at which the actual temperature reaches
some constant value, or some specified fraction of
the solidus temperature.

The basis of our oceanic geotherms is the error
function solution for the one-dimensional cooling of
a semi-infinite medium with an initial linear tempera-
ture gradient, 7(z,1) = Ty erf(z?/4ar)!/? + cz. Sclater
et al. [20] criticize the use of the simple error func-
tion solution by Davis and Lister [18] because it fails
to yield heat flow adequate to match the observations
in the older regions of the oceans, data which Sclater
et al. [20] believe are the only measurements that are
quantitatively reliable. We surmount that criticism in
part by including in the initial condition the linear
gradient, and by including a 6.5-km crustal layer with
a heat production characteristic of basalt. The initial
gradient and heat production together contribute a
steady 10 mW m™2, or almost a quarter of the heat
flow in the old oceans. It is this extra increment to
the error function solution that enables the old ocean
heat flow constraint to be met.

In our oceanic model the mantle heat flow g, is
evaluated from:

_ KaT _ KT, )
dm 52 o rat exp(—zq/4at) + Ke

where K is thermal conductivity, T is the initial sur-
face temperature, ¢ the inijtial temperature gradient,
zm the depth to the mantle, a the thermal diffusivity,
and ¢ is time after the initiation of cooling. The time
is determinable from the fact that a given surface heat
flow occurs at a specific time in the cooling history:

KaT KTo + AR+ K
= _ = — c
o 0ziz=0 «/mat
or:

KT,

Vi~ T e Ah—K9)

where 4 and h are oceanic crust heat production and
thickness, respectively. Thus in a 5° X 5° oceanic
element with surface heat flow g and age ¢, the man-
tle heat flow is given by:

qm — (qo — Ah — Kc) exp(—z%/4ar) + Ke Q)
For the calculations, the following values were used:
o =g, the mean 5° X 5° surface heat flow
K =31Wm k!
¢ =7.5%X10""m%!
To = 1200°C

=2.25Kkm™!

c
4 =05uWm3
h

=7z, =6.5km

As with the continental case, variations in oceanic
crustal thickness introduce only small variations in g,
and can be safely ignored.

3. Spherical harmonic analysis of mantle heat flow

A main concern in this study is to determine the
relationships, if any, that exist between broad long
wavelength variations of the heat flow field and other
global geophysical data sets. It is convenient therefore
to express the fields in terms of surface spherical har-
monic functions. At the same time it should be rea-
lized that any field reconstructed from the harmonic
coefficients contains an amount of smoothing cha-
racteristic of the harmonic degree to which the field
is expressed. For example, in a 12th degree recon-
struction features with half-wavelengths less than
about 1500 km will be suppressed.

The mantle heat flow data set subjected to analysis
comprises values, computed by equations (1) and (2),
for all 5° X 5° elements on the surface of the globe.
The data set has been represented by a spherical har-
monic expansion of the form:

N n
am(0.9) = 20 23 [App cos(m$) + By sin(me)]
n=0 m=0

X Pp,u(cos 8)

where g, is the mantle heat flow field, @ is colatitude,
¢ is longitude, A,,, and B, the coefficients of the ex-
pansion, and P,,,, the associated Lengendre functions



fully normalized so that

27 @ .

f f [Prm(cos 8) zt:(mqﬁ)]z sin 6 d d¢ =4n
0o 0

The spherical harmonic coefficients A,,,, and B, up
to degree n = 18 were calculated by numerical integra-
tion from:

Apm 1 2m 7 cos(me) .
P ‘-Gof of qm(0,9) sin(m) Ppfcos 8) sin @ dO d¢

and are given through degree 12 in Table 2. The global

mean value for mantle heat flow is 48 mW m™2, com-
pared to the mean surface heat flow of 59 mW m~2,

TABLE 2
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Fig. 4 shows the contoured degree 12 spherical har-
monic reconstruction of mantle heat flow.

