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Simple thermal models based on the creation and cooling of the lithosphere can account for the ob- 
served subsidence of the ocean floor and the measured decreased in heat flow with age. In well-sedi- 
mented areas, where there is little loss of heat due to hydrothermal circulation, the surface heat flow 
decays uniformly from values in excess of 6 !•cal/cm 2 s (250 mW/m2), for crust younger than 4 Ma (4 
m.y.B.P.), to close to 1.1/wal/cm • s (46 mW/m •) through crust between 120 and 140 Ma. After 200 Ma 
the heat flow is predicted to reach an equilibrium value of 0.9 !•cal/cm • s (38 mW/m2). The surface heat 
flow on continents is controlled by many phenomena. On the time scale of geological periods the most 
important of these are the last orogenic event, the distribution of heat-producing elements, and erosion. 
To better understand the effects of age, each continent is separated into four provinces on the basis of 
radiometric dates. Reflecting the preponderance of Precambrian crust, two of these provinces cover the 
Archean to the middle Proterozoic, and the third covers the late Proterozoic to the Mesozoic. The mean heat 
flow decreases from a value of 1.84/wal/cm 2 s (77 mW/m2) for the youngest province to a constant value 
of 1.1 pcal/cm • s (46 mW/m •) after 800 Ma. The nonradiogenic component of the surface heat flow 
decays to a constant value of between 0.65 and 0.5 !•cal/cm • s (25 and 21 mW/m 2) within 200-400 Ma. 
Using theoretical models, we compute the heat loss through the oceans to be 727 x 10 Iø cal/s (30.4 x 
10 I2 W). The comparison between the theoretical and measured values allows an estimate of 241 x 10 Iø 
cal/s (10.1 x 10 • W) for the heat lost owing to hydrothermal circulation. We show that the heat flow 
through the marginal basins follows the same relation as that for crust created at a midocean spreading 
center. These basins have a corresponding heat loss of 71 x 10 lø cal/s (3.0 x 10 I• W). The heat loss 
through the continents is calculated from the observations and is 208 x 10 Iø cal/s (8.8 x 10 I2 W). Our 
estimate of the value for the shelves is 67 x 10 •ø cal/s (2.8 x 1012 W). The total heat loss of the earth is 
1002 x 10 •ø cal/s (42.0 x 1012 W), of which 70% is through the deep oceans and marginal basins and 30% 
through the continents and continental shelves. The creation of lithosphere accounts for just under 90% 
of the heat lost through the oceans and hence about 60% of the worldwide heat loss. Convective proc- 
esses, which include plate creation and orogeny on continents, dissipate two thirds of the heat lost by the 
earth. Conduction through the lithosphere is responsible for 20%, and the rest is lost by the radioactive 
decay of the continental and oceanic crust. 

We place bounds of between 0.6 and 0.9 !•cal/cm • s (25 and 38 mW/m •) for the mantle heat flow be- 
neath an ocean at equilibrium and between 0.40 and 0.75 !•cal/cm • s (17 and 31 mW/m 2) for the heat 
flow beneath an old stable continent. The computed range of geotherms for an equilibrium ocean over- 
laps the range of stable continental geotherms below a depth of 100 km. The mantle heat flow beneath a 
continent decays with a thermal time constant similar to that of the oceanic lithosphere. The continental 
basins subside with the same time constant. These observations are evidence that there is no detectable 
difference between the thermal structure of an equilibrium ocean and that of an old continent. Thus the 
concept of the lithosphere as a combination of a mechanical and a thermal boundary layer can be ap- 
plied to both oceans and continents. We evaluate the constraints placed on models based on this concept 
by seismological observations. In the absence of compelling evidence to the contrary we favor these mod- 
els because they provide a single explanation for the thermal structure of the lithosphere beneath an 
equilibrium ocean and a stable continent. 
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INTRODUCTION 

In the past 15 years our understanding of the earth has 
changed. Rather than regard the oceans and continents as 
static and unrelated, we now think of them as mobile and in- 
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terconnected. The theory of plate tectonics accounts for the 
major features on the surface of the earth by the motion and 
interaction of a finite number of rigid plates. These plates are 
defined tectonically and include both oceans and continents. 

The oceanic crust is younger than 180 Ma (180 m.y.B.P.), 
whereas parts of the continents have existed throughout the 
whole geological. time span: the oldest continental crust is 
Archean and older than 3800 Ma. The mechanisms of heat 
transfer beneath continents and oceans may be different, and 
we consider the oceans and continents separately rather than 
studying a single plate. 

In the past 10 years many new heat flow measurements 
have been reported in the geophysical literature. They have 
been assembled under the auspices of the International Heat 
Flow Commission of the International Association of Seis- 

mology and Physics of the Earth's Interior. In 1976, Jessop et 
al. published an updated and revised version of the previous 
compilations of Lee and Uyeda [1965] and Simmons and 
Horai [ 1968]. In our analysis we use this compilation and in- 
dude additional data published since then but before June 
1977. Our approach differs from previous work [Lee and 
Uyeda, 1965; Simmons and Horai, 1968; Von Herzen and Lee, 
1969; Chapman and Pollack, 1975a], principally because we 
concentrate on examining the oceanic and continental values 
with local geologic variables in mind. Only when these local 
variables are understood is it possible to separate deep-seated 
thermal properties from superficial noise. 

Our objective is to increase our understanding of the large- 
scale mechanism of heat transport within the earth. We sepa- 
rate this review into two parts. 

In the first section, which is almost totally empirical, we 
present a general synthesis of oceanic and continental heat 
flow data and examine both sets of data within the framework 
of the theory of plate tectonics. Care is taken in the oceans to 
account for hydrothermal circulation, and on the continents, 
consideration is given to the relation between heat flow and 
surface heat production. We use our understanding of geo- 
logic perturbations to establish a relation between heat flow 
and age for both continents and oceans and account for this 
relation by models of oceanic and continental heat flow which 
are compatible with the theory of plate tectonics and uniform- 
itarian in principle. We compare the heat loss through conti- 
nents and oceans, estimate the amount of heat dissipated by 
the creation of the oceanic lithosphere, and compute the total 
heat loss for the earth. 

Given the success of the plate theory in accounting for geo- 
physical observations from the oceans, attempts are now 
being made to apply this quantitative approach to the conti- 
nents. The success has not been overwhelming, but a produc- 
tive line of research has been to relate the past geologic record 
to processes which are active today. In the second section we 
use this approach and the data and models from the preceding 
section to examine the thermal structure of the oceanic and 
continental lithospheres. In particular, we investigate whether 
or not it is possible to extend the simple thermal models for 
the oceans to the continents. 

The approach that we take is similar to that used in an ear- 
lier paper by Sclater and Francheteau [1970]. The present 
analysis places more emphasis on removing the effects of local 
geology and has the benefit of three advances in the field. 
These are (1) that the scatter in the oceanic heat flow is now 
understood, (2) that continental heat flow and radioactive 
data are more extensive, and (3) that models based on the the- 

ory of plate tectonics are having some success in accounting 
for the subsidence of continental basins. 

(For our computations and presentation of the data we use 
calories. These units permit comparison with previous re- 
views. Also, we present the data in SI units. They follow those 
in calories and are enclosed by parentheses.) 

HEAT FLOW THROUGH THE OCEAN FLOOR 
Introduction 

We superimposed all the heat flow values upon an isochron 
chart of the oceans (Plate 1). A detailed account of the meth- 
ods used to determine the age of the ocean floor can be found 
in Appendix A. The data include the compilation of Jessop et 
al. [1976] as well as papers published since this compilation by 
Herman et al. [1977], Langseth and Hobart [1976], Langseth 
and Zielinski [1976], Anderson and Hobart [1976], Anderson et 
al. [1976a, b, 1977] and Sclater et al. [1976a]. 

For purposes of comparison we separated the data set into 
six groups; North and South Pacific, North and South Atlan- 
tic, the Indian Ocean, and the marginal basins. We define as 
'marginal' all basins isolated from active spreading centers by 
clearly defined tectonic barriers. For example, in the western 
Pacific all the basins to the west of the major trench system 
are included. They extend from the Tasman and South Fiji 
Basin in the south to the Bering Sea and Arctic Basin in the 
north. Our definition also encompasses the Caribbean, the 
Mediterranean, the Black and Caspian seas, and the Scotia 
Sea together with the Andaman and Sunda seas in the Indian 
Ocean. 

Unfortunately the 1: 10,000,000 scale that we used was not 
sufficiently large. Hence in our averaging we may have omit- 
ted a few values, especially on younger ocean crust. A careful 
double check of these areas with the original references 
showed that the errors introduced were insignificant. 

Data Analysis 
We computed the mean and standard deviation for all data 

lying between two isochrons. Throughout the study we use the 
term age province to define the area between two consecutive 
isochrons. In particular, the youngest province covers crust 
created between the present and 4 Ma, and the oldest, crust 
created prior to 160 Ma. 

In all the oceans we observe the same distribution of heat 
flow (Table 1 and Figure 1). For the young crust the mean is 
high, ranging from 2 to 6/•cal/cm 2 s (84 to 251 mW/m2), and 
is associated with a large scatter of about 2/•cal/cm 2 s (84 
mW/m2). Beyond 60 Ma the mean heat flow has a relatively 
constant value of around 1.2/•cal/cm 2 s (50 mW/m2), and the 
associated scatter is small, less than 0.5/•cal/cm 2 s (21 mW/ 
m2). The abnormally high scatter in the younger two prov- 
inces of the Indian Ocean is a direct consequence of the high 
but very variable heat flow observed in the Red Sea. The mar- 
ginal basin heat flow has the same distribution as the oceans. 

