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Summary

The average heat flow through continental orogenic belts decreases with
the age of the orogeny to an approximately constant value for the Pre-
cambrian shields and platforms. The average heat flow for provinces of
the North Pacific decreases with the age of the province. The mean heat
flow through the province younger than 10 million years is 2-82 u cal
cm~2 5! whereas the mean heat flow through provinces older than the
middle Cretaceous is 1-15ucalcm™2s™1, The contrast in the chemical
composition of continental and oceanic crustal rocks and the disparity in
time scale for the decay of heat flow suggest a different explanation for
the heat flow through oceans and continents. The observed equality of
the mean oceanic and continental heat flows may not be relevant to
evaluating the thermal contribution of the upper mantle.

Two geophysical and geochemical models of the oceanic and continen-
tal crust and upper mantle are presented. Both can explain the near
equality of heat flow through the Precambrian shields and the old ocean
basins when plates of continental and oceanic lithosphere are allowed
to move. The oceanic lithosphere is approximately 100 km thick and
the mantle is assumed to be the same under both the continents and
oceans. The models differ principally in the condition assigned to their
lower boundary. These conditions result in two different geochemical
compositions for the oceanic lithosphere. Both oceanic models can
explain the flow of heat through the North Pacific and the topography of
the East Pacific Rise. If the effects of water in the mantle and subsolidus
phase changes are considered, the lithosphere could be as thin as 75km
and still consistent with the heat flow and topographic anomalies.

The models also account for the elevation of the mid-Atlantic ridge
and the gross structure of the heat flow through the South Atlantic. The
loss of heat in creating oceanic lithosphere may be as much as 45 per cent
of the total average heat flow of the Earth. Heat lost by this process can
no longer be ignored in models of the thermal history of the Earth.

1. Introduction

Since the first reliable determinations of heat flow in England (Benfield 1939;
Anderson 1939) and in South Africa (Bullard 1939), the number of observation
points has grown considerably in the last decade, chiefly due to measurements made
at sea. Lee & Uyeda (1965), on the basis of 131 continental and 913 oceanic measure-
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ments, proposed the following arithmetic means for continental, oceanic and
planetary heat flows—1-43, 1-60, and 1-58 ucal cm~2s™! respectively. It is likely
that the difference between the oceanic and continental means is not significant
and is largely a consequence of over representation of the mid-ocean ridges which
have high values and of the omission of volcanic areas on land. When the observa-
tions are averaged over five-degree squares, the means of the continental and oceanic
squares are 1-49 and 1-47 u calcm™2 s~ respectively (Lee & Uyeda 1965).

It is usually supposed that most of the heat arriving at the surface is produced by
radioactivity within the Earth. Because of the difference in radioactive content of
the oceanic and continental crustal rocks, it was generally expected that the heat
flow at sea would be less than that on land. The discovery that the two are equal
poses a difficult problem (Bullard 1952; Bullard 1968).

In this paper, we attempt to answer this problem by analysing in more detail the
distribution of heat flow values both on land and on the ocean floor. The explanation
offered for the differing distribution of heat through continents and oceans reconciles
terrestrial heat flow observations and plate tectonics and has strong implications for
geochemical and thermal models of the Earth.
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FiG. 2. Histograms of the distribution of heat flow values in the nine North
Pacific provinces.
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2. Heat flow in the North Pacific

In the sea-floor spreading model, new crust is created by the intrusion of hot
material along the centre of spreading. The new material cools and solidifies and
moves away from the centre of spreading while more crust is intruded. McKenzie
(1967) and Langseth & Von Herzen (in press) have shown that such a model is com-
patible with observed heat flow data. It explains the broad band of high values near
the crest of the mid-ocean ridges and the general decrease of heat flow with increasing
distance from the ridge crest. However, the plots of heat flow versus distance from
the crest of ridges as shown by Lee & Uyeda (1965) are not suitable for detailed
comparison with the theoretical models. These plots take no account of (a) the
offsets of the ridge axis by transform faults, (b) the changes in velocity of spreading,
and (c) the increased scatter in the measurement, as the crest of the ridge is approached.

For comparison with a theoretical model, the North Pacific was separated into
oceanic provinces of the same age and, to remove the scatter, the values within each
province were averaged. The homogeneity and independence of the source data
were investigated by comparing the distribution of heat flow within each province
with a normal distribution.

The pattern of magnetic anomalies on the ocean floor provides a good estimate
of the age of the oceanic crust (Vine 1966; Heirtzler et al. 1968). Results from the
JOIDES ocean floor sampling programme have established the validity of the magnetic
interpretation (Maxwell 1969; McManus & Burns 1969). Further deep-sea drillings
in the North Pacific have extended the ocean floor chronology to the upper Jurassic
(Scientific Staff, JOIDES Leg VI, 1969).

The North Pacific Ocean was divided into regions of approximately similar age
(Fig. 1). From the crest of the East Pacific Rise to anomaly 32, the age of the ocean
floor is estimated from the magnetic anomalies. From anomaly 32 to the Marianas
Trench, the results of the JOIDES drillings provided the age estimate. The boun-
daries of the regions shown on Fig. 1 are: The crest of the East Pacific Rise, anomalies
5, 6, 13, and 25, the late/middle Cretaceous, the middle/early Cretaceous, the early
Cretaceous/upper Jurassic. Magnetic lineations have been observed to the west of
Japan (Uyeda et al. 1967) but could not be correlated with the known time scale.
This area, which is definitely older than the late Cretaceous, is shown in Fig. 1 and
is considered in this study.

Table 1

Statistics of the heat flow distribution in nine provinces of the North Pacific. The

number of observations, their mean, standard error and standard deviation are listed

for each province. The Kolmogorov—Smirnov D,., statistic at the 10 per cent level

and the largest observed difference, D,,,, between sample and population cumulative
percentages are also listed.

Province n q o, s Dy, Do
Jurassic 14 1-44 0-095 0-357

and Older 11 1-28 0-059 0-187 44-0 10-0
Early Cretaceous 47 1-18 0-038 0-264 41-0 32:0
Japanese Area 47 1-11 0-032 0-218 470 6:0
Middle Cretaceous 60 1-38 0-055 0-427 41-0 20-0
Late Cretaceous 64 1-43 0-066 0-526 34-0 26:0
Anomaly 13-25 59 1:43 0-086 0-662 34-0 140
Anomaly 6-13 116 1-61 0-071 0-765 300 14-0
Anomaly 5-6 102 2:22 0-107 1-084 27-0 8-0
Anomaly 0-5 65 2-82 0-210 1-696 21-0 12-0

Note: nis the number of heat flow values
g is the mean value
g, is the standard error of the mean
s is the standard deviation
D is the Kolmogorov-Smirnov statistic
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FI1G. 3. Graphical test of the hypothesis that the population of heat flow values
in each of the nine North Pacific provinces is normal at the 10 per cent level.
The cumulative relative frequency is plotted against heat flow value. The theo-
retical normal curve is indicated by the straight line. The band defines the
maximum difference between sample and population cumulative percentages
expected 10 per cent of the time (Kolmogorov-Smirnov statistic).

Heat flow data were taken from Lee & Uyeda (1965), Vacquier et al. (1966),
Vacquier et al. (1967), Sclater & Corry (1967), Burns & Grim (1967), Fisher,
Von Herzen & Rhea (1967), unpublished data from M. Langseth and R. P. Von
Herzen and Sclater er al. (1968). Only needle probe measurements showing full
penetration or outrigger measurements of fair reliability (six or greater; Langseth,
Le Pichon & Ewing 1966) were taken in averaging the data. All values less than
0-4 pcalcm™2?s~! were disregarded as Sclater, Mudie & Harrison (1970) have
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shown that measurements this low are almost certainly caused by recent slumping
of sediments from surrounding topographic highs. The distributions of heat flow
data, satisfying these conditions, for each region of the North Pacific considered,
are given in the histograms shown in Fig. 2. Table 1 gives the parameters of these
distributions, the mean, standard deviation, standard error, and the estimate of the
goodness of fit of these distributions to a normal distribution function. The agree-
ment of distributions in small sampling groups is best estimated by the Kolmogorov—
Smirnov statistic (Massey 1951). Fig. 3 presents a cumulative percentage plot of
the heat flow values on normal probability paper and gives a graphical test for the
null hypothesis that all the samples follow the normal distribution law. As can be
seen from Table 1 and Fig. 3, the distribution of heat flow values in provinces of the
same age does not contradict a normal distribution law at the 10 per cent level of
confidence. Thus, in general, the heat flow values in each region of the same age are
homogeneous. This suggests that our method of separation is statistically, as well
as geologically, meaningful.