There are two important differences between the
mantle heat flow (Fig. 4) and the surface heat flow
(Fig. 1). First, the mantle heat flow pattern shows a
contrast between continents and oceans which is not
so evident in surface heat flow. The 40-mW m~2 con-
tour of mantle heat flow is nearly everywhere circum-
or intra-continental. The pattern of near equality in
the mean continental and oceanic surface heat flow
(continents, 53 mW m™2; oceans, 62 mW m™2)is
altered to one of greater contrast in the mantle heat
flow (continents, 28 mW m™2; oceans, 57 mW m~2),
This contrast results from continental crust being both
thicker and more radioactive than oceanic crust, and

Fully normalized spherical harmonic coefficients of mantle heat flow through degree and order 12, in units of mW m™2

n m Anm Byum n m Apm Bum n m Apm Bnm
0 0 48.305 7 3 1.168 —0.741 10 7 —0.584 0.234
1 0 —~4.991 7 4 1.085 —0.673 10 8 0562  0.749
1 1 -4.580 -3.300 7 5 -0.582  1.208 10 9 0.128  0.855
2 0 -2.303 7 6 0.100  0.777 10 10 0.012 -0.484
2 1 -0.079 -0.624 7 7 0.186 0.694 11 0 -0.144

2 2 -1.692 1.783 8 0 0.328 11 1 -1.131 0.863
3 0 1.800 8 1 0.098 1.806 1 2 0.208  0.005
3 1 0.170 —0.953 8 2 0.695 0923 11 3 0.284  0.048
3 2 2.358 -2.868 8 3  -0.049 -0.071 11 4 -0015 -0.165
3 3 1.243 -0.192 8 4 -0.706 -0.060 11 5§ -0476 0.781
4 0 —-2.694 8 5 0770  0.652 11 6 0.123 -0.365
4 1 1.274 0.831 8 6 0430 1.074 11 7 0.165 -0.002
4 2 2.411 0.413 8 7 -0932 -0.581 11 8 0.338  0.856
4 3 -1.117 -1.063 8 8 0.321  0.039 11 9 0.115 1.169
4 4 1.131 -5.026 9 0 1.299 11 10 -0.264 -0.645
5 0 3.408 9 1 1.528 0.206 11 11 -0.268 -0.777
S 1 -0.177 0.147 9 2 0422 -0.415 12 0 0.534

5 2 2.293 0.882 9 3 -1.100 -0.995 12 1 -0.326 -0.233
5 3 1.257 -0.930 9 4 0.281 -0.965 122 0.176  0.498
5 4 —4.530 1.871 9 5 0.170 -0.334 12 3 0.784 0.034
5 5 -1.245 -2.269 9 6 0.654 -0.063 12 4 0478 -0.371
6 0 ~1.653 9 7 -0.096 -0.705 12 5 -0.142 -0.504
6 1 1.191 1.017 9 8 0.114 0.119 12 6 0232 -0.823
6 2 1.988 —1.513 9 9 1.036 1.747 12 7 0437 0.546
6 3 -0.492 -1.039 10 0 0.907 12 8 0.495 1.199
6 4 -1.097 -0.981 10 1 0.109 -0.005 12 9 0504 0.167
6 5 0.626 0.825 10 2 0.573 0.498 12 10 0.707 -0.562
6 6 0.060 1.144 10 3 1.307 0.386 12 11 -0.596 -0.278
7 0 1.273 10 4 -0.528 0.235 12 12 0.027 1.269
7 1 -0.382 -1.424 10 5 -0.237 -0.154

7 2 ~1.342 0.203 10 6 -1.138 0.612
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Fig. 4. Degree 12 spherical harmonic representation of mantle heat flow. Contours in mW m—2.

thus a considerably lesser fraction of the surface heat
flow remains after stripping of the continental crustal
contribution.

The second difference relates to the diminished

contrast in mantle heat flow within continental regions.

The new empiricism that g* = 0.6 g implies that man-
tle heat flow variation under continents should be on-
ly 60% of the surface heat flow variation; the greater
variation in the surface heat flow being attributed to
regional differences in crustal radioactivity and/or
depth of erosion. Australia, where considerable heat
flow and heat production data are available [21] af-
fords a useful example. Whereas the mean surface
heat flow of 81 mW m~2 in the Proterozoic rocks of
central Australia is double the characteristic value of
39 mW m~2 observed in the western Australian shield,
both regions have essentially the same reduced heat
flow of 27 mW m~2. This effect can be seen clearly
in the spherical harmonic representations of surface
and mantle heat flow (Figs. 1 and 4) in the vicinity of
Australia. The surface heat flow contour pattern is
complex, reflecting the strong regional variability of
the surface flux, whereas the mantle heat flow con-
tours are simple closed curves centered on the conti-
nent.