Thermal Models of the Lithosphere 
The oceanic crust is created at a spreading center by intru- 

sion of magma. The magma cools and anneals itself to the re- 
cently created crust and moves away from the spreading cen- 
ter as more magma is intruded. The oceanic crust increases in 
age, loses heat to the seawater, and contracts. This model ex- 
plains qualitatively the decrease in heat flow with age and the 
subsidence of midocean ridges. The raw heat flow data are 
highly scattered. Hence more emphasis has been placed upon 
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TABLE 1. Oceanic Heat Flow Data 

Age, Ma 

0--4 4-9 9-20 20-35 35-52 52-65 65-80 80-95 95-110 110-125 125-140 140-160 >160 

North Pacific 
N 268 207 214 126 57 23 36 57 35 33 72 19 12 
rn 4.04 2.49 1.90 1.59 1.21 1.35 1.48 1.34 1.16 1.11 1.12 1.23 1.29 
o 3.57 1.74 1.26 0.89 0.76 0.52 0.63 0.35 0.46 0.22 0.42 0.37 0.85 

South Pacific 
N 87 64 99 47 51 7 13 6 24 10 19 
rn 3.01 2.49 1.82 1.15 1.10 1.12 0.93 1.27 1.30 1.16 0.96 
o 2.03 2.11 1.30 0.74 0.83 0.53 0.66 0.85 0.41 0.26 0.32 

Indian Ocean 
N 70 71 67 42 50 122 96 49 35 34 42 
rn 2.86 5.23 1.22 1.07 1.49 1.61 1.57 1.28 1.32 1.45 1.16 
o 1.85 9.9 1.04 0.67 0.72 0.86 0.86 0.75 0.46 0.90 0.39 

North/ttlantic 
N 56 78 63 65 62 82 85 65 43 30 45 47 14 
rn 3.31 2.13 1.80 1.56 1.62 1.43 1.23 1.19 1.28 1.31 1.29 1.13 1.11 
o 2.69 1.68 1.55 1.06 1.04 0.66 0.50 0.31 0.27 0.36 0.30 0.40 0.22 

South/ttlantic 
N 25 24 37 24 32 31 47 27 56 55 
rn 2.61 1.31 1.23 1.45 1.32 1.35 1.26 1.35 1.32 1.36 
o 2.25 1.27 0.73 1.02 0.53 0.53 0.53 0.35 0.46 0.36 

/tll Oceans 
N 506 444 470 304 252 265 277 204 193 162 178 66 26 
m 3.55(149) 2.80(117) 1.69(71)1.43(60) 1.36(57) 1.49(62) 1.37(57) 1.28(54) 1.28(54) 1.31(55) 1.16(49) 1.16(49) 1.19(50) 
o 3.01(126) 4.30(180) 1.24(52) 0.92(38) 0.83(35) 0.73(31) 0.68(28) 0.48(20) 0.40(17) 0.51(21) 0.38(16) 0.39(16) 0.59(25) 

Marginal Basins 
N 122 46 402 48 32 118 141 
rn 2.14 1.92 1.92 1.54 1.28 1.43 101 
o 1.46 1.16 0.72 0.66 0.74 0.43 0.71 

N is the number of heat flow stations, m is the mean heat flow in/•cal/cm 2 s (mW/m2), and o is the standard deviation in/,cal/cm • s 
(mW/m:). 

the study of ocean floor topography in developing quan- 
titative models for the creation of the oceanic lithosphere. 

Sclater et al. [1971] have shown that most midocean ridges 
are created at a depth of 2500 m and subside to depths greater 
than 6000 m (Figure 2a). For crust younger than 80 Ma the 
depth increases linearly with the square root of age [Davis and 
Lister, 1974]. For older ocean floor this relation breaks down, 
and the depth increases exponentially to a constant value of 
6400 m (Figure 2b) [Parsons and Sclater, 1977]. This two-stage 
relation between depth and age can be explained by the for- 
mation of a thermal boundary layer. The magma cools and 
solidifies as it moves away from the spreading center, and the 
thickness of the rigid layer thus created increases (Figure 3a). 
Parker and Oldenburg [1973] predicted from a one-dimen- 
sional cooling model that the layer thickness should increase 
as the square root of time. This upper layer behaves as a rigid 
body and is known as the lithosphere. After it reaches a cer- 
tain thickness at about 80 Ma, it does not thicken any further. 
This represents the basic justification for modeling the ther- 
mal boundary layer as a plate of constant thickness 
[McKenzie, 1967] (Figure 3b). Parsons and Sclater [1977] dem- 
onstrated that for crust younger than 80 Ma both the plate 
and the boundary layer models are essentially identical, and 
they used the two different approaches to compute first-order 
relations which match the topographic data (Table 2). 

From these models it is possible to compute the heat flow 
through the ocean floor. Lister [1977] predicted a simple rela- 
tion between heat flow and 1/t •/2. Parsons and $clater [1977] 
showed that this relation should break down at about 120 Ma 
and that the heat flow should then follow an exponential 
decay to a value of around 0.9/zcal/cm • s (38 mW/m 2) (Table 
2). 

In order to compare the observations with these models we 
averaged the heat flow values for all the oceans. As is the case 
for the individual oceans, the mean and scatter decrease with 
age (Figure 4a). In the older provinces the mean values fall 
close to those predicted by the plate model, although the 
scatter prevents the interpretation of the results unambi- 
guously in terms of exponential flattening. For crust younger 
than 50 Ma the mean values fall well below the theoretical 
(Figure 4b). In order to explain both the topography and the 
heat flow it is necessary to account for the high scatter and the 
low mean values for young ocean crust. 

Hydrothermal Circulation 
/lnderson and Hobart [1976], in their analysis of the Gala- 

pagos spreading center, have presented an excellent example 
of the characteristic distribution of heat flow near a spreading 
center (Figure 5). The values are highly scattered, and many 
low values are observed on crust between 3 and 4 Ma. Beyond 
5 Ma the values show less scatter and fall close to the theoreti- 
cal. This change in the heat flow distribution is associated 
with a sudden increase in sediment thickness. Davis and Lister 
[1977] have presented a remarkably similar distribution over 
the Juan de Fuca Ridge. 

The oceanic crust is created by the intrusion of basaltic 
flows and dykes. Where the intruded magma comes into con- 
tact with seawater, it cools rapidly, horizontal and vertical 
cracks are created on both a large and a small scale, and ac- 
tive convection of seawater occurs. Independently, Talwani et 
al. [1971] and Lister [1972] suggested this model to explain the 
high scatter in heat flow values near a spreading center. The 
high water temperatures associated with such convection have 
been observed by conventional techniques in Iceland [Palmas- 
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Fig. 1. Mean heat flow and standard deviation as a function of age for five major oceans and the marginal basins. 

son, 1967] and over the Galapagos spreading center [Williams 
et al., 1974]. Extremely hot water at oceanic spreading centers 
has been observed during dives of the submersible R/V Alvin 
at the Galapagos spreading center and East Pacific Rise [Cor- 
liss et al., 1979; J. Edmond, personal communication, 1979]. 
Lister [1977] has proposed a two-stage model for seawater 
convection through oceanic crust. In the active stage the sea- 
water penetrates into the newly erupted rock, which then 
cools, contracts, fractures, and hence permits further pene- 
tration. The crust cools to a depth where active penetration is 
halted by the overburden pressure or volume alteration of the 
intruded mafic rock. These systems are thought to have a life- 
time of a few hundred years over a penetration depth of 6-8 
km [Francis et al., 1978]. In the passive stage, hydrothermal 
circulation continues to occur because the permeable water- 
saturated crust is heated from below as the lithosphere moves 
away from the spreading center. This passive system exists as 
long as the permeability and temperature gradients are large 
enough. 

Lister [1972], Sclater et al. [1974], and Davis and Lister 
[1977] have shown that the pattern of heat flow over a mid- 
ocean ridge can be explained by this model (Figure 6). Most 
deep-sea sediments have a low permeability (J. Crowe and A. 
Silva, unpublished data, 1979) and in sufficient thickness are 
impermeable to seawater. Where the permeable crust is not 
covered, water circulates freely. A highly variable heat flow 

results, and the mean is lower than is predicted because con- 
ventional techniques cannot measure the heat loss by advec- 
tion. When the crust is covered by a thick blanket of sediment, 
circulation still occurs, but no heat is lost by advection be- 
cause the thick sediments are impermeable to seawater. In 
these areas the measured mean flux is a reasonable estimate of 
the heat flow at depth. 

It is not our purpose in this paper to review the subject of 
hydrothermal circulation of seawater through the oceanic 
crust. An exhaustive investigation is presented by Lister 
[1974]. Anderson [1979] has reviewed the temperature gradient 
observations which may indicate seawater flow in thin sedi- 
ments overlying permeable ocean crust. Corliss [1971] and 
Bottinga [1974] have analyzed the effect that this circulation 
has on the composition of the oceanic crust. Readers should 
consult these papers to obtain more detailed information con- 
cerning this rapidly expanding scientific field. 

Reinterpretation of Oceanic 
Heat Flow Measurements 

Recognizing the importance of hydrothermal circulation, 
Sclater et al. [1976a] reanalyzed all published data on the Pa- 
cific. They characterized the environment according to sedi- 
ment thickness and topographic roughness. Each station was 
assigned an environmental quality factor grading from A 
through D (Figure 7). Only the grade A stations where the 
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Fig. 2. (a) Relation between mean depth and age for the North 
Atlantic and North Pacific. The shaded area represents an estimate of 
the scatter in the original points used to determine the mean data. The 
solid curve is the theoretical elevation from the plate model. The 
dashed curve is the elevation calculated by assuming that the litho- 
sphere thickens with time. (b) Plot of depth versus the square root of 
age, emphasizing the t •/2 depen'dence of depth for crust younger than 
80 Ma. Note that the boundary layer model breaks down at 80 Ma 
and that a much better fit in older crust is given by the plate model. 

basement is completely covered by sediment were assumed to 
give reliable heat flow values. Using these stations, Sclater et 
al. [1976a] found that the scatter was reduced (Figure 8 and 
Table 3) and that the mean values fall close to the theoretical 
value (Figure 9). Further surveys on the Juan de Fuca Ridge 
[Davis and Lister, 1977] and in the vicinity of anomaly 13 on 
the Reykjanes Ridge yielded identical results [Sclater and 
Crowe, 1979] (Figures 8 and 9). Two well-sedimented areas in 
the Pacific, the equatorial sediment bulge and the Guatemala 
Basin, fall well below the theoretical heat flow. No detailed 
survey has been carried out over the Guatemala Basin. But J. 
Crowe and R. P. Von Herzen (personal communication, 1979) 
have shown that the low and variable heat flow values on the 
equatorial sediment bulge are associated with extreme base- 
ment relief and unusually permeable sediments. 