The Jurassic, early Cretaceous, and Japanese provinces have a mean and standard
error of 1:44+0-095, 1-184+0-038, and 1:1140-032 ucalcm™2s™! respectively.
Though the Japanese and early Cretaceous provinces have a mean close to 1-15 and
a small standard error, the Jurassic average of 14 values is much greater and has a
significantly larger standard error. Three unpublished values of 1-93, 1-89, and
2-20 ucalcm™? s~ contribute to this mean. As the average of the other 11 values
is 1-28 ucalcm™2 s~ with a lower standard error and these three high values are
on the border of reliability (only one thermal gradient measured on an outrigger
system) we consider the value of 1:28+0-059 ucalcm™2s™! to be closer to the
actual mean heat flow through this area. The distribution of the heat flow in these
three areas does not conflict with the hypothesis of normality at the 10 per cent
level (Table 1 and Fig. 3).

The middle and late Cretaceous provinces and the region bordered by anomalies
25 and 13 have a mean and standard error of 1:384-0-055, 1-43+0-066, and
1:4340-086 ucalcm™2s™! respectively. The Kolmogorov—Smirnov test indicates
that the distribution of heat flow in these three areas does not differ significantly
from a normal distribution.

The provinces extending from anomaly 13 to the crest of the East Pacific Rise
have a mean and standard error of 1:-61+0-071, 2:22+0-107, 2-824-0-210 p cal
cm~?s™? respectively. The fit to a normal curve for these three provinces is not
in conflict with the observed heat flow observations.

A plot of mean heat flow versus age for the nine regions considered shows a
continuous and significant decrease of heat flow from the younger to the older crust
(Fig. 4). The histograms of Fig. 2 and the length of the bars on Fig. 4 demonstrate
that the scatter in the heat flow values increases from the older to the younger pro-
vinces. The continuous decrease in heat flow, away from the crest of the ridge
(Fig. 4), is clearly compatible with a model in which hot material is intruded at the
crest of the ridge and heat is lost by conduction, as this new crust moves away from
the crest.

3. South Atlantic oceanic heat flow

Though reliable heat flow measurements are sparse in the South Atlantic and
mostly concentrated around the ridge crest, it is tempting to investigate if the pattern
of heat flow in the South Atlantic is similar to that in the North Pacific. The South
Atlantic is the only other ocean where the age of the ocean floor is, at present, even
partially understood. Deep drilling (Maxwell 1969) in the South Atlantic has con-
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North Pacific heot flow

F1G. 4. Plot of mean heat flow against age of province for the North Pacific. The
length of the bar gives the magnitude of the respective standard error. The mean
value for the youngest province has been plotted for a mean age of 5 My in order
to account for the paucity of observations in the crestal regions. An explanation for
the lack of values near the crest of the ridge can be found in Oxburgh & Turcotte
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FIG 5. Provinces of the South Atlantic. The boundaries of the provinces are
determined from the magnetic lineations (Dickson ef al. 1968) and the age of the
sediments recovered by JOIDES deep-sea drillings (Maxwell 1969). The thick black
line marks the crest of the mid-Atlantic ridge. The open circles are the location
of the heat flow measurements and the filled-in circles are the locations of the
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F1G. 6. Plot of mean heat flow against age of province for the South Atlantic.

The length of the bar gives the magnitude of the respective standard error. The

mean value for the youngest province has been plotted for a mean age of 5 My

in order to account for the paucity of observations in the crestal regions. An

explanation for the lack of values near the crest of the ridge can be found in
Oxburgh & Turcotte (1969).

firmed the age attributed to different parts of the ocean floor by the mapping of the
magnetic anomalies (Dickson, Pitman & Heirtzler 1968).

The South Atlantic was separated into provinces of similar age (Fig. 5). The
boundaries of these provinces have the same age as those chosen for the North
Pacific. The crest of the mid-Atlantic ridge and anomalies 5, 6, 13, and 25 are well
defined. The late, middle and early Cretaceous boundaries are determined by assum-
ing a constant spreading rate of 2 cm yr~! (Maxwell 1969) from the present until the
early Cretaceous.

Table 2

Statistics of the heat flow distribution in seven provinces of the South
Atlantic. The number of observations, their mean, standard error and
standard deviation are listed for each province.

Province n qd ot s

Early Cretaceous 7 1-14 0:076 0-164
Middle Cretaceous 13 1-40 0-113 0-361
Late Cretaceous 12 1:42 0-174 0-530
13-25 6 1-26 0-428 0-820
6-13 5 0-69 0-102 0-172
5-6 10 1-75 0:334 0-912
0-5 16 2-15 0-557 2-009

Note: nis the number of heat flow values
4 is the mean value
o, is the standard error of the mean
s is the standard deviation

* The best estimate of the standard error of the mean of a small sample is given by the law of
Student-Fisher.
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The heat flow data for the South Atlantic were taken from Lee & Uyeda (1965)
and Langseth er al. (1966). Excepting the low average heat flow value for the pro-
vince extending from anomaly 6 to 13, the average heat flow decreases with increasing
age of the oceanic crust (Fig. 6). This is similar to the pattern shown by the heat
flow values in the North Pacific. However, the low number of values precludes a
meaningful statistical study of the heat flow distribution within each province. The
anomalous value is the average of only five determinations (Table 2). It is not clear
that this mean is representative of the heat flow for this province and it was dis-
regarded when fitting theoretical heat flow curves through the average heat flow values
for the provinces. The similarity of the heat flow dependence on age for the North
Pacific (Fig. 4) and the South Atlantic (Fig. 6) suggests that the heat flow decrease
observed in the Pacific may be typical of all oceans.

4. Continental heat flow

Polyak & Smirnov (1968) have analysed in considerable detail the relationship
between terrestrial heat flow and the age of the orogenic province where the heat
flow was measured. They demonstrate that the heat flow in each province is normally
distributed and that the average value decreases with increasing age of the province.

Table 3 lists their data for several orogenic provinces and Fig. 7 presents a plot
of the average heat flow values against the age of the corresponding province. The
age of the Cenozoic, Mesozoic, Hercynian, and Caledonian orogenies are relatively
well known. The Precambrian platforms have been given a rather arbitrary age of
700 My and the shield areas have been ascribed the mean age of the Grenville, of
approximately 1100 My. Because a complex multipeak distribution is observed for

heat flow values in the Cenozoic, the mean value, 178 ucalcm™2 s™!, may not be

Table 3

Heat flow distribution in different continental tectonic provinces (taken from Polyak &
Smirnov 1968).

Distribution
Tectonic provinces n Gmin Gmax g o, s Law
Provinces of Precambrian folding
(undifferentiated) 88 0-53 1-33 0-93 0-02 0-17 Normal
Shields 69 0-61 1-32 0-90 0-02 015 Normal
Platforms 19 0-53 1:33 1-04 0-05 0-20 Normal
Provinces of Caledonian folding 17 0-68 1-71 1-11 0-07 0-28 Normal
Provinces of Hercynian folding 60 0-60 1-90 1-24 0-03 0-25 Normal
Provinces of Mesozoic folding and
activation 26 1-00 2:12 1-42 0-06 0-31 Normal
Provinces of Cenozoic folding and
activation
Foredeeps and intermontane
troughs 55 0-52 1-58 0-98 0-03 0-24 Normal
Folded mountain structures of
migeosynclinal zones 19 1-20 2:20 1-75 0-06 0-25 Normal
Zones of Cenozoic volcanism 55 1-20 3-49 2-20 0-06 0-42 Normal
Continental rift zones:
Nyasa 20 — — 1-00 — — Unknown
Baikal 11 1-21 3-40 2-40 0-18 0-59 Unknown

Note: nis the number of heat flow values
g is the mean value
o, is the standard error of the mean
s is the standard deviation
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F1G. 7. A plot of mean heat flow against age of orogenic province for continents
(after Polyak & Smirnov 1968: Smirnov 1968, Fig. 1).

representative of the mean flow through this province (Polyak & Smirnov 1966).
The mean heat flow through the orogenic provinces decreases from 1-42 u cal
cm~2s”! for the Mesozoic to 0-90 ucalcm™?s~! for the Precambrian shields.
The small standard deviation of the values for the Precambrian and the exponential
nature of the decrease on Fig. 7 suggest that, in this province, the heat flow may be
close to an equilibrium value.