The r.m.s. variability of mantle heat flow calculated
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Fig. 5. Degree variance of surface heat flow, mantle heat flow,
geopotential, and topography.
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is shown in Fig. 5, with the spectra of surface heat
flow, geopotential, and topography included for com-
parison. The mantle heat flow spectrum has pro-
nounced strength at degrees 1,4 and 5 which is not
present in the surface heat flow. From degree 8 on, sur-
face and mantle spectra closely resemble each other,
and are nearly flat at about 2.5 mW m~2 from degrees
10 to 18. These peaks correspond to similar peaks in
the continent-ocean function of Balmino et al. [22]
and are consistent with the continent-ocean contrast
in mantle heat flow already described.

4. Correlation of heat flow with other geophysical
data

Correlation between data sets expressed in spheri-
cal harmonic expansions can be determined from the
coefficients of the expansions. It is useful to compute
both the overall correlation r, and the correlation as
a function of wavelength, the degree correlation r,,,
given respectively by:

N n
22 (ApmAlm * BumBlm)

= n=1 m=0
N n N n =~ 1/2
[E 20 (A + B - 20 2 (A%wBL&J
n=1 m=0 n=1 m=0

n
23 (AnmAlum + BumBlam)

m=0

Ty =

n n 1/2
[ 25 (Al + Bim)* 20 (Ajtn + B }
m=0 m=0

where A, Bpm, and Ay, Bp,y, are harmonic coeffi-
cients for two sets of Fand F'. These definitions are
the same as given by Kaula [23] and used by Toksoz
et al. [24].

Although few geophysical fields have been mapped
with sufficient coverage to permit determination of
the higher harmonic coefficients, at least the relation-
ships between surface and mantle heat flow, and each
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with the gravitational potential and topography may
now be examined. The degree correlations of mantle
heat flow with surface heat flow are shown in Table 3,
and as might be expected all are positive and above
0.6; all but three are greater than 0.7, and the overall
correlation is 0.83.

The gravitational potential of the earth is another
field known in adequate detail to permit correlation
with the heat flow. The low-degree harmonics of the
geopotential have been known for more than a decade
and the higher harmonics continue to be defined and
refined. For the purposes of comparison with the
heat flow field we use the GEM-8 earth model of
Wagner et al. [25] which is a combination solution
utilizing satellite data to determine the field com-
pletely through degree and order 16, and 5° X 5°
mean free-air anomalies from surface. observations to
extend the field completely to degree and order 25.

The r.m.s. variability of the geopotential is shown
in Fig. 5, and it is apparent that the regular diminu-
tion of strength out to degree 12 has little resemblan-
ce to the spectral distribution of mantle heat flow.
The surface heat flow spectrum shows a general fall-
off from degrees 5 to 12, although not as uniformly
as the geopotential does. From degrees 12 to 18 each
of the spectra flatten.

The degree correlations of surface and mantle heat
flow with the geopotential are shown in Fig. 6, from
degrees 3 to 18. Both surface and mantle heat flow
show a predominant positive correlation with the
geopotential, but at nearly every degree the mantle
heat flow correlation is less positive, suggesting that
some of the heterogeneity that contributes to the
broad geographic variations in the gravity field may

TABLE 3

Degree correlations of surface heat flow with mantle heat flow

n T n -

1 0.96 10 0.68
2 0.66 11 0.85
3 0.60 12 0.87
4 0.95 13 0.89
5 0.93 14 0.84
6 0.89 15 0.88
7 0.79 16 092
8 0.81 17 0.87
9 0.90 18 0.71
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lie within the crust and be of thermal origins. That the
heat flow remains positively correlated, albeit less so,
after deletion of the crustal contribution, is also
suggestive that thermally related heterogeneity ex-
tends well into the mantle.

The positive correlation of heat flow with the
geopotential is a result contrary to some earlier cor-
relations based on low-degree harmonic analyses of
very sparse heat flow data sets [26,27], but similar to
the result of Toksoz et al. [24]. The positive correla-
tion is consistent with the numerical deductions of
McKenzie et al. [28] that positive free-air gravity
anomalies should exist over the ascending limb of a
convection cell, although we by no means wish to
imply that all regions of above average heat flow de-
lineate convective upwellings, nor that there is in
general a one-to-one correspondence between patterns
of convective circulation and heat flow.