Partially as a result of the above analyses, authors now 
show or describe the local environment of all heat flow sta- 
tions. We examined these new data and found, particularly in 
the Indian Ocean [Anderson et al., 1977] and the Norwegian 
Sea [Langseth and Zielinski, 1974], a large number of mea- 
surements on well-sedimented basement. A few measure- 
ments are reported for the Pacific [Anderson et al., 1976b] but 
are too widely distributed to justify our replotting them. We 
averaged the grade A stations from the Indian Ocean within 
various age provinces and also, where the age was unknown, 
by individual basin. The scatter in the data is low (Figure 10 

and Table 4), and the mean values lie close to the theoretical 
(Figure 11). We reexamined data in the Norwegian Sea by 
plotting them on an isochron chart of the area (Figure 12). As 
there were not enough data within a given age province to 
compute a reliable mean, we considered each of the grade A 
stations individually. The values which are all on young crust 
fall close to the theoretical expression for the heat flow (Fig- 
ure 11). 

At an active spreading center near the zone of intrusion the 
relation appears to break down. For example, Lawver et al. 
[1975] have measured the heat flow through the very young 
but well-sedimented Guyamas Basin in the Gulf of Califor- 
nia. They found that in crust less than 2 million years old the 
mean heat flow falls below the theoretical value. A likely ex- 
planation is the discontinuous nature of the intrusion process 
[Lister, 1977], which is not adequately represented in present 
thermal models. Fortunately, the effect of the initial condi- 
tions on these models is small (cf. Appendix C) and only im- 
portant for ages less than 5 Ma. It does not affect significantly 
our estimates of heat loss. 

From this reexamination of the heat flow data we have es- 
tablished that for crust older than 2 Ma and covered by a 
thick layer of impermeable sediments there is a simple rela- 
tion between heat flow and age. This relation is very close to 
that given by the models which account for the subsidence of 
the midocean ridges. 

Marginal Basin Heat Flow 
Watanabe et al. [1977] have recently reviewed the heat flow 

through the back-arc basins of the western Pacific. They em- 
phasized that though the volcanic zone has a highly variable 
heat flow, there is still a detectable dependence on age in the 
back-arc basins. Rather than follow the strictly empirical ap- 
proach of these authors we examined the data which include 
these back-arc areas, using our understanding of the heat loss 
through normal ocean floor. We considered each basin indi- 
vidually and calculated a mean and a standard deviation for 
the heat flow (Tables 5a-5c). They vary significantly from one 
basin to another. 

We found it difficult for two reasons to follow the procedure 
developed in the deep oceans to establish a convincing rela- 
tion between heat flow and age. First, the age of most mar- 
ginal basins is unknown, and second, where it is known on the 
basis of magnetic lineations or deep-sea drilling holes, there 
are few heat flow measurements. The Scotia Sea is an example 
of such a basin. It has well-identified lineations but no heat 
flow values. We found six basins with reliable heat flow mea- 
surements (environmental quality grade A) and age estimates. 
These basins include the Tyrrhenian Sea and Balearic Basin 

TABLE 2. Simple Relations Between Depth, Heat Flow, and Age 
[after Parsons and Sclater, 1977] 

Age Relation 
Depth 

0-70 d(t) = 2500 + 350t •/2 
>20 d(t) --- 6400- 3200e ½-'/6•'8) 

Heat Flow 
0-120 q(t) -- 11.3/t •/• (473/t •/•) 
>60 q(t) -- 0.9 + 1.6e •-'/6z8) (37.5 + 67e •-'/62'8)) 

Here t is in millions of years, d(t) is in meters, and q(t) is in pcal/ 
cm 2 s (mW/m2). The decay of the radioactive elements contributes 
0.1/•cal/cm 2 s (4 mW/m 2) to the heat flow. 
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Fig. 3a. Schematic model for a thermal boundary layer showing the material flow (dashed lines) and the concept of a 
thickening lithosphere. The solidus temperature Ts separates solid and partially molten states: the solid lithosphere above 
is cooler than Ts, and the asthenosphere below is hotter. The solid lines indicate isothermal surfaces within the cooling 
lithosphere. AH is the subsidence of the ridge crest. 

in the Mediterranean, the Parece Vela and the West Philip- 
pine basins in the Philippine Sea, and finally, the Coral and 
Bering seas. The sources for the age and heat flow data can be 
found in Tables 5a-5c. The two basins in the Mediterranean 

have been corrected for recent sediment accumulation (Table 
6). In each of these basins the mean heat flow is close to the 
theoretical value predicted by the thermal models for normal 
ocean crust (Figure 13). This supports the ideas of Karig 
[1970] and others that marginal basins are formed by exten- 
sional processes similar to those occurring at active spreading 
centers. 

In order to compare the marginal basins with the deep 
oceans we wished to separate the data into the same age prov- 
inces and plot the mean and standard deviation versus age. As 
the age of many marginal basins is unknown, this is not as 
straightforward as it first appears. For those basins where 
magnetic lineations have been identified or where deep-sea 
drilling holes have been sited, ages can be assigned in a fairly 
straightforward manner. For the others this in'formation is not 
available, and a different approach must be taken. Various 
authors [Sctater et at., 1976a; Louden, 1976; Watanabe et at., 

1977] have observed that the Parece Vela and West Philippine 
basins are about 0.5-1 km deeper than ocean crust of the same 
age. Thus the relation between depth and age for the deep 
oceans is not a reliable indicator of age for the marginal ba- 
sins. In contrast, the 'reliable' heat flow values from these ba- 
sins fit the relation between heat flow and age found in well- 
sedimented areas of the deep-ocean floor. Where the heat flow 
has been measured in a well-sedimented basin, we use this re- 
lation to determine the age (Tables 5a-5c). In light of the high 
sedimentation rate of these basins, such ages should be treated 
with caution. The ages predicted in this manner for four ba- 
sins in the western Pacific are of particular interest. The 
Ryukyu Trough is Miocene or younger, and the Japan, China, 
and Okhotsk seas are Oligocene. For basins where no mag- 
netic, deep-sea drilling, or heat flow information is available 
we estimated the age from the surrounding geology. 

Having assigned ages to all the marginal basins, we sepa- 
rated the data into age provinces and plotted the mean and 
standard deviation versus age (Figure If). In the young re- 
gions the mean value is high, and the scatter large. With in- 
creasing age both the mean and the scatter decrease. This dis- 

SEA SURFACE A B 
0 .... 0 

MIDOCEAN 
RIDGE 

• 5 -- X2=a -- f 

LITHOSPHERE 

jOo(I-(•T) 
• oo • • too 

'l s T s 
' X2= 0 

ASTHENOSPHERE 

Fig. 3b. Plate model. The elevation AH is calculated by assuming that columns A and B of unit area must have equal 
masses above a common level x2 -- 0. 
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Fig. 4a. Mean heat flow and standard deviation for all the oceans and for the marginal basins as a function of age. Also 
shown are the expected heat flows from the plate and boundary layer models. 

tribution of values is remarkably similar to that for normal 
ocean floor (Figure 4a). 

Mantle Convection and Thermal Structure 

A variety of geophysical observations, including mean heat 
flow, bathymetry, and velocity of surface waves, depend upon 
the age of the oceanic crust. Forsyth [1977] has reviewed these 
and shown that all reflect changes in the thermal structure at 
depth. He concluded that all the data were compatible with 

the model of a cooling plate 125 km thick in a periodotitic 
mantle. As an alternative to the plate model, Parker and Old- 
enburg [1973] suggested that the bottom boundary increased 
in depth with age. Crough [ 1975] and Oldenburg [ 1975] have 
shown that by including an input of heat from below, this 
model gives the exponential decrease in depth of the old 
ocean floor. 

The thickening boundary layer model and constant temper- 
ature plate model approximate each other [Parsons and 

20.0 F - 
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r • BOUNDARY LAYER 
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tO0 • 
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Fig. 4b. Log-log plot of the mean heat flow and standard deviation as a function of age for the oceans. Note that for 
crust younger than 50 Ma the mean values fall below the expected heat flow. 
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Fig. 5. Heat flow values plotted as a function of age on the Galapagos spreading center. Only those values which are 
on oceanic crust of well-defined age were used for this plot. Circles represent heat flow values. Pluses are l-m.y. means. 
The long-dashed curve is the heat flow expected from the thermal model of Parsons and Sclater [1977], and the short- 
dashed curve connects the mean of the observed data [after •lnderson and Hobart, 1976]. 

McKenzie, 1978]. They differ principally in their lower bound- 
ary condition. In essence, there are two ways of handling this 
condition: the first is to specify the heat flux at the base of the 
plate and allow the plate thickness to vary; the second is to 
keep the plate thickness constant and to specify the temper- 
ature at the base. Two mechanisms have been suggested to 
maintain the constant heat flux at the lower boundary: shear 
stress heating associated with plate motion [Schubert et al., 
1976] or the heat produced by a uniform distribution of radio- 
active elements in the upper 300 km of the mantle [Forsyth, 
1977]. In contrast, various authors [Richter, 1973; Richter and 
Parsons, 1975; McKenzie and Weiss, 1975] have suggested that 
small-scale convection in t•e upper mantle can maintain the 
necessary vertical heat transport and the temperature near the 
base of the lithosphere is maintained at a constant value. The 

lithosphere consists of two parts, a rigid mechanical upper 
layer and a viscous thermal boundary layer (Figure 14). As it 
cools, both layers increase in thickness. At about 60 Ma the 
thermal boundary layer becomes unstable. Small-scale con- 
vection develops and creates a thermal structure closely anal- 
)gous to that modeled by a fiat plate [Parsons and McKenzie, 
19781. 