There is some indication that the mean values of all heat flow measurements on
land may have to be raised. Simmons & Nur (1968) compared the physical properties
of granite in situ measured in two boreholes with those from laboratory measurements
on dry samples. The correction for the effect of cracks and saturation with water on
the thermal conductivity measurements could raise the average heat flow in all
continental areas by as much as 10-15 per cent. When this correction is applied,
the mean for the shield areas becomes 1:0 to 1-05 gcalcm™2s~!. This value is
very close to the average heat flow observed on the older portions of the oceanic
crust.

5. Equality of continental and oceanic heat flow

The mean heat flow through the deep-ocean crust is approximately equal to the
mean flow through the continents (Lee & Uyeda 1965; Polyak & Smirnov 1968).
Bullard (1952) proposed two alternative hypotheses in explanation: First, that the
oceanic heat flow is due to convection; second, that, to a first approximation, the
mean chemical composition of the mantle is the same over both continents and
oceans when averaged down to depths of several hundred kilometres. The second
hypothesis was the more popular and led to several geochemical models of the upper
mantle (Ringwood 1958; McDonald 1963; Clark & Ringwood 1964).

Several authors (Langseth et al. 1966; McKenzie 1967; McKenzie & Sclater
1969; Sleep 1969) have demonstrated that, in a sea-floor spreading model, a con-
siderable proportion of the heat lost by the oceans is due to the creation of oceanic
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Terrestrial heat flow observations and tectonic and geochemical models 519

lithosphere. Thus, there is no longer any necessity to assume that the mean radio-
active composition beneath continents and oceans, when averaged down to con-
siderable depths, are identical.

The mean heat flow in any continental or oceanic province is strongly related to
the age of the province (Figs 4 and 7). However, the time scales for the thermal
decay of the heat flow for the two realms are an order of magnitude different. The
continents take a billion years to reach a constant value of 1-00 pcalcm™2s™!
while the oceans reach a value of 1:1 ucalecm™2s™! after only 100 My. The
continental and oceanic crustal rocks have a radically different chemical composition.
This and the different time scales of the heat flow decay suggest that the processes
responsible for the observed distribution of heat flow differ for continents and oceans.
Although the mean heat flow through the two regions is the same, the strong
dependence of heat flow on age (Figs 4 and 7) suggest that this equality may be entirely
fortuitous and need not necessarily be related to a deep-seated mantle process.
Thus, a comparison of the gross means is not a meaningful method of evaluating the
contribution from the deep interior of the Earth. It is more pertinent to examine
the significance of the strong dependence of heat flow on age for both the oceanic
and continental values and to pay special attention to the values in the older pro-
vinces. These values may be close to equilibrium and hence enable a better estimate
to be made of the heat flow from the upper mantle in both cases.

The problems are then to account for (a) the dependence of heat flow on age,
and (b) the approximate equality of the heat flow through the shield areas with that
through the oldest portions of the deep oceans. We will consider the geochemical
models of the crust and upper mantle of the continents proposed by Roy, Blackwell
& Birch (1968) and oceans proposed by Clark & Ringwood (1964) and Ringwood
(1969; Fig. 5). Heat lost in the creation of oceanic lithosphere will play a significant
role in the contribution to the oceanic heat flow (McKenzie 1967; McKenzie &
Sclater 1969).

6. Heat flow on continents

Continental heat flow values are a function of the age of the latest thermal event,
the intensity of this event and the concentration of radioactive elements below the
continents. An estimate of the vertical distribution of these elements has come from
recent work by Birch, Roy & Decker (1968), Roy, Blackwell & Birch (1968), and
Lachenbruch (1968). These authors have separated North America into five major
thermal regions and have shown that within each region the heat flow values show a
striking linear correlation with the concentration of radioactive elements in the
surface rocks. To investigate whether the data for North America show a strong
correlation with age and te compare the thermal regions of Roy er al. (1968) with
the tectonic provinces of Polyak & Smirnov (1968) we superimposed all available
North American heat flow data (Lee & Uyeda 1965; Roy et al. 1968; Blackwell
1969) upon a tectonic map of North America (King 1969; Fig. 8). The two youngest
provinces were separated according to the most recent thermal event. The Cenozoic
is the Basin and Range province of Blackwell (1969) and the Mesozoic is, for the
most part, the area of western North America folded in the Mesozoic and not affected
by younger tectonic activity. Except for H (the mean of six values in the southern
Appalachians) the data for North America (Fig. 9, Table 4) are remarkably similar
to those presented by Polyak & Smirnov (1968; Fig. 7). Hamza & Verma (1969)
have compiled radioactive age determinations and heat flow measurements for
Africa, Australia and India. They suggest that the decrease of heat flow with age is
true for all continents.

The two oldest thermal regions of Roy et al. (1968), the Central Stable region and
the New England area, correspond to the Precambrian Platforms (PcP) and

220z 1snBny 91, uo 1senb Aq 2/509//605/5/0z/al0melB/wo0 dno-olwepese)/:sdjy Woly papeojumoq
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Caledonian (C) provinces respectively (Fig. 8). These authors have shown that the
heat flow and surface radioactivity data for these two provinces plot on the same
straight line (Fig. 10). Roy (personal communication) has further shown that two
published values (Hyndman, et al. 1968) and one unpublished value for the Australian
shield, and three unpublished values for the Canadian shield also fall on this line
(Fig. 10). This linear relationship affords a simple explanation of the heat flow in
the Caledonian and older provinces. The slope of the line gives a measure of the

CM=Cenozoic basin and
range provinces

M =Mesozoic orogenic belts

H =Hercynian orogenic belts

€ =Caledonian orogenic belts
PcP =Precambrian platforms
PcS=Precambrian shields

F1G. 8. Tectonic map of North America, after King (1969) The black dots
represent heat flow measurements.

thickness of the radioactive layer and the intercept gives the heat flow from below.
For these three provinces the variation of heat flow can be explained by assuming
an 8-km thick radioactive layer with a uniform heat flow of 0-8ucalem™%s~! at
its base. The decrease in heat flow from the Caledonian to the shields can be
explained by the reduction of radioactivity in the surface layer. There is no need to
invoke any thermal energy due to intrusion. Thus, the intercept heat flow may
represent the equilibrium flux from the lower crust and upper mantle.
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It is supposed that the continental rocks have differentiated from the underlying
mantle and that, in the course of this differentiation, the uranium, thorium and
potassium are selectively removed from the mantle and are concentrated at high
levels in the crust by magmatism. For the Cenozoic province, it is likely that the
thermal energy due to magmatism is responsible for a large fraction of the surface
heat flow. The decay of this heat flow is a function of the age of emplacement, the
size of the magmatic body, the degree of metamorphism and the impoverishment of

Heat flow N, America
cM CM=Cenozoic basin and range
provinces

M=Mesozoic orogenic beits

H=Hercynion orogenic beits

€ =Ccledonion orogenic belts
PcP=Precambrian platforms
PcS=Precambrian shields

4 @~
o

Heat flow p.cal cm™2s"

o5~

1 ]
500 1000 1500

Age in 10® years

FiG. 9. A plot of mean heat flow against age of last thermal event for North
America.

the radioactive elements. From the explanation of Roy et al. (1968) for Fig. 10 one
can infer that all energy of intrusion has been lost after 400 million years. If radio-
active studies on rocks of Mesozoic age yield the same high radioactive concentrations
as those reported by Birch et al. (1968) for the White Mountains, the rest of the
Mesozoic values would plot on the line of Roy et al. (1968; Fig. 10) and would imply
that the time scale of the decay of the intrusive energy could be as short as 200 million
years. However, there are few reported measurements to substantiate these high
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FiG. 10. Heat flow and heat productivity data for plutons in the New England

area (solid circles), the Central Stable region (open circles) and the Australian and

Canadian shields (open circles with crosses). The sections represent steady state

models of the crust compatible with the data (Roy et al. 1968; Hyndman et al. 1968;

Roy, personal communication). The three highest values are from the White

Mountains, of Mesozoic age, and have not been considered in evaluating a mean
radioactivity for the Caledonian surface layer.