The topography of the earth is also sufficiently
well known to permit comparisons with the surface
and mantle heat flow. For the purpose of correlations
we utilize the spherical harmonic representation of
the topography by Balmino et al. [22]. Significant

correlations between heat flow and topography within
both continents and oceans are not unexpected. In the
oceans the principal topographic features, the mid-
ocean rises, are generally interpreted to be newly
formed and thermally expanded lithosphere, which
contracts as it cools moving away from a spreading
ridge, thus forming the slope of the oceanic rise.
Similar but less obvious arguments can be made with
respect to continental morphology, based on the fact
that the shields and platforms with below average heat
flow generally comprise the widespread low-lying
areas of the continents. However, the first-order
topography on the earth, i.e. the continents and oceans
themselves, is not of thermal origin.

The overall correlations of the topography (the
solid surface of the earth measured from sea level)
with surface and mantle heat flow are —0.18 and
—0.64, respectively, the negative correlations indi-
cating principally that the oceanic regions generally
lie below the global mean elevation (—2300 m) and
exhibit above average surface and mantle heat flow.
The individual degree correlations (Fig. 6) show the
mantle heat flow to be more negatively correlated
with topography at every degree than is the surface
flow; moreover the mantle heat flow correlation at
every degree is absolutely negative. The elimination
of positive correlation of topography with the mantle
heat flow at any degree arises from the more substan-
tial decrease of heat flow from surface to mantle on
the continents (positive topography) than in the
oceans (negative topography). The emergent pattern
of mantle heat flow, with the readily apparent con-
trast between continents and oceans (Fig. 4), is suf-
ficiently strong to yield a negative correlation at
every degree of the spectrum.

However, the negative correlation of topography
with surface and particularly mantle heat flow is
misleading because it obscures the basic positive cor-
relation that exists between heat flow and topograghy
in the oceans, as expressed by the oceanic rise—
cooling lithosphere system. The obfuscation occurs
because the first-order topegraphy of the earth, the
continents and oceans, arises fundamentally from a
petrological, and not thermal, difference between the
two elements. Isostatic considerations argue that the
lower-density continents should stand about 5 km
higher than the denser oceans. Topography of thermal
origin, in both oceans and continents, may be super-



posed upon the respective base levels in each region.
For a positive correlation between heat flow and
topography to be apparent, the base line differences be-
tween continents and oceans must be removed, i.e.
the topography must be “normalized” to remove the
petrologic contrast between continents and oceans.
To illustrate this effect we have performed an ex-
tremely simple normalization, consisting of adding
5.5 km to all oceanic depths, an amount adequate to
bring typical old and deep ocean basins with low heat
flow up to an equivalent level with the old low heat
flow continental shields, effectively eliminating the
base line difference between continents and oceans.
This new “‘normalized” topography was then sub-
jected to harmonic analysis, and correlated with heat
flow. The degree correlations are shown in Fig. 6,
and show a general positive correlation of heat flow
and normalized topography at nearly every degree, a
reversal from the negative correlations of heat flow
with actual topography. We believe that the process
of “normalization” has effectively served as a filter
which separates thermal from petrological effects in
the topography and emphasizes the significant role
that temperature plays in the morphology of both
continents and oceans.

5. Geodynamic implications of mantle heat flow

The principal result to emerge from the mapping of
mantle heat flow is the demonstration that the heat
flux in the upper mantle beneath continents is signifi-
cantly less than beneath oceans. This in turn implies
that substantial temperature differences are likely to
exist in the upper mantle, perhaps as great as 400°C
at a depth of 100 km between shields and young
ocean floor. The suggestion of such temperature
differences is not new; both MacDonald [29] and
Clark and Ringwood [30] calculated “‘representative”
continental and oceanic geotherms, based on geo-
chemical models, which yielded temperature differ-
ences greater than 200°C well within the upper man-
tle. Moreover, seismological observations now indicate
differences in the velocity structure beneath stable
shields, tectonic regions, and ocean basins, differences

that may extend to depths as great as 400 km [31—-34].

The velocities generally vary inversely with heat flow,
and the magnitude of the variations can be adequately
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accounted for by the temperature dependence of
velocity of characteristic mantle materials.

The implications of this variable thermal structure
for geodynamic models are numerous, deriving from
the fact that many mechanical properties such as vis-
cosity and rigidity are strongly temperature dependent.
Indeed, the thickness and durability of the lithosphere,
and the sub-lithosphere viscosity must certainly show
regional variability governed by the thermal condition,
with attendant consequences for asthenospheric cir-
culation, plate velocities and tectonic regimes. While
the development of these topics is beyond the scope
of this paper, the interested reader can find a cogent
and stimulating discussion of the geodynamic aspects

of deep thermal structure in a recent paper by Jordan
[35].
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