We favor the small-scale convection model for two reasons. 
First, as it is generally accepted that convection occurs in the 
mantle, there is no necessity for shear stress heating or large 
heat production rates. Second, the thermal stabilities of the 
constant heat flux models have not been investigated, and 
they are incomplete. The convection model can be approxi- 
mated by a constant temperature at a fixed depth with all the 
convective transport of heat confined to the origin. This al- 

TABLE 3. Mean and Standard Deviation of Heat Flow Data in Selected Well-Sedimented Areas of 
Known Age in the Pacific and North Atlantic 

Age 
Range, Ma N rn o o 0% 

1. Northwestern Pacific 120-140 
2. East of Hawaii 90-100 
3. North of Hawaii 80-90 
4. Equatorial Pacific, 114øW 15-20 
5. North of the Galapagos 5-10 

spreading center 
6. South of the Costa Rica Rift 5-10 
7. Combination of areas 5 and 6 5-10 
8. South of Carnegie Ridge 10-20 
9. Equatorial Pacific, 130ø-150øW 35-75 

10. Explorer Ridge, 49øN 3.5-7 
11. Juan de Fuca Ridge, 47øN 3-4 
12. Reykjames Ridge, anomaly 13 32-38 

30 1.13 (47) 0.14 (6) 0.03 (1) 12 
8 1.57 (66) 0.15 (6) 0.05 (2) 9 

18 1.36 (57) 0.24 (10) 0.06 (2) 17 
7 2.40 (100) 0.58 (24) 0.22 (9) 24 
6 4.21 (176) 0.51 (21) 0.21 (9) 13 

4 3.97 (166) 0.41 (17) 0.21 (9) 11 
10 4.12 (173) 0.46 (19) 0.15 (6) 12 
9 2.85 (120) 0.52 (22) 0.17 (7) 18 
6 0.92 (39) 0.48 (20) 0.20 (8) 52 

24 5.72 (239) 2.30 (96) 0.47 (20) 40 
4 6.40 (268) 2.90 (121) 1.40 (58) 45 

16 1.98 (83) 0.24 (10) 0.06 (2) 3 

N is the number of values, rn is the mean heat flux in #cal/cm 2 s (mW/m2), o is the standard deviation 
in/•cal/cm 2 s (mW/m:), • is the standard error in #cal/cm 2 s (mW/m:), and 0% the standard deviation as 
a percentage of the mean. 
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Fig. 6. (a) Pattern of convection to be expected near a ridge crest, 
where the permeable layer is open to the ocean. (b) Convective pat- 
tern forced by topography in an area of permeable crust bounded by a 
thin impermeable blanket of sediment. (c) The case of permeable 
crust with a rough boundary, buried by flat-lying sediments. The 
varying thermal resistance of the sediment blanket overpowers the di- 
rect effect of the topography [from Lister, 1972]. 
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paper. We study the relation between heat flow and age and 
estimate the contribution of the decay of radioactive elements 
within the crust. From this analysis we develop a coherent 
geologic model to account for the observations. 

Geological Models for Continental Formation 
Recent compilations of radiometric ages for exposed geo- 

logic formations have revealed that the continents consist pri- 
marily of Precambrian crust [Hurley and Rand, 196911. More 
than two thirds of the crust falls within this age range when 
areas covered by more recent sedimentation are added [cf. 
Goodwin, 1976, Figure 2] On close inspection it appears that 
much of the Precambrian crust was created before 2.5 billion 
years ago in what is called the Archcan. Detailed mapping of 
these terrains reveals that the petrology, geochemistry, and 
geological associations are remarkably similar to moderu ex- 
amples of island arc and microcontinental collisions [Tarney 
et al., 1976; Katz, 1976]. These observations have led to the 
general acceptance that the Archean crust was produced by 
processes which are still active today. However, there are con- 
flicting theories for the origin and evolution of the Continental 
crust. Most of them lie between two extreme models. In "the 
first, most of the present continental mass has differentiated 
during late permobile times (3000-2500 Ma). The continents 
do not grow much after the Archean but are modified by rela- 
tively continuous arc-arc amalgamation and continent-conti- 
nent collision resulting from highly active plate motions 
[Winalley, 1978]. The alternative concept is that the continents 
grow through time by irreversible chemical differentiation of 
the upper mantle and by accretion of newly differentiated ma- 
terial particularly at or near the margins. The accretionary 
processes are the same as those in the first model, i.e, arc-arc 
amalgamation and continent-continent collision. In an ex- 

lows a straightforward comparison of the heat lost by plate 
creation with that lost by conduction through the plate. With 
the constant heat flux condition the plate boundary does not 
remain at a fixed depth, and the heat lost owing to advection 
from the mantle has to be calculated continuously along the 
bottom of the plate. 

D 
CREST 

CONTINENTAL HEAT FLOW 
Introduction 

The interpretation of continental heat flow measurements is 
difficult for many reasons. The continental crust has an age 
span greater than 3800 Ma and has been modified continu- 
ously by geologic processes. The interpretation involves many 
variables whose effects, in particular radioactivity, are not 
properly understood. Any reasonable model must incorporate 
a number of independent factors, and it is necessary to exam- 
ine the measurements according to their local context and to 
integrate them within a geologic framework. We use as a basis 
the theory of plate tectonics. Continents are modified through 
time by several processes, the most important being island arc 
vulcanism, arc-arc amalgamation [Burke et al., 1976], conti- 
nental collision [Molnar and Tapponier, 1976], continental 
stretching [Artemjev and Artyushkov, 1971], and finally ero- 
sion. 

"•: Most of the continents are Precambrian in age, and we have 
concentrated on this geologic period to investigate the relation 
between heat flow and age. A study of Phanerozoic continen- 
tal crust would require the consideration of the specific tec- 
tonic history of each region and is beyond the scope of this 

c 
FLANK 

B 
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Fig. 7. Schematic diagram of the environmental grades A-D [from 
Anderson et al., 1977]. 
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Fig. 8. Histograms of the 'reliable' heat flow values from areas in the North Pacific (Figures 8a-8k) and from one area in 
the North Atlantic (Figure 8/). The means and standard deviations are given in Table 3. 

treme version the continents formed in small globular masses 
which grow in size through time from a central core [Moor- 
bath, 1977]. Obviously, some combination of the two models 
can explain the observations, and in permobile times they 
were identical. At this time the loss of heat due to radioactive 

TABLE 4. Mean and Standard Deviation of Grade A Environment 
Heat Flow Measurements in Various Age Provinces of the Indian 

Ocean 

Age 
Range, Ma N m 

Indian Ocean 
35-52 6 1.49 (62) 0.15 (6) 
52-65 22 1.64 (69) 0.39 (16) 
65-80 !7 1.55 (65) 0.36 (15) 
80-95 19 1.25 (52) 0.22 (9) 
95-110 14 1.17 (49) 0.18 (8) 

110-125 4 1.20 (50) 0.37 (15) 
125-140 14 1.14 (48) 0.21 (9) 

Somali Basin 
'• 12 1.34 (56) 0.16 (7) 

N is the number of values, rn is the mean in/zcal/cm •- s (mW/m•), 
and o is the standard deviation in/•cal/cm •- s (mW/m•). 

decay was greater than today [Lambert, 1976] and probably 
resulted in the existence of more plates and a greater area of 
young oceanic crust [Bickle, 1978]. However, irrespective of 
the model favored, it is to be expected that Precambrian crust 
will exhibit large differences in age. This is observed, and the 
radioactive ages extend from 3800 to 600 Ma. 

For our purposes it is not important which model is pre- 
ferred. Both the reworked or newly created continents are as- 
signed the age of the last orogenic event, and both involve a 
vertical and horizontal gradation of the metamorphosed rocks 
as is observed today. One important consequence is that the 
lower continental crust is depleted in chemically combined 
water and radioactive trace elements such as uranium, tho- 
rium, and potassium. 

Reworking or accretion of continental crust has probably 
occurred over short inte _rvals of time (200 m.y.) at specific pe- 
hods in the past [Moorbath, 1977; Windley, 1978]. There were 
two major pulses in the Archean, one at the beginning, 3800- 
3700 Ma, the other at the end, 2900-2700 Ma. In the Pro- 
terozoic pronounced pulses occurred between 1900 and 1700 
Ma and around 1500 and 1000 Ma. A series of distinct oro- 

genies have taken place almost continuously throughout the 
Phanerozoic. 
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Fig. 9. (a) Mean heat flow as a function of age for the well-sedi- 
mented areas in the North Pacific and one area in the North Atlantic. 
Solid rectangles represent the errors in heat flow and age. The solid 
curve is the theoretical heat flow from the plate model, and the dashed 
curve that from the boundary layer model. The hatched area repre- 
sents the value from the equatorial Pacific. (b) Log/log plot of heat 
flow as a function of age for the average values from the well-sedi- 
mented areas. 

and erosion. The principal environmental problems are large- 
scale water circulation and past climatic changes. In addition, 
there are difficulties with early thermal conductivity determi- 
nations. Many were made on unsaturated samples and are too 
low [Simmons and Nur, 1968], and others consist of a few val- 
ues supplemented by a relation between conductivity and 
rock type. Fortunately, in general the errors associated with 
these measurements are less than 20% and fall well within the 
range of variations associated with geologic and environmen- 
tal causes. 

In 1968, Polyak and Smirnov suggested that the average 
heat flow decreased with orogenic age. Later, Sclater and 
Francheteau [1970] and Chapman and Pollack [1975a] con- 
firreed this rough relation. The heat flow is generally high and 
very scattered in young regions and decays to a value of 
around 1.0/•cal/cm 2 s (42 mW/m 2) in the early Proterozoic. 