Table 4
Heat flow distribution for the different continental tectonic provinces of North America
Distribution

Tectonic provinces n  Gmin Gmax G o, K] Do.y Dpu Law
Provinces of Precambrian folding

Undifferentiated 63 044 1-90 1-09 0-032 0-253

Shields 22 069 1-32 095 0-038 0-179 25-0 13-0 Normal

Platforms 41 044 190 1-17 0040 0-254 19-1 10-1 Normal
Provinces of Caledonian folding 17 0-81 1-80 1-31 0-070 0-290 28-6 12:0 Normal
Provinces of Hercynian folding 6 073 140 1-09 0093 0-229 47-0 14-0 Normal
Provinces of Mesozoic folding and

activation 34 062 228 1-55 0081 0470 21-0 90 Normal
Provinces of Cenozoic folding and

activation 63 1-10 689 2-18 0-100 0-795 15-4 16-5 Unknown
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Note: n is the number of values; § is the mean value; o, is the standard error of the mean; s is
the standard deviation; D is the Kolmogorov-Smirnov statistic; all values are
in pcalcm=2s"1,
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concentrations. Lachenbruch (1968) has shown that a model where the radioactive
concentrations of the crustal rocks decrease logarithmically with depth can explain
the linear relationship of heat flow to radioactivity found for the provinces older
than the Caledonian. Such a model might reflect a continuous history of fractional
melting in the mantle resulting in a strong upward differentiation of the lighter
elements (Ringwood 1969). One could then qualitively account for the decrease of
the mean surface radioactivity with increasing age by two main factors: (a) The
decay of the radioactive elements themselves, particularly potassium; and (b) the
erosion of the logarithmic layer.

For a comparison with the heat flow through the old ocean basins we will consider
the regional flow through the shield areas as this value is close to the equilibrium
and hence sets a lower limit to temperatures in the mantle. Our model which is
compatible with the data of Roy et al. (1968) consists of a two-layer crust, The upper

Shield Ocean
Q= 1-05x10 6 cal cm2s~! Q= Il x 1076 cal cm~2s~1
8 km —— 3-0x 10-13 cal cm=3s-! )

Basaltic_layer 1-2 x|10-'3 cal cmrdg-!  |—5km
22— . -13 R IEEE P aiiviviuininl . Moho
km 06 x10™° cal 9™ Ultrabasic layer
95 km

0-03x 10713 cal em™351

7, 1500°C
100-1  yiirabasic layer
0-02 x10713 cai em™3s7!
160km
7, ~1530°C
200
Pyrollte IT Pyrolite TT

F1G. 11. Geochemical model of continental shield and oceanic lithosphere (after

Fig. 5 of Ringwood 1969) assuming convection maintains a constant temperature

at the base of the two lithospheres. A mean conductivity of 7-1x10-3 cal cm~!
s~! °C-! and adiabatic gradient of 0-3 °C km~* have been assumed.

layer, where measurements of radioactivity have been made, is 8 km thick and
contributes 0-:25 pcalem ™25~ ! to the surface heat flow; the lower layer is assumed
to have a radioactive concentration of 0:6x 10”3 calecm™3s~! and contributes
only 0-2 pcalem™2s~! to the surface flux. Below this crust, Ringwood’s (1969)
model consists of a chemically zoned upper mantle with a refractory dunite-
peridotite layer overlying primitive pyrolite (Fig. 11). Brune & Dorman (1963)
have suggested that there may exist a low velocity zone at a depth of approximately
200 km beneath the shield areas. If the lower ultrabasic layer indeed consists of
dunite-peridotite with a mean radioactive heat production of 0-02x 1072 cal cm™3
s~! (Holmes 1965; p. 1002), then the total heat contribution of this layer is
0-03 ucalem™2s™1. Thus, in the model we have chosen, the lithosphere comprising
the Precambrian shields contributes 0-48 pcal cm~2s™! to the surface heat flow.

This leaves a heat flow of approximately 0-6 ucalcm™2s~' coming from below
the lithosphere.
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7. Oceanic heat flow

Heat flow observations in the North Pacific and South Atlantic show a systematic
decrease of mean heat flow with increasing age of the ocean floor. Such a decrease is
expected in the sea-floor spreading hypothesis where all hot material is being intruded
at the crest of the ridges. Langseth et al. (1966), McKenzie (1967) and Langseth &
Von Herzen (in press) have computed the heat flow resulting from the cooling of a
slab of lithosphere moving away from the ridge axis. Models with a slab thickness
of 50-100 km and a basal temperature of 550°-1200 °C have given reasonable fits
to the observed heat flow data. The problem of preserving the equality of the heat
flow through shields and older ocean basins when oceanic and continental plates are
permitted to move has not been considered in these models (Bullard 1968). To
explain this equality, within the framework of plate tectonics, it is necessary to
examine the lower boundary condition and the possible heat contribution of the
oceanic lithosphere. The lower boundary condition can be set on either temperature
or heat flow.

As the temperature structure of the mantle is not very different from adiabatic,
it is reasonable to assume that the low velocity layer is nearly isothermal. Such a
state is easily maintained if convective processes are efficient. Thus, the temperatures
at the base of the oceanic and continental lithospheres can be considered roughly
equal. If this is so, and heat sources contribute 0-48 ycalcm™2s7! to the heat flow
through the shields, then the approximate equality of heat flow through shields and
old ocean basins is a consequence of the lithosphere being twice as thick beneath the
shields (Fig. 11). In this model the oceanic lithosphere is depleted in radioactive
elements. The low radioactivity is consistent with measurements made on lherzo-
lites, rocks recovered from the ocean floor (Wakita et al. 1967; Table 5). As the base of
both lithospheres have nearly the same temperature, no difficulty is encountered in
preserving the heat flow equality while moving the plates. In this model, the com-
position of the mantle is the same under both continents and oceans.

An alternative way to explain the equality of heat flow when allowing for plate
movements is to assume that the heat flowing through the base of the two lithospheres
is approximately equal. This demands that the oceanic lithosphere carry a significant

component of the surface heat flow, roughly 0-4 ucalcm™2 5™, along with it. The

Table 5§
Average abundances of heat-producing elements and heat production from radioactivity
in possible rocks of the oceanic lithosphere.

Average abundances of Heat production from radioactivity
the radioactive elements in calories
in grams per 10° grams in calories per year per second
of rock per 10% grams of rock per 10 cm®  per cm?
Rock groups 8] Th K#+0 U Th K*%°  Total Total Total

Basaltic rocks 0-7 30 1-1 0-5 06 02 1-30 3-80 1-20x 1013
(Holmes 1965)

Ultrabasic rocks 0-013 005 0-001 001 001 0-0002 0-02 0-07 0-02x10-13
(Holmes 1965)

Lherzolites 0019 005 0007 002 001 0-0014 0-03 0-10 0-03x10-13
(Wakita ez al.
1967)
Pyrolite I 0-189 079 028 — — — — — 0-32x10-13
Pyrolite IT 0-059 0-25 0-09 — — — — — 0-10x10-13

(after Ring-
wood 1958)
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material comprising the lithosphere would then be considerably more radioactive
than common ultrabasic rocks. In the geochemical models of Ringwood (1969)
and Clark & Ringwood (1964), the parental material is pyrolite from which are
derived the basaltic and ultrabasic rocks. If the basaltic layer of the oceanic crust
is 5 km thick (layer 2 and layer 3), then the underlying ultrabasics (lherzolite 7) may
be as much as 15 km thick. A mixture of one part basalt with three parts ultrabasic
gives pyrolite with a radioactive heat generation of 0:32x 10713 cal cm™3 s~ * (Table
5). To obtain a heat flow of 0-4 pcalcm~?s~! from the oceanic lithosphere, one
has to choose a plate thickness of 120 km comprised of the following layers: Five
kilometres of basalt with a radioactive heat production of 1-2x10"*3calem™3 5™,
15 km of ultrabasic (lherzolite) with a heat production of 0-03x 10”13 calcm™3s™?!
and 100 km of pyrolite with a heat production of 0:32x 1073 calcm™3s™*. This
plate rests on a more primitive pyrolite with a mean heat production of 0-1 x 10713 cal
cm™3s™! down to a depth of 400 km (Fig. 12). These values for the heat production
are consistent with Clark & Ringwood’s (1964) proposal that under the oceans there
is a uniform gradient of heat generation for pyrolite from 0-35x107*3 calcm™3 57!
at the base of the Moho to 0:007 x 10" 13 calecm ™3 s™! at a depth of 400 km.

This model of an ocean basin adjoining a shield area is shown in Fig. 12. The
contribution of the oceanic lithosphere to the surface heat flow is 0-4 gcalcm™2s71,
This leaves 0-7 xcal cm™2s™! coming from below the lithosphere. At a depth of
200 km, the heat flow from below is approximately 0-6 y cal cm~2s~!. This value

is similar to that at a depth of 200 km under the shields. As in the first model the

Shieid Ocean

=|- - r2g-! .
@ =1-05x10-6cal cm2s 011 x 10-6 cal err2s™!

sm{ 305107 co ol ) oV 12 0007 R - km
i ! -1 St |-i5km
32kml 0.6 x 10-%cal ems" Ultrabasic | _layer, 0:03x10°2 col em®a”]_
—2F Moo — - —
Pyrolite T
Uttrabasic layer 100 km
00 = {Dunite —Peridotite) 032x10"Bcal cm3s™!
160 km
002 x 10~ %cal em=3s-!
0-68x I08cal cm-2s-!
200— e e e e m e -
0-6x 10 %al cm 2! 06 x 1076 cal cm=2s"!
Pyrolite 1T Pyrolite IT
200 200 km 275 km
01 x10™13cal cm™37! 01 x 103cal em™3s~!
400 Mo o e

0-4 x 1076 cal em 257! 0-4 x 10~8 cal cm2s~1

Fi1c. 12. Models of continental shield and oceanic lithosphere (based on Clark &
Ringwood 1964) assuming a constant heat flux at a depth of 200 km. The thick
arrows indicate the heat flow at different levels
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composition of the mantle at the base of the lithosphere under both continents and
oceans is the same and plate movements will not alter the heat flow.

Talwani et al. (1968) have observed essentially a zero free air gravity anomaly
over oceanic ridges. This suggests that the lithosphere is isostatically compensated
and that the relief of the ridge may be accounted for by thermal expansion of the
lithosphere (McKenzie & Sclater 1969). The questions remain as to whether (a) the
production of oceanic lithosphere can explain satisfactorily both the observed heat
flow and topographic relief of ridges, and (b) the observations give clear support for
one or other of the geochemical models.

Theoretical heat flow
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Fi1G. 13. Comparison of theoretical models of heat flow and topography showing
the effect of varying the radioactive content of the lithosphere.

/ L=100km, T, = 1475°C, K = 7-12x10"3cal °C~*cm~'s~?,
V=5cmyr !, H=0-1x10"*3calcm=3s5"%, Ac = 0-3°Ckm~!

A K=746x10"3cal°C'cm~!s~ !, H=0:0x10"13cal cm~3 s~ !, other parameters
as above

O K=637Tx10"3cal°C *em~'s~ !, H=0-32x10"!*cal cm~3 s~ !, other
parameters as above

8. Properties of the models

The model of the oceanic lithosphere used here is similar to the one described
by McKenzie (1967). A plate of constant thickness is produced on a vertical bound-
ary at the ridge axis and moves away at a constant velocity. The solution for the
temperature structure within the lithosphere, the surface heat flow and the elevation
can be found in Appendix I. The radioactive heat production term was kept in the
heat flow equation and an adiabatic gradient of temperature, 0-3 °Ckm™!, was
specified for the vertical boundary beneath the ridge axis. At the base of the litho-

sphere, the temperature is that of incipient melting of pyrolite at that depth and is
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FIG. 14. Isotherms under the North Pacific. The lithosphere of thickness 100 km
is moving at 5 cm yr~! to the right.

obtained from the solidus/liquidus curve of pyrolite (Green & Ringwood 1967,
Fig. 12). This curve has a gradient of approximately 10 °C kb~!. Once the thickness
of the slab is assumed, the temperature is then completely determined. The thermal
conductivity is the least well known of all the parameters controlling the temperature
of the lithosphere. For the models considered in this paper, once the thickness
(and hence the temperature) and radioactive heat production are assumed, the mean
conductivity of the lithosphere is defined uniquely by the condition of a uniform
heat flow of 1-1 pcalcm™2s™! observed at great distances from the crest of the
ridge. If a different temperature were assigned to the base of a slab of the same
thickness, the conductivity would vary so as to retain a constant value for K(T, — Tp).
With these boundary conditions a small variable radioactive heat production term
has no significant effect on either the heat flow anomaly or the elevation (Fig. 13).
This arises from fixing the temperature at the base of the slab and demanding that
the conductivity be lowered when the radioactivity is increased. Because of this
lack of sensitivity to the radioactive content, one is free to choose any internal heat
generation term in the range 0-0-32x 1073 calcm™3s™!. In the models used to
compare theoretical curves with the observed heat flow and topography, a value
of 0:1x107 3 calcm™3s™! has been assumed. Such a value is consistent with a
model of oceanic lithosphere where a basaltic layer overlies a thick ultrabasic lid
(Fig. 11 and Ringwood 1969, Fig. 5). The isotherms within an oceanic lithosphere
100 km thick moving at 5 cm yr~! are shown in Fig. 14.

9. Oceanic heat flow and the topography of ridges

The North Pacific is the only ocean where there are enough heat flow observations
to enable a meaningful comparison between the theoretical profiles and the observed
heat flow and topography. The theoretical heat flow is strongly dependent on the
assumed velocity of spreading. Examination of linear magnetic anomalies in the
North Pacific reveals that the spreading rate varies from 4cmyr~! for the two
provinces near the ridge crest to 5 cm yr™" for the provinces extending from anomaly
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6 to 32. The age of the sediment recovered in recent deep drillings in the Northwest
Pacific (Scientific Staff, Leg VI, 1969) suggests that the spreading rate could have
varied from 7 cm yr~? in the late Cretaceous to 9 cm yr™! in the Jurassic (Fig. 1).
Because of this large change in spreading rate one should not expect to be able to
match the observed heat flow with a curve based on a single spreading rate.

The heat flow and topography due to slabs of lithosphere 75, 100 and 125 km
thick, moving at a velocity of Scmyr™* are compared with observed heat flow
averages in the North Pacific and an east-west topographic profile at 20°N
(Udintsev 1964) (Fig. 15).
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Fi1G. 15. (a) Comparison of observed heat flow averages in the North Pacific

with five theoretical profiles. (b) Comparison of observed topography (Udintsev

1964) with five theoretical profiles. L is the thickness of the lithosphere, T, is the

basal temperature, K is the thermal conductivity, v is the half spreading rate of the

slab, H is the rate of internal heat generation and A, is the adiabatic temperature

gradient. The open circles represent an increase of 15 per cent in the heat flow for
the three provinces close to the crest of the ridge.

1 L=125km, T, = 1550°C, K = 836 x10"3cal°C-'cm~!s~!,
V=S5Scmyr ', H=01x10"3calem=3s~1, A, =0:3x10"5°Cem~*
2 L=100km, T, =1475°C, K = 7-12x 1073 cal °C~* cm~! s~ 1, other
parameters as in 1
2A L=100km, T; = 1475°C, K = 7-12x10"3cal°C~*cm~1's~!,
V = 4 cm yr~ !, other parameters as in 1
3 L=75km,T; =1400°C, K =568x10"3cal°C-'cm~'s™},
V = 5 cm yr~*, other parameters as in 1
3AL=75km, T, =1400°C, K = 5-68x10"3¢cal °C 1 ecm~1s5~!,
V = 4 cm yr~!, other parameters as in 1

ool
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F1G. 16. (a) Comparison of observed heat flow averages in the South Atlantic and

three theoretical profiles. (b) Comparison of observed topography in the South

Atlantic V-22 (Dickson et al. 1968) and three theoretical profiles. Symbols are
defined in Appendix I and the caption of Fig. 15.