Estimating the contribution of the radioactive decay of U, 
Th, and K to the surface heat flow was a formidable problem 
until Birch, Roy, and their co-workers [Birch et al., 1968; Roy 
et al., 1968] established that the heat flow and the surface ra- 
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We decided to separate the continents into four age groups. 
The first comprises all continents with ages greater than 1700 
Ma including the Archeart, the Aphebian, and the orogenic 
pulse between 1900 and 1700 Ma. The second group extends 
from 1700 to 800 Ma and covers the entire Helikian and the 
first portion of the Hadrinian. The third group is from 800 
Ma, the early Hadrinian, to the start of the Mesozoic at 250 
Ma. Finally, the fourth group is the Mesozoic and Cenozoic. 
It encompasses the present episode of plate motion and crea- 
tion of sea floor. All the relevant information documenting 
our estimates of the age of crust on individual continents can 
be found in Appendix B. 

A detailed discussion of the philosophy fundamental to our 
approach in determining the age of the basement can be 
found in the work of Hurley and Rand [1969]. In essence, we 
have tried to assign the age of the last thermal event rather 
than the primary age. These two ages are sometimes quite dif- 
ferent. As we separate the continents into only four age 
groups, the error introduced in the heat loss calculations is not 
large. However, these differences could present a problem to 
the interpretation of the relationship between heat flow and 
age, especially in the late Proterozoic and Phanerozoic. We re- 
turn to this question at the end of our discussion of continen- 
tal heat flow. 

Continental Heat Flow Measurements 

The variation of heat flow on continents is a function of a 
variety of geologic factors and a suite of environmental and 
measurement problems. The major geologic factors include 
orogenic history, the amount of radioelements in the crust, 
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Fig. 10. Histograms of the reliable heat flow values from the Indian 
Ocean. The means and standard deviations are given in Table 4. 
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Fig. 11. Mean heat flow and standard deviation from the age provines in the Indian O•an plotted against l/t •/•. 
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diogenic heat production were linearly related within tectoni- 
cally defined regions which they called heat flow provinces. 
Lachenbruch [1970] suggested that the upward migration of 
the radiogenic elements could account for this relation. 

The validity of isolated heat flow measurements has been 
ß _ 

questioned by Lewis and Beck [ 1977] and Lachenbruch and $ass 
[1977]. These authors have demonstrated that the slow circu- 
lation of water affects many measurements in western North 
America. The climatic history also perturbs the heat flow at 
depth. Horai [1969], Jessop [1971], and Beck [1977] have sug- 
gested that in North America the last glaciation can reduce 
the near surface temperature gradient_by as much as 20%. 

There is, however, a great deal of controversy about the mat- 
ter [$ass et al., 1971]. Both factors can lead to underestimates 
of the heat flow; their combined effects could amount to 30% 
of the actual value. 

Heat Flow and.4 ge 

We superimposed the land data from Jessop et al. [1976] 
upon a world map with each continent separated into four 
provinces (Plate 2). We considered the continents individually 
and constructed a histogram of the values for each age inter- 
val (Figure 15). 

We did not apply any selective criteria based on quality and 
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Fig. 12. Grade A environment stations on a polar projection chart of the magnetic lineations in the Norwegian Sea [after 
Langseth and Zielinski, 1976]. 
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TABLE 5a. Age, Observed Heat Flow, and Area for the Arctic Ocean and Northwest Pacific Marginal Basins 

Marginal Basin Age,* Ma N rn o Area, 106 km •- Basis of Age Estimate 

Arctic Ocean 65-80 47 1.58 (66) 0.40 (17) 2.27 heat flow, this paper 
Bering Sea 125-140 7 1.16 (49) 0.30 (13) 0.81 Cooper et al. [1976] 
Kamchatka Basin 9-20 0.10 guess 
Sea of Okhotsk 20-35 80 2.01 (84) 0.81 (34) 0.20 heat flow, this paper 
Sea of Japan 20-35 191 2.20 (92) 0.56 (23) 0.44 heat flow, this paper 
Ryukyu Trough 9-20 10 2.97 (124) 1.59 (67) 0.02 heat flow, this paper 
Shikoku Basin 9-20 12 1.20 (50) 1.03 (43) 0.57 Watts et al. [1977] 
Mariana Trough 0-4 11 1.22 (51) 1.02 (43) 0.36 Karig [1971] 
Parece Vela Basin 20-35 29 1.42 (59) 1.01 (42) 1.40 Fischer et al. [1971] 
West Philippine 35-52 28 1.45 (61) 0.77 (32) 1.81 Louden [1976] 

Basin 52-65 18 1.18 (49) 0.92 (39) 1.00 Louden [1976] 
South China Sea-• 20-35 8 1.74 (73) 0.80 (33) 1.24 heat flow, Watanabe et al. [1977] 
Carolina Basin 9-20 2 2.04 (85) 0.01 0.24 Bracey [1975] 

20-35 6 1.57 (66) 0.09 (4) 0.75 Bracey [1975] 
35-52•: 3 2.33 (98) 0.28 (12) 0.80 Bracey [1975] 

Andaman Sea 0-9 5 2.45 (103) 1.67 (70) 0.15 Lawyer et al. [1975b] 
Sulu Sea 9-20 8 1.94 (81) 0.61 (26) 0.04 heat flow, this paper 
Celebes Sea 20-35 8 1.64 (69) 0.49 (21) 0.23 heat flow, this paper 

N is the number of values, rn is the mean in/mal/cm 2 s (mW/m2), and o is the standard deviation in/•cal/cm: s (mW/m:). 
*Assigned age province. 
-•New values [Anderson et al., 1978] give a higher mean and less scatter and indicate an age closer to 25 Ma. 
$Parts south of the equator. 

TABLE 5b. Age, Observed Heat Flow, and Area for the Mediterranean and Caribbean Marginal Basins 

Age,* Ma N rn o Area, 106 km 2 Basis of Age Estimate 

Tyrrhenian Sea 
North Balearic Basin 
South Balearic Basin 
Eastern Mediterranean 
Black Sea 
Caspian Sea 

Cayman Trough 

Yucatan Basin 
Columbia Basin 
Venezuela Basin 
Gulf of Mexico 
Grenada Trough 
Tobago Trough 
Scotia Sea 
Total 

Mediterranean 

6-10 13 2.69 (113) 1.12 (53) 0.72 
20-35 13 1.75 (73) 0.68 (28) 0.31 
20-35 19 1.42 (59) 1.19 (50) 0.18 

110-140 33 0.75 (31) 0.48 (28) 0.40 
old 51 1.04 (44) 0.87 (25) 0.41 
old 20 1.95 (85) 1.24 (52) 0.42 

Caribbean 
0-4 2 2.19(92) 0.12(53) 

4-9 3 1.99 (83) 0.34 (14) 
9-20 0.23 

20-35 3 1.72 (72) 0.55 (23) 
35-52 3 1.59 (67) 0.47 (20) 
50-65 11 1.45 (61) 0.18 (8) 0.22 
65-80 37 1.36 (57) '0.50 (21) 0.64 
65-80 27 1.30 (54) 0.20 (8) 0.50 

110-140 50 1.13 (47) 0.63 (26) 0.64 
20-35 7 1.66 (70) 0.35 (15) 0.13 
20-35 3 1.10 (46) 0.84 (35) 

0-35 1.54 
5.69 

Barberi et al. [1978] 
Hsu et al. [1978] 
Bayer et al. [1973], Hsu et al. [1978] 
heat flow, this paper 
heat flow, as above 
heat flow, this paper 

J. Morgan (personal communica- 
tion, 1979) 

heat flow, this paper 
heat flow, this paper 
heat flow, this paper 
heat flow, this paper 
guess 
same as Grenada Trough 
Barker and Burrell [ 1977] 

N is the number of values, rn is the mean in/•cal/cm 2 s (mW/m:), and o is the standard deviation in/•cal/cm 2 s (mW/m2). 
*Assigned age province. 

TABLE 5c. Age, Observed Heat Flow, and Area for the Southwest Pacific Marginal Basins 

Age,* Ma N rn o Area, 106 km 2 Basis of Age Estimate 

Solomon Sea 9-20 2 1.73 (72) 0.17 (7) 0.06 Luyendyk et al. [1975] 
Woodlark Basin 0-20 12 1.97 (82) 1.01 (42) 0.46 Luyendyk et al. [1974] 
West Coral Sea 35-52 14 1.53 (64) 0.35 (15) 0.42 Burns et al. [1973] 
New Hebrides Basin 20-35 13 1.48 (62) 0.50 (21) 0.87 Burns et al. [1973] 
Fiji Plateau 0-9 45 2.53 (106) 1.60 (67) 1.42 Chase [1971] 
Lau-Kermadec Trough 0-4 31 1.70(71) 1.51 (63) 0.60 Weissel[1977] 
South Fiji Plateau 20-35 22 1.13 (47) 0.78 (33) 1.26 Weissel et al. [1977] 
Tasman Sea 53-65 3 1.26 (53) 0.15 (6) 0.83 Weissel and Hayes [1977] 

65-80 7 1.21 (51) 0.69 (29) 1.46 Weissel and Hayes [1977] 
Banda Sea 35-52 0.56 guess 
Total for southwest Pacific 7.94 
Total for all west Pacific 20.37 
Total for all marginal basins 26.06 

N is the number of values, rn is the mean in/•cal/cm 2 s (mW/m2), and o is the standard deviation in/•cal/cm 2 s (mW/m2). 
*Assigned age province. 
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TABLE 6. Marginal Basins 'Reliable' Heat Flow Estimates 

Marginal Basin N rn o Reference Age, Ma Reference 

Tyrrhenian Sea* 8 3.275 (137) 0.375 (15) Erickson et al. [1977] 6-10 Barberi et al. [1978] 
Balearic Basin-• 6 2.17õ (91) 0.25õ (10) Erickson et al. [1977] 18-32 Hsu et al. [1978] 