L=125km, T, = 1550°C, K = 8:36 x10"3cal°C-*cm~'s~!,
V=2cmyr!

L=100km, T, =1475°C, K = 7-12x10"3cal°C~'em~'s"!,
V=2cmyr !

L=75km, T, = 1400°C, K = 5:68x10"3cal °C-'cm~1's~!,
V=2cmyr-!

In regions of rough topography the heat flow average may be biased on the low
side. Sclater, Mudie & Harrison (1970) have shown that, in a small region of high
topographic relief on the Hawaiian Arch, the preferential positioning of heat flow
measurements in sediment ponds yielded an average heat flow for the small region
that was 30 per cent lower than the mean for the whole Arch. A systematic heat flow
survey at right angles to the Galapagos rift zone yielded a mean of 5-0 ycalem™%s™!
for 18 heat flow observations within a 100 km wide zone about the spreading centre
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(Piquero 7, unpublished). These two results suggest that the average heat flow in
regions of rough topography may have to be raised. To correct for this possible
bias, the average for the younger provinces has been increased by a conservative
15 per cent and shown as open circles in Fig. 15.

The theoretical elevations for 75- and 125-km thick lithospheres effectively bracket
the observed topography (Fig. 15). A slab of lithosphere 100 km thick with a basal
temperature of 1475 °C spreading at 5 cm yr~! gives a reasonabile fit to the topographic
section along 20° N. There is strong experimental (Sclater e al. 1970) and theoretical
(Oxburgh & Turcotte 1969) evidence that we have underestimated the bias in heat
flow for the crestal zone. If the lowering of the heat flow is as much as 50 per cent
for the provinces close to the crest, a slab, 100 km thick, moving at 4 cm yr™! would
give a theoretical anomaly consistent with the heat flow observations near the crest
of the ridge. Further from the ridge, the curve for a spreading rate of 5cmyr™!
would adequately account for the data. A combination of the two spreading rates
for a lithosphere 100 km thick would then give a reasonable fit to the observed
heat flow. As the theoretical topographic profile is less sensitive to changes in
spreading rate, this model would also fit the topographic data. Differences in spreading
rate have little effect on the tail of the theoretical profiles (Fig. 15). Thus, it is not
necessary to compute a curve of the expected heat flow and topography for the faster
spreading in the older regions. A point of interest is that in the region comprising
the Hawaiian chain and the mid-Pacific mountains the anomalous topography is
accompanied by a heat flow slightly higher than that in the surrounding deep ocean
basins.

An attempt is made to explain the heat flow and topographic relief in the South
Atlantic (Fig. 16). In this ocean, the spreading rate has been roughly constant since
the early Cretaceous (Maxwell 1969). A model of oceanic lithosphere 100km
thick would adequately explain the topographic profile V-22 (Dickson et al. 1968).
This profile was chosen because it is long, south of the heavily sedimented Argentine
Basin and it does not cross either the Walvis or Rio Grande Ridges. The scatter in
the observed heat flow in each province and the possible bias of the heat flow average
in the regions of rough topography prevent us from selecting a model of lithosphere
from the heat flow measurements. It is encouraging that a good fit to the ridge
topography is obtained by taking the same model of the lithosphere as that for the
North Pacific. Further, the theoretical topography has the same basal depth of
6000 m in both oceans. This suggests that the model for the Pacific may be valid
for all oceans.

10. Discussion of the oceanic model

Because of the uncertainty in the thermal conductivity, a model of lithosphere in
which a small amount of radioactive heat generation is assumed cannot be separated
from one which is totally depleted in heat producing elements. However, the two
models which were suggested to explain the equality of heat flow through the shields
and old oceans would have different chemical compositions. A lithosphere which
contributes significantly to the surface heat flow is likely to have a composition close
to that of pyrolite with a thin lid of ultrabasic and basaltic rocks. Within the frame-
work of plate tectonics, where the lithosphere is envisaged as the lowest melting
fraction of the upper mantle, this model implies a two-stage differentiation process
with increasing enrichment in the lighter elements. Pyrolite II is the parent of
pyrolite I which in turn gives rise to the basaltic and ultrabasic layers. A depleted
lithosphere consisting mainly in ultrabasics can be derived directly from the more
primitive pyrolite II. The differentiation history of such a model is simpler.

220z 1snBny 91, uo 1senb Aq 2/509//605/5/0z/al0melB/wo0 dno-olwepese)/:sdjy Woly papeojumoq



Heat fiow pcol cm=2s~t

Depth in meters

Depth in km

Terrestrial heat flow observations and tectonic and geochemical models

Heat flow North Paclfic
[ Observed heat fiow
z 1
| ! | | l i | I 1
2000 4000 (a) 6000 8000 10,000
2000 °
E Topography along 20°N North Paclfic w
k\\ =
h N i)
4000 \\\w: 2! !} Mid-Paciflc Mts
NS ] \/l 1
- ~ \1\ ~ 1 )
6000 -m - e === ::::‘::‘fmﬂ-,"\.’_\’j}_-

Plogioclo% 400°C

$00°C

40P Pyroxene pyrolite 800°C

| IOO
60~

.« \\'\\Wm }E

_,._e\&\ \O%g N }oo 300°0

(c)

2000 400 ¢ 6000
Distance from ridge crest in km

FiG. 17. (a) Comparison of observed heat flow averages in the North Pacific
with the theoretical profile for a 75-km thick lithosphere. (b) Comparison of
observed topography (solid line) (Udintsev 1964) with two theoretical profiles.
The upper dashed curve is the profile expected from the thermal expansion and the
phases of the model shown in (¢). The lower dashed curve is the profile assuming
thermal expansion of a lithosphere of uniform density. (c) Isotherms and chemical
zoning of a 75-km thick lithosphere moving at 5 cm yr~! to the right. The para-
meters are Ty = 1300°C, K = 6-15x10"3cal°C 'cm~'s~!, H=0-1x10"13
calem=3s~! A, =03x10"5°Ccm ~! (see Fig. 12 for explanation). The
densities at 0 °C for plagioclase, pyroxene and garnet pyrolite are 3-26, 3:33 and
3-38 gcm 2 (Ringwood 1969). 5o (see Appendix I) is taken as 3-3gcm~3. The
phase boundaries are for a ¢ wet * pyrolite (Green 1969; Fig. 4),
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In essence, the depleted model assumes an efficient convective process in the
upper mantle which maintains a constant temperature at the bottom of the plate.
The enriched model assumes a constant supply of heat from the deep mantle and
requires an efficient differentiation process. These two contrasting models are
essentially the same as those proposed by Bullard (1952) rephrased to fit modern
ideas about the oceans. In spite of the difficulty in selecting a preferred geochemical
model, the previous analysis has shown that the heat flow anomaly and topography
of ridges can be accounted for satisfactorily by the creation of oceanic lithosphere.
The thickness of the lithosphere is of the order of 100 km and the base of the litho-
sphere may have the temperature of incipient melting of pyrolite.