Hsu et al. [1978] Bayer et al. [1973] 
Parece Vela Basin 6 2.15 (90) 0.16 (7) $clater et al. [1976b] 18-32 Fischer et al. [1971] 
West Philippine Basin 6 1.72 (72) 0.16 (7) $clater et al. [1976b] 38-50 Louden [1976] 

Karig et al. [1974] 
West Coral Sea 11 1.64 (69) 0.32 (13) this paper 45-55 Burns et al. [1973] 
Bering Sea 7 1.16 (49) 0.30 (13) this paper 110-125 Cooper et al. [1976] 

N is the number of values, rn is the mean in/zcal/cm 2 s (mW/m2), and o is the standard deviation in/zcal/cm 2 s (mW/m:). 
*All values thought to be close to basement outcrops have been neglected. 
-•The two values on the Rhone Fan have been neglected. 
SHeat flow is 3.43 + 0.37/zcal/cm: s (144 + 15 mW/m :) when it is increased by 5% to account for recent sedimentation [Erickson et al., 1977]. 
õHeat flow is 2.66 + 0.30/zcal/cm: s (111 + 13 mW/m 2) when it is increased by 22% to account for recent sedimentation [Erikson et al., 1977]. 

treated all the data. The heat flow stations are not randomly 
distributed on the continents, and many of them are located in 
closely spaced groups. In order to reduce the bias which this 
introduces we averaged all values which differed by less than 
10% and lay within a radius of 30 km. These figures cover 
most closely grouped values and were chosen intuitively. For 
groups with a large deviation all values were considered. For 
Lake Superior and Europe we examined histograms of indi- 
vidual clusters to check that the data were not biased by this 
approach. 

We computed the mean, standard deviation, median, and 
mean deviation about the median for each province (Table 7). 
The use of the median and the mean deviation about the me- 
dian reduces the bias created by erroneous and anomalous 
values. There is no reason to believe that the values are nor- 
mafly distributed, and the standard deviation and mean de- 
viation about the median give only estimates of the scatter. 

Certain simple conclusions can be drawn from this analysis. 
The Eurasian and North American values have almost identi- 
cal distributions. In the youngest province the mean heat flow 
is high (about 2.0/zcal/cm: s, or -•80 mW/m :) and is associ- 
ated with a large scatter. For all continents in provinces older 
than 800 Ma the heat flow tends to a constant value lying in 
the range 1.0-1.2/zcal/cm: s (42-50 mW/m:). Both the mean 
and the scatter decrease with age (Figure 16). This behavior is 

evidence that the heat flow is approaching an equilibrium 
value in provinces older than 800 Ma. We explain the remain- 
ing scatter later in this section. 

The equilibrium value is higher than previous estimates 
(Table 7). This increase probably results from a better treat- 
ment of the environmental and instrumental factors in the 
newer values. For example, Lewis and Beck [1977] have 
shown that the variation of heat flow values in a Precambrian 
greenstone belt in Ontario can only be explained by slow cir- 
culation of water at depth and rejected the lower values mea- 
sured. 

An important feature of the histograms is the distribution of 
heat flow values below 0.6/.tcal/cm 2 s (25 mW/m2). In the 
older two provinces outside of Africa there are almost no val- 
ues below 0.6/.teal/era 2 s (25 mW/m2). This cutoff is also ob- 
served for the younger provinces but is not so obvious owing 
to the flatness of the distribution. 

Heat Flow and Surface Heat Production 
The distribution of the main radioactive heat-producing 

elements, U, Th and K, has received much attention and sev- 
eral of its features are now well documented. The radiogenic 
heat production is a scalar quantity which is highly variable 
on the surface of a continent, on both small and large scales. 
Continuous belts enriched in uranium and thorium have been 
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Fig. 14. Schematic diagram showing the division of the plate into rigid and viscous regions and the occurrence of an 
instability in the bottom viscous part [after Parsons and McKenzie, 1978]. 

reported in Norway [Killeen and Heier, 1975], in Australia 
[Heier and Rhodes, 1966], in the United States [Phair and 
Gottfried, 1964], and in the Superior Province in Canada (P. 
G. Killeen, personal communication, 1978). A general trend 
of decrease with depth has been shown in a series of plutons 
in Idaho [Swanberg, 1972], in a vertical section of the eastern 
Alps [Hawkesworth, 1974], and in several deep boreholes 
[Lachenbruch and Bunker, 1971; Lubimova et al., 1973]. 

The radiogenic heat production can be correlated with 
magmatic differentiation, according to a relationship which is 
not unique and differs for different magma series [Tilling et 
al., 1970]. It can also be correlated with a metamorphic index. 
High-grade metamorphic rocks are significantly lower in Th 
and U than theft counterparts in lower metamorphic grades 
[Lambert and Heier, 1967; Heier and Adams, 1965; Rybach, 
1976]. Typical lower crustal rocks have low heat production 
rates, ranging from 0.2 to 1.5 x 10 -• cal/cm • s (0.08 to 0.62 x 
10 -6 W/m•). In summary, all available data can be accounted 

for by an upward concentration of the heat-producing ele- 
ments in the crust combined with lateral concentration differ- 
ences. 

Detailed seismic studies, using reflection and refraction, 
have revealed that the crust has a complicated structure, het- 
erogeneous to the depth of the Moho. The crustal thickness is 
highly variable, both on a small scale, for a given tectonic 
unit, and on a large scale, from one unit to another [Mueller, 
1978; Berry, 1973; $ollogub et al., 1973]. Also, Padovani and 
Carter [1977] have shown from petrological studies that the 
continental crust varies horizontally. This complexity extends 
throughout the whole crust, as deep seismic soundings [Smith- 
son, 1978] have revealed variations at depth comparable to 
those observed from geological observations at the surface. As 
a consequence the picture of a layered crust must be either 
abandoned or, at best, accepted only as a crude average. This 
complexity prevents the direct estimation of either the amount 
or the distribution of the radiogenic elements in the crust. 

TABLE 7. Heat Flow Statistics for the Continental Age Provinces 

Age Mean Deviation 
Province, Ma N rn o Median About Median 

Africa and Madagascar 
250-800 19 1.15 (48) 0.82 (34) 0.93 (39) 0.64 (27) 
800-1700 6 1.36(57) 0.11 (5) 1.34(56) 0.10(4) 
>1700 39 1.14(48) 0.52(22) 1.10(46) 0.31 (13) 

South America 
0-250 19 1.31 (55) 0.22 (9) 1.22 (51) 0.19 (8) 

North America 
0-250 164 1.97 (82) 1.07 (45) 1.84 (77) 0.64 (27) 
250-800 44 1.53 (64) 0.79 (33) 1.40 (59) 0.59 (25) 
800-1700 50 1.26 (53) 0.33 (14) 1.20 (50) 0.24 (12) 
> 1700 216 1.11 (46) 0.38 (16) 1.05 (44) 0.26 (11) 

Australasia 
0-250 18 1.09 (46) 0.76 (32) 0.91 (38) 0.51 (21) 
250-800 17 1.81 (76) 0.78 (33) 1.50 (63) 0.62 (26) 
800-1700 10 1.76 (74) 0.27 (11) 1.79 (75) 0.17 (7) 
>1700 14 1.14 (48) 0.44 (18) 0.97 (41) 0.29 (12) 

Europe and Asia 
0-250 197 1.81 (76) 1.24 (52) 1.53 (64) 0.70 (29) 
250-800 420 1.50 (63) 0.44 (18) 1.48 (62) 0.32 (13) 
800-1700 72 1.07 (45) 0.15 (7) 1.10 (46) 0.12 (5) 
>1700 106 1.05 (44) 0.31 (13) 1.00(42) 0.21 (9) 

All Continents 
0-250 398 1.82 (76) 1.26 (53) 1.67 (70) 0.76 (32) 
250-800 500 1.50 (63) 0.51 (21) 1.46 (61) 0.34 (14) 
800-1700 138 1.20 (50) 0.24 (10) 1.17 (49) 0.22 (9) 
>1700 375 1.10 (46) 0.38 (16) 1.05 (44) 0.29 (12) 

N is the number of values, rn is the mean in/•cal/cm 2 s (mW/m2), and o is the standard deviation in 
/•cal/cm: s (mW/m:). 
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Fig. 16. Heat flow as a function of age for (a) North America, (b) Eurasia, (c) Australia and Africa (dashed lines), and 
(d) all continents. 

However, within certain specific areas there is a simple lin- 
ear relationship between heat flow and surface radioactivity: 

Qo -- Qr + D ' Ao (1) 
where Qo and ,40 are the surface heat flow and radioactive 
heat production. Q,, the 'reduced' heat flow, and D are con- 
stants [Birch et al., 1968; Roy et al., 1968]. The relationship 
holds for large areas where the heat production rates and ra- 
diometric ages vary considerably. The interpretation of the re- 
lation is ambiguous and impossible without a certain number 
of assumptions. In particular, there is considerable discussion 
as to the physical meaning of both Qr and D. 

The simplest interpretation is that D represents the thick- 
ness of a slab of uniform radioactivity and that Qr is the heat 
flux through the base [Roy et al., 1968]. Another interpretation 
is that D is the inverse of the decrement for an exponentially 
deCreasing rate of radiogenic heat production [Lachenbruch, 
1970]. In this case, 

A(z) -- Aoe -z/D (2) 
where ,40 is the heat production at the surface. Such an inter- 
pretation has some justification on geochemical grounds and 
has limited support from observations. Lachenbruch [1970] 
demonstrated that with this distribution the linear relation is 
preserved if differential erosion occurs within the heat flow 
province considered. In this model, D characterizes the degree 
of upward migration of the radiogenic elements, and Qr is ap- 
proximately the heat flow at the base of the crust. 

Equation (1) has been used to define heat flow provinces in 
many parts of the world [Rao and Jessop, 1975; Swanberg et 

al., 1974; Rao et al., 1976; Chapman and Pollack, 1975; Kutas, 
1977] and those that we consider to be reliable are listed in 
Table 8. The general features of these provinces are for a ma- 
jority of values to lie on a line defined by Qr and D and a cer- 
tain number of values to be offset from the line. These offset 
values sometimes define a 'heat flow subprovince' where there 
is a similar relationship, with the same Qr and a different D 
[Blackwell, 1971]. When the number of data points is small, 
the uncertainty in the determination of the parameters Qr and 
D is great, and it is necessary to select the most reliable ones 
before attempting any interpretation. We used a criterion 
based on the number of data points which actually define the 
linear relationship and the range of heat production rates rep- 
resented. In particular, we considered a value of Qr to be 
meaningful only when low values of crustal heat production 
were reported. 

Recently, Lachenbruch and Sass [1977], for the United 
States, and Rao and Jessop [1975], for all stations in the Pre- 
cambrian, have examined this relationship in more detail. In 
the United States, for stations west of the Great Plains, i.e., 
the younger sections of the country, Lachenbruch and Sass 
[1977] find a large scatter in the values and little obvious cor- 
relation between heat flow and surface radioactivity (Figure 
17). However, within individual orogenic belts and in particu- 
lar for the Sierra Nevada there is still evidence for a correla- 
tion. For older portions of the North American continent the 
relationship is well established. Elsewhere in the world, Rao 
and Jessop [1975] have found that the relation between heat 
flow and surface heat production has an overall significance. 
For example, they have shown that there is a general correla- 
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TABLE 8. Age and Parameters Defining the Linear Relation Between Heat Flow and Age for Several Continental Heat Flow Provinces 

Province Age, m.y. N Q Qr D, km Reference 

Basin and Range (North America) 
Sierra Nevada (North America) 
Eastern Australia (Australia) 
Eastern United States (North America) 
United Kingdom (Eurasia) 
Central Shield (Australia) 
Ukranian Shield (Eurasia) 
Western Australia (Australia) 
Canadian Shield (North America) 

Baltic Shield (Norway) 

65-0 86 2.20 (92) 1.41 (59)* 9.4* 
125-0 9 0.93 (39) 0.40 (17) 10.1 
65-0 9 1.72 (72) 1.37 (58)* (11.1)* 

400-100 14 1.36 (57) 0.79 (33) 7.5 
600-300 10 1.40 (59) 0.56 (24) 16.0 

2000-600 9 1.98 (83) 0.64 (27)* 11.1' 
2500-1900 12 0.87 (37) 0.60 (25) 7.1 
2000 7 0.93 (39) 0.63 (26) 4.5 
3000-2000 11 0.93 (39) 0.50 (21) 14.4 

0.67'• 13.6'• 
3000-2000 5 0.86 (37) 0.53 (22) 8.5* 

Sass and Lachenbruch [1978] 
Sass and Lachenbruch [1978] 
Sass and Lachenbruch [1978] 
Sass and Lachenbruch [ 1978] 
Richardson and Oxburgh [ 1978] 
Sass and Lachenbruch [1978] 
Kutas [ 1977] 
Sass and Lachenbruch [1978] 
Jessop and Lewis [1978] 

Swanberg et al. [1974] 

N is the number of values, Q is the mean heat flow in/•cal/cm 2 s (mW/m2), Qr is the reduced heat flow in/•cal/cm 2 s (mW/m2), and D is the 
characteristic depth. 

*Unreliable estimate. 
•'Qo and D values allowing for Pleistocene glaciation. 

tion between the heat flow and the surface heat production in 
the Precambrian (Figure 18). The large number of stations 
where the radioactivity is low constrains the reduced heat flow 
to lie between 0.5 and 0.7/•cal/cm 2 s (21 and 29 mW/m2). 
Work done since 1975 confirms these values (see Table 8). 
Rao and Jessop [1975] have also examined the heat flow 
through Precambrian greenstone belts and find a range of val- 
ues from 0.69 to 1.18/•cal/cm: s (29 to 49 mW/m •) with a 
mean of 0.90/•cal/cm • s (38 mW/m •) (Table 9). These values 
lie between the intercept heat flow and the mean value for the 
early Proterozoic and Archean (Table 7). Where the values of 
radioactivity are consistently low in Precambrian regions, for 
example, the Superior Province of Canada [Jessop and Lewis, 
1978], the heat flow has little scatter, and the mean value is 
close to 1.0/•cal/cm • s (42 mW/m2). Where the values are 
high, such as the Central Australia Shield, the heat flow is var- 
iable, and the mean higher than elsewhere. However, the re- 
duced heat flow is very similar to that through other areas of 
the Precambrian. Clearly, there is no obvious relation between 
age and either heat flow or surface radioactivity in the early 
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Fig. 17. Observations of heat flow and radioactive heat produc- 
tion from crystalline rocks in the United States; linear regression 
curves are from Roy et al. [1968] for the Basin and Range (dashed 
curve), eastern United States, and Sierra Nevada provinces. Solid cir- 
cles represent points east of the Great Plains, and crossed circles rep- 
resent points interior to the Sierra Nevada physiographic province. 
Vertical arrows represent corrections for the finite size of plutons [Roy 
et al., 1968]. Three of the open circles on the eastern United States 
curve at about I /•cal/cm • s are from the Klamath Mountains in 
northern California [from Lachenbruch and Sass, 1977]. 

Proterozoic and Achean. These observations are evidence that 
steady state conditions are reached and that the scatter in the 
heat flow is almost solely due to differences in the concentra- 
tion of heat-producing elements. 

As we have shown above, the values of the reduced heat 
flow Qr obtained in all the old continental provinces are in 
striking agreement (Table 8). In most of these provinces the 
heat flow which is actually measured at the surface is close to 
Qr for low values of the rate of heat production. Thus Qr must 
have a general geophysical significance for old continental 
crust. On the other hand, the complexity of both the crustal 
structure and the behavior of U, Th, and K in geologic envi- 
ronments prevents any simple interpretation of the relation- 
ship between heat flow and radioactivity. In particular, nei- 
ther D nor Qr is knowa with certainty. D varies significantly 
from place to place and has little obvious correlation with any 
physical phenomena. Also, Richardson and Oxburgh [1978] 
and C. Jaupart and G. Simmons (unpublished data, 1978) 
have shown that metasedimentary and metamorphic terrains 
surrounding the granitic plutons exhibit the same relation be- 
tween heat flow and surface radioactivity as the plutons. The 
reason for this similarity is unknown, but it does imply that 
the relation cannot be attributed to crustal fractionation 
alone. At best, the empirical relation is an indication that 
heat-producing element fractionation in granites and metamor- 
phic and recrystallized clastics are on related Scales [Richard- 
son and Oxburgh, 1978]. At worst, as it has as yet no sound 
physical explanation, it could be entirely fortuitous. However, 
it is still the single quantitative piece of information which 
gives any indication of the variation of radioactivity with 
depth. The relationship can only be valid if the radioactive 
elements are concentrated near the surface. At present, Qr is 
the best estimate that we have of the nonradiogenic com- 
ponent of heat flow, and to a first approximation it is the heat 
flow at the base of the crust. 

The distribution of crustal radioactivity distorts the relation 
between heat flow and tectonic age. For example, the heat 
flow through the Precambrian rocks in Central Australia and 
India [Rao et al., 1976] is much higher than is predicted from 
the gross relation between heat flow and age. However, the re- 
duced heat flow is consistent with that from other shields. In 
contrast with decrease of surface heat flow versus age (Figure 
16) the reduced heat flow drops within 300 Ma to a constant 
value of 0.6 +_ 0.2/•cal/cm: s (25 + 8 mW/m :) (Figure 19). 
The sharp decrease occurs over a time span slightly longer 
than that for the oceans, and the equilibrium value of 0.6 +_ 
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Fig. 18. Heat flow and heat generation for stations in the Pre- 
cambrian shields [after Rao and Jessop, 1975]. 

0.2/tcal/cm'• s (25 +_ 8 mW/m') is close to the predicted equi- 
librium heat flux of 0.8 +_ 0.1 /tcal/cm'• s (33 +_ 4 mW/m') 
through the oceans. The two values could be even closer. 
Most of the continental values are from high northern lati- 
tudes and may have to be raised by as much as 0.2/tcal/cm 2 s 
(8 mW/m') to allow for the effect of the last glaciation. 
Thermal Models 

The above observations can be integrated within the frame- 
work of the new ideas on continental formation. Continents 
are deformed or modified either continuously or discontin- 
uously since permobile times. Greenstone belts are essentially 
collapsed marginal basins [Tarney et al., 1976], and the gran- 
ite-gneiss terrain on either side of these belts is deformed cal- 
calkaline tonalitic batholithic rocks [Tarney and Windley, 
1977; Windley and Smith, 1976]. Extra vulcanism is created by 
continent-continent collision and the formation of major 
granite plutons. Fractional separation of the radioactive ele- 
ments takes place, and they are preferentially distributed near 
the surface. 

The high heat flow in the younger regions has four causes: 
island arc magmatism, plutonism associated with continent- 
continent collision, erosion [England and Richardson, 1977], 
and crustal thinning [McKenzie, 1978; Lachenbruch, 1979]. 
The heat flow in these regions is not uniformly high, and low 
values can be observed. The classic example (recognized by 
Holmes [1965, Figure 730]) is Japan [Uyeda, 1972]. In this 
area the heat flow changes from less than 1.0/tcal/cm'• s (42 
mW/m') along the eastern coast to values as high as 10.8 
/tcal/cm'• s (452 mW/m') close to the western coast (Figure 
20). 

TABLE 9. Categorization of Data According to General Rock 
Type of the Heat Flow Sites [after Rao and Jessop, 1975] 

Rock Type N Range Mean 
Ultramafic and anorthosites 5 0.50-0.81 0.74 

(21-34) (31) 
Greenstones 11 0.69-1.18 0.90 

(29-49) (38) 
Mafic igneous (plutonic 11 0.65-1.10 0.90 

and volcanic) (27-46) (38) 
Granites and gneisses 16 0.59-1.44 1.03 

(25-60) (43) 
Sediments 10 1.05-1.20 1.12 

(44-50) (47) 

N is the number of values. The range and mean are in ttcal/cm 2 s 
(mW/m2). 