However, the basis for the previous analysis was an upper mantle with no phase
changes. Though relevant experimental data on the subsolidus P-T stability fields is
sparse, high pressure laboratory work in the past decade has shown that several
phases are likely to be present in any model of the upper mantle. It is important to
evaluate the effect of these phase changes on the surface elevation. To compute the
increase in elevation resulting from the presence of several phases in a 75-km thick
lithosphere, it is necessary, if we assume the bulk of the lithosphere to have the
composition of pyrolite (Fig. 12), to consider a ¢ wet ’ upper mantle. In the presence
of water, the pyrolite solidus is lowered and the temperature at the base of the
lithosphere would be correspondingly decreased. The ¢ wet’ pyrolite subsolidus
stability fields of Green (1969; Fig. 4) were plotted on the temperature structure of
a 75-km thick oceanic lithosphere with a basal temperature of 1300°C. This
temperature is the incipient melting of ¢ wet’ pyrolite at that depth. As shown in
Appendix I the effect on the surface elevation of density variations due to thermal
expansion and phase changes can be added. Because of the lack of information on
the thermal expansion of mantle materials, we have assumed the basalt, the ultra-
basics and the pyrolite, all to have the same coefficient of thermal expansion. Rather
arbitrarily, « was taken to be the coeflicient of thermal expansion of pure olivine at
high temperatures (Skinner 1966). The increase of elevation due to phase changes
is of the order of 1km at the crest of the ridge. Were the lithosphere 100 km thick,
the additional elevation would be even greater and the theoretical profile would be
considerably above the observed topography. Though the theoretical elevation for
the 75-km thick lithosphere does not match the observed topography, a small variation
in the high pressure and temperature fields for the plagioclase, pyroxene or garnet
assemblages could easily yield a distribution of density contrast that would give a
better fit. Further the stability fields at low temperatures and pressures are not well
established. For example, it is possible that amphibole pyrolite be stable below the
lid of ultrabasics. Considering these uncertainties, the difference between the
theoretical and observed profiles (Fig. 17b) is not large enough to rule out a 75-km
thick lithosphere. A slab of this thickness moving at Scmyr™! gives a theoretical
heat flow curve which lies close to the observed profile at distances greater than
2000 km from the ridge crest. A theoretical profile was not computed for the lower
spreading rate near the axis. It can be seen from Fig. 15a that a decrease in spreading
rate shifts the theoretical heat flow curve closer to the ridge axis. With a rate of
4cmyr~!, a fit to the heat flow near the crest could be obtained by assuming a bias
in the observed values of no more than 30 per cent. Besides giving a better fit to the
observed heat flow and topographic data, a 75-km thick lithosphere has a more realistic
composition and is preferred from other lines of evidence such as surface wave
dispersion studies (Kanamori & Abe 1968) and highly precise group velocity data
(Press & Kanamori 1970).

This analysis was carried out for the composition of the enriched model where
pyrolite is the major constituent of the lithosphere. MacGregor’s (1968) P-T stability
fields for plagioclase, spinel and garnet peridotite plotted on the temperature structure
of a 75-km thick lithosphere would yield an increase in elevation comparable to that
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produced by the pyrolite assemblages of Green (1969). Thus, phase changes are
just as important in a depleted as in an enriched model.

The rate of heat loss from the Earth due to the production of lithosphere can be
computed once the temperature structure in the slab is known (McKenzie & Sclater
1969). The derivation for the heat loss is given in Appendix I. If:

p=233gcem™? C, =025calg™"'°C™!
L =75x%10°cm d = 5x10° cm
V=3cmyr ! a=4x10"%°C"!
H=010x10"13 cal cm™% s~ T, =Ty = 1300 °C

K =0-066cal °C"tcm™'s™?! A, =30x10"*°Ccem™!

then equation (23) of Appendix I yields a heat loss, for the production of lithosphere
by all ridges, of

Q = 36x10'%cals™!,

The total terrestrial heat loss is 77 x 102 cal s™* (Lee & Uyeda, 1965). The excess
heat produced by creation of the lithosphere is approximately 45 per cent of the total
average heat loss of the Earth. The only way this estimate can be reduced significantly
is to decrease either the thickness of the lithosphere or the temperature at its base or
both. At present there seem to be no strong arguments to reduce these parameters.
It is likely that the creation of oceanic lithosphere has occurred during a significant
portion of geologic history. The loss of heat by this process is large and may represent
a major mode by which the Earth has cooled. It must be considered in any attempt
to unravel the thermal history of the Earth.

11. Conclusions

The decrease of heat flow with age is well established for the continents (Polyak
& Smirnov 1968; Smirnov 1968). The currently accepted hypothesis of plate tectonics
predicts a similar decrease for the oceans but on a much shorter time scale (Langseth
et al. 1966; McKenzie 1967). The heat flow observations in the North Pacific support
this prediction. More heat flow measurements are needed in the other oceans to
test whether the continuous decrease in heat flow with the age of the North Pacific
floor is typical of all oceans. In these oceans more emphasis should be placed on
measurements away from the crest of ridges and each region of different age should
be given equal weight. The oldest provinces appear to be the most revealing in
evaluating the flow of heat through the upper mantle. Measurements in the provinces
close to the crest may be biased by the necessity of taking these measurements in
sediment ponds. In the Pacific more detailed surveys should be made in these provinces
to establish: (a) The effect of environment on the measurement of heat flow; and
(b) the actual flow of heat through these provinces. If a reliable heat flow curve can
be established for an ocean, it should be possible to tell the age of the ocean floor
from the heat flow and also to test whether one model of the lithosphere can explain
the heat flow decrease in all oceans. Thus, oceanic heat flow measurements may be a
powerful tool in understanding the history of the oceans.

The two models which explain the near equality of heat flow through the conti-
nental shields and the old ocean basins within the framework of plate tectonics
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require that the base of the oceanic plate be at a depth of between 75 and 100 km
and that the continental plate be almost twice as thick. In both models, at depths of
approximately 100 km, the temperatures are significantly higher under the oceans.
This temperature distribution should be checked from induction studies. It would
be of interest to compare transient variations in the magnetic field on the Australian
shield with the same studies on the sea floor to the south.

The fit of the theoretical profiles to the observed heat flow and topography in
the North Pacific depend critically on our knowledge of many crucial parameters.
The computation of elevation is very sensitive to the choice of composition, the
coefficient of thermal expansion, the basal temperature, and the P-T stability fields
of subsolidus mineral assemblages. None of these are well known. The largest
uncertainty of all is perhaps the chemical nature of the lower part of the lithosphere
and the upper mantle. The presence of water has also been recognized as a very
important factor for, as well as lowering the solidus temperature, it would also
alter the stability fields of the phases present in the lithosphere. Considering these
uncertainties, a 75-km thick oceanic lithosphere may well be found consistent with
heat flow and topography of the North Pacific.

The difficulty in separating models with varying radioactive content arises through
the uncertainty in the thermal conductivity K. However, there are several reasons
for prefeiring the depleted model. A lithosphere with a low radioactivity will have a
higher thermal conductivity. Recent work on a forsterite-rich olivine by Fukao
(1969) has shown that, for the temperatures and pressures likely to exist in the lower
part of the lithosphere, the thermal conductivity of ultrabasic rocks may be as high
as 10:0x1073cal°C 1em~!s™!. The observed heat flow and elevation across the
East Pacific Rise are better fit by theoretical models assuming a lithosphere with a
thickness of 75 km if several phases are present. The surface wave dispersion data in
the North Pacific also imply that the base of the lithosphere be at a depth close to
75km. An enriched model of this thickness would have a heat production of
045x 10”3 calem™3s~! for pyrolite II. Though not impossible such a high
value seems unlikely. The depleted model is more appealing because it has a simpler
differentiation history and its parameters lie comfortably within the allowed ranges
rather than at the extreme ends.