In general, intrusion and erosional processes are dominant, 
and the heat flow, though scattered, has a high mean value. 
With time, tectonic activity terminates, magmatic sources 
cool, and the rate of erosion decreases. Thus the heat flow 
tends to equilibrium. In areas where the heat flow is initially 
low, there is an increased heat input from below, and low val- 
ues are no longer observed. Sometime between 250 and 800 
Ma these perturbations become negligible (Figure 16). To ob- 
tain a better estimate of this time scale, it is necessary to con- 
centrate on the Phanerozoic and to take into account varia- 

tions in surface heat production. From our preliminary plot of 
reduced heat flow versus age we suggest that the time constant 
is of the order of 200-300 m.y. (Figure 19). At present it is not 
possible to give a more precise figure because of the large scat- 
ter in the data. Assuming a thermal diffusivity of 0.01 cm2/s, 
the associated thermal diffusion length scale lies betwen 100 
and 200 km. 

In the early Proterozoic and Archcan crust there is still 
some scatter in the heat flow. This is probably due to varia- 
tions in the surface radioactivity. These variations can have 
two causes. On a large scale (100 km or more) they can be di- 
rectly associated with horizontal changes in the geologic envi- 
ronment. On a small scale (within an individual pluton) they 
can be created by weathering [Lachenbruch, 1970] and hydro- 
thermal mobilization of the radioactive elements [Killeen and 
Heier, 1975]. 

One of the areas which does not apparently fit this simple 
model is the Sierra Nevada. The Sierra Nevada are in western 
North America. Presumably they were on the continental side 
of a trench in the Late Cretaceous and early Tertiary. The 
heat flow distribution in this area (Figure 21) is little different 
from that observed in Japan (Figure 20). Hence Roy et al. 
[1972] suggested that the low reduced heat flow is the result of 
a subduerion process which terminated in the middle Tertiary. 

As most of the continents consist of Precambrian basement, 
we have concentrated on this port•on of the geologic time 
scale. In order to handle the large quantity of data we have 
followed a simplistic approach to analyzing the relation be- 
tween heat flow and radioactive age. It is important to remem- 
ber the problems associated with this approach. In particular, 
our age estimates are reliable only for the Archcan and some 
of the early Proterozoic. We run into problems in areas such 
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Fig. 19. Reduced heat flow plotted against age. The circles are 
unreliable estimates from the younger heat flow provinces. The theo- 
retical heat flow (assuming the plate model) through the ocean floor 
with the crustal contribution subtracted is presented as a dashed 
calve. 
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Fig. 20. Heat flow values on the Japanese islands. The dashed 
lines are the 1.0 and 2.0 peal/era 2 s heat flow contours. Note the band 
of low heat flow along the east coast of Japan. 

as the West Siberian Platform and the sedimentary basins of 
western Europe where Proterozoic basement is covered by 
Phanerozoic sediments. These sedimentary basins are almost 
certainly the result of a Phanerozoic orogenic event which is 
not reflected in the radioactive dates. The problem becomes 
extreme in the case of the Sierra Nevada, the belt series of the 
northern Rocky Mountains, and areas such as the Pannonian 
Basin, where the heat flow is affected by orogenic events much 
younger than the radioactive age. 

The outflow of heat through the continents is the result of a 
suite of factors such as orogeny, the vertical distribution of 
heat-producing elements, and erosion. Because continental 
creation generally results in a thickening of the crust and 
change in the vertical distribution of the heat-producing ele- 
ments, it is not obvious that the decrease in the observed val- 
ues is directly related to the thermal time constant of the con- 
tinental lithosphere [England, 1978]. We suggest that the 
reduced heat flow gives the most reliable estimate and find 
that it is of the order of 300 Ma. To obtain a better value, the 
relation between surface heat flow, surface heat production, 
erosion, and orogeny needs to be examined more carefully for 
the Phanerozoic. Such a study requires an analysis on a local 
scale and has not been attempted in this paper. However, our 
analysis yields an upper bound for the time constant of oro- 
genic events. It is interesting to note that orogenies throughout 
the geologic record occur in pulses of the same duration. 

In summary, we observe that continental heat flow is high 
but variable in young regions and decays to a value of 1.05 +_ 
0.29 pcal/cm 2 s (44 +_ 12 mW/m :) through the early Pro- 
terozoic and Archean crust (Table 7). The high but variable 
heat flow is related to the processes by which continents are 
created or modified. Once the effects of these processes have 

died out, the scatter about the equilibrium flow is caused by 
variations in surface radioactivity and/or erosion. Our global 
model is not intended to account for local perturbations, and 
to get a more detailed picture, it will be necessary to consider 
processes such as intraplate vulcanism, zones of weaknesses 
[Sykes and $bar, 1973], and crustal thinning [Chapman and 
Pollack, 1975b; Lachenbruch, 1979]. 

HEAT LOSS OF THE EARTH 
Introduction 

One of the objectives of this review is to compare the heat 
loss through oceans and continents and to estimate the total 
heat loss of the earth. For the oceans, as the observed mean 
values underestimate the heat flow, we have used the theo- 
retical heat flux to compute the loss through a province of a 
given age. The total heat loss through a single ocean is the 
sum of the individual values for each province. For the conti- 
nents, water circulation is less important. We have assumed 
that the actual observations are reasonable estimates of the 

heat flow at depth and have used the raw data to compute the 
loss through each province. 

Heat Loss Through the Oceans 
In the young crust most of the heat is lost by water circula- 

tion. Thus to compute the total heat loss through these re- 
gions, it is necessary to use a theoretical value. We cannot use 
the plate model of McKenzie [1967] because on integration it 
yields an infinite heat flux at the origin. Davis and Lister 
[1974] used an alternative boundary condition for the temper- 
ature at the origin. They equated the heat brought up by the 
ascending magma to the sum of the heat lost horizontally by 
conduction and that lost vertically by the magma once it is in 
place. The condition implies a discontinuity between the sup- 
ply temperature and the temperature at the origin, but it is a 
reasonable mathematical representation of the discontinuous 
intrusion process. Though the heat flux at the origin is still in- 
finite, the integrated heat loss is finite. We used this boundary 
condition to modify the model of McKenzie [1967]. Details 
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Fig. 21. Contour plot of heat flow for the western United States 
showing the low associated with the Sierra Nevada batholith (hatched 
area). 



SCLATER ET AL.: OCEANIC AND CONTINENTAL HEAT FLOW 293 

and equations are given in Appendix C. Beyond 1 Ma both 
this and the original plate model give exactly the same results 
for both heat flow and topography [Lister, 1977]. 

We compared for each age province (1) the theoretical heat 
loss through the upper surface, (2) the theoretical flow enter- 
ing the base of the plate by conduction, and (3) the heat loss 
given by the observed values (Table 10). The sum of item 1 
for all provinces is the theoretical heat loss of the oceans. The 
sum of item 2 is the heat gained by the oceanic lithosphere, 
and that of item 3 the measured heat loss of the oceans. Sub- 
tracting the heat gained by the lithosphere from the theoreti- 
cal heat loss gives the heat released by the mantle in plate 
creation. The radioactive decay of the heat-producing ele- 
ments was included in the calculation of heat gained. The dif- 
ference between the theoretical loss and that actually ob- 
served represents the heat lost by water flow and by 
conduction through bare rock. 

The total heat loss varies from ocean to ocean. It is largest, 
about 30%, in the South Pacific, where the spreading rate is 
fast, and is least, about 10%, in the North Pacific, where the 
rate is slow. Almost 50% occurs in the Pacific with about 20% 
in each of the Atlantic and Indian oceans, and 10% in the 
marginal basins. The total heat loss of the oceans including 
the marginal basins is 727 x 10 •ø cal/s (30.4 x 10 •2 W). It is 
not uniform with age, as about 50% takes place in the first 20 
million years (Table 10). The heat gained by conduction 
through the base of the plate and by radioactive decay in the 
crust is small. Over 85% of the heat loss of the oceans occurs 
by creation and consequent cooling of the lithosphere. The 
difference between the theoretical heat loss and that observed, 
241 x 10 •ø cal/s (10.1 x 10 •2 W) represents about one third of 
the heat lost by oceans. All of this difference takes place in 
crust younger than 50 Ma, and it is caused principally by the 
advection of seawater through hot young crust. 

Heat Loss Through the Continents 
In a previous section we have established a general relation 

on continents between heat flow and age. Here we use this re- 
lation and the separation of the continents into age provinces 
to estimate their total heat loss. Continental heat flow measure- 
ments are considered to be more reliable than those on the 
ocean floor because they are made at greater depth and in- 
volve direct inspection of the local environment. Only large- 
scale steady state water circulation remains undetected [Lewis 
and Beck, 1977]. In the younger regions the scatter in the heat 
flow values is high, but the error in the total heat loss is likely 
to be minimal because the corresponding areas are small. We 
calculated the total heat loss for each continent separately, 
first by multiplying the observed mean flow by the area of 
each age province and then by summing the resultant values 
(Table 11). For Antarctica, where there are no observations, 
we used the measured mean value from the rest of the conti- 
nents. About one fourth of the continents are shelves. To calcu- 
late their heat loss, we assumed that about one quarter were 
created during Cretaceous b•eakup and have an average age 
of 120 Ma and a mean heat flow of 1.1/•cal/cm 2 s (46 mW/ 
m2). For the remaining three quarters the shelves were divided 
into groups following the ratio of the areas of the age prov- 
inces on the corresponding continent. Dividing the total h½•t 
loss by the area gives the mean flow through each continent. 
The values range from 1.19 to 1.52/•cal/cm • s (49 to 64 mW/ 
m2). The Antarctic value is speculative. For the other conti- 
nents the average heat flow is roughly constant except for Af- 
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TABLE 11. Heat Losses Through the