Rocks dredged from the fracture zones that cut deeply through the oceanic crust
(Enge! & Fisher 1969) may yield information concerning the nature of the oceanic
lithosphere. Careful dredging of these fracture zones followed by extensive chemical,
petrological, trace element, and heat production studies are essential to set constraints
on possible models of the oceanic lithosphere.
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Appendix I
Temperature and heat flow
The general equation for the temperature within a moving material is

T
pC, [‘Z—t +v.VT] = KV?T+H m
z
% %
v Lithosphere {
Az
H

F1c. 18. Simple intrusive model (after McKenzie 1967).
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where v is the velocity of the material, p its density, C, its specific heat at constant
pressure, K the thermal conductivity and H the rate of internal heat generation.
For the case shown in Fig. 18 where v is directed along the x-axis equation (1)
becomes:

0x

The time dependent term 0T/t has been neglected for two reasons: It simplifies the
solutions and, for the oceans considered, an approximately steady state has been
reached. Following the notation of McKenzie (1967) we introduce the following
non-dimensional variables:

oT ?*T T

x=1Ix
z =]z
, 3)
T=(T—-T)T'+T,
H = Al A'
substitution into (2) gives:
T oT' T
-2R ~B, A =0 4
ox'? ox' + dz'? ! @)
where R is the thermal Reynolds number.
vl
pCp— 5
P3K" (%)

The boundary conditions for this problem are those of McKenzie (1967) except
that at x' = 0:

zZ=0 T =1
z =1 T'=0 forall x’
Alz ©
' = P ] =1-Dz'
x'=0 T 1 T T, z

A,, 0:3°Ckm™!, is the adiabatic temperature gradient. The rate of internal heat
generation, H, is assumed constant throughout the plate. The solution of equation
(4) under these conditions is:

B12A’ (1+ BzA)z + Z A, exp {[R—/(R*+n? %] x'} sin nnz’
where g+l
4, =2 b Bl iy @
nr
and
© 2B, A’
Py (l—D+ ﬁ) exp {[R—/(R*+n? n)] x'}
aTr 3 B1 AI n Odd
(G ), =1 ) ®
;z (1— D) exp {[R—/(R*+n? n?)] x'}.
n even
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If we neglect all terms in the sum except n = 1 and remark that R* » % we have:
oT’ B, 4’ 2B, A’ . x')

—(— ~1- 2(1-D . 9

(62' ),r=1 7 T ( T ) °XP( 2R ©)

If q,, is the heat flow measured at the surface of the plate at great distance from
the crest of the ridge (9) yields:

. KT-T)  H

L1 cof 10
9. ] 3 (10
q. is measured and H and [ are assumed in the geochemical model chosen for the
oceanic model. T is the temperature of incipient melting of pyrolite at depth /.
Under these conditions the thermal conductivity has to be equal to:

It T, = 0°C
I=10x10"cm
H=01x10""3calcm™3s~!
do = 1'1x10"%calcm™ 25!
then T, = 1475°C
and K=71x10"3cal°C 'cm™'s™ 1,

If the half-width 8,’ of the heat flow anomaly is the value of x’ such that:

T’
- (_a_) =2
then: 5= 2R, [4[5K(TI—T0—1AC)—H12]] 12
T 2 7% 52K(T, - T,)—HIF]
But: 5 5* B vt,}
T
so that the heat flow should be
2K(T, - To)
q«} = _i_“
at a time PGP [4[5K(T1—T0—IAC)—H12]] a3
7 TKn? e 5[2K(T, — To)—HI?]

after the time of intrusion at the axis of the ridge of the corresponding material.
This provides a means of checking directly if this radioactive model agrees with the
curve of average heat flow within a province versus the age of the province.

Topography
If the elevation of the ridges above the surrounding ocean basins is due chiefly

to thermal expansion of the lithosphere, this elevation can be computed (McKenzie &
Sclater 1969). If isostatic compensation takes place at the bottom of the slab of
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lithosphere at great distance from the crest of the ridge and if the mass of the litho-
sphere is conserved the shape of the slab must be as shown in Fig. 19. The mass of
the two columns A and B can be equated:

! i1 +e(x)]
pudut [ pa =T (Ddz = p, [dy~le@+ [ puy 1=2T.(@)}dz + o ()
(1] le(x) (14)

where p , is the density of seawater, py, the density of the lithosphere at 0°C, p,,,
the density of the asthenosphere, « the thermal expansion coefficient, d,, the normal
depth of an ocean basin far from a ridge crest, le(x) the elevation of the ridge above
the basin and /e(x) the elevation of the bottom of the lithosphere above the level
of isostatic compensation.

Substitution of T, (z) and T,(z) from (7) into (14) and integration with respect
to z yields:

= 2ps1o(Ty — To)
(Pste~Pw)— apg, To+oap, Ty

e(x)

© [ 4(1-D) 8B, A’ x
x kgo [(2k+17fn2 + (2k+ll)“ n‘] exp ‘[R—J(R2+(2k+ 1)? nz)]T} 15)

if terms in e?(x) are neglected and p, e(x) = p,, e(x) with p,, =~ p,.. The elevation
le(0) at the crest of the ridge is:

dp g, (T — To) 8B, A’
le(0) =~ R Tr— [}(I—D)+ 100 ] (16)
since © © 1
k‘éo W ~ 1-23, kgo TSy ~ 101
and Psto— Pw > 0Py, To.
Substitution of:
Pao = 33gem™?
py=1gem™3
a=4x10"3°C"!
T, = 1475°C
T, = 0°C
l1=10x10"cm

H=01x10"*calem™3s"!
K=71x10"3cal°C tcm~!s™!
A, =03x10"%°Ccm™!

gives: —HI?
BiA' = ——F~ = -0:095
! K(T, - To)
IA,
D= T—T, 0-022

so that: le(0) = 4-0x 10° cm = 4000 m.
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z
A 8
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o Phase | P!
e — — — — — o -
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/. VI‘E(A; 7 l

Fi1G. 19. Isostatic model of the oceanic lithosphere. A and B are two columns
of unit area for the base and equal mass. When no phase changes are considered
the density of the lithosphere is p,,.

Topography with phase changes

If we assume a chemical composition for the lithosphere, the effect of phase
changes on the topography can be computed. The subsolidus P-T stability fields are
plotted on a cross section of the lithosphere. For simplicity we will consider the
case where only two phases are stable in the lithosphere. The two phases are assumed
to have the same coefficient of thermal expansion. Their densities are:

Po' = Po+0p;
Po’ = Po+0p;
where dp, and Jp, are small compared with j,, the mean density at 0°C. Again

assuming isostatic compensation takes place at the bottom of the lithosphere (Fig. 19)
we can write:

(17)

!
pudut [ Go+8p)1—0Tu(9)dz = p, [d,—les(5)]
¢ 1+ e(0]
towl+ [ Gordnll-aT@ldz. (19)

le1(x)

Evaluating the integrals for intervals where the density g,+d8p remains constant
gives:

apo(Ty — To)
Po—Ppw—0Po To+0py

[ 41-D 8B, A’
g {2 l(zk(+1)2 )nz + (2k+11)4 ,t4] exp { [R—V(R*+ 2k +1)? nZ)]%}}
k=0

+ (8p2—0p1) (h(0) —h(x))
(Po—pw—aPo To+6py)1

e(x) =

(19)
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if all terms in adp are ignored. In this expression A(x) is the height above the level
of isostatic compensation at which the phase transformation takes place.
If we write e,(x) = e(x)+de(x) equation (19) gives:

(6p;—0py) (h(oo)—h(x))
(Po—pw—apo To+6p1) I

and e(x) has the same form as the expression, equation (15), found for thermal
expansion of a medium of density g, at 0°C since dp, is small in comparison with
Lo~ Pw-

This indicates that the elevation le;(x) due to phase changes and thermal
expansion of the lithosphere can be calculated by adding the elevation lde(x) due
to phase changes alone for a uniform temperature to the elevation le(x) due to
thermal expansion alone for a medium of uniform density. This result is valid only
to first order and requires that the phases vary little in density and have the same
coefficient of thermal expansion.

Se(x) = (20)

Heat loss due to production of lithosphere

McKenzie & Sclater (1969) have shown that the rate of heat loss due to creation
of lithosphere can be computed by considering the change in heat content of the
lithosphere as it moves from the axis to the flanks of the ridge. When the litho-
sphere is produced it contains:

1 A2 .
2 =ps,0 c,l [ T,(1—-aT)+A, (odTl— 5 - 2 ; )] +Hl} cal unit area™* (1)
At great distance from the ridge the heat content, neglecting terms in aB; A’, is:
T,+ T B A
2 {ps,oc,,z[ ‘; 2 - ;2 (Tl—To)——g—(T12+ T3+ T, To)] +Hl}

cal unit area™'. (22)

The heat lost by plate creation for a total length of ridges of d cm and a mean spreading

velocity of v cmyr~! is:

T,—T, B, A
7 T2

2pg, Cpldv [ (T, —To)— % QT -T,*-T, T)

A 2
+A, (alT,——é——a 3"’ )]cals“. (23)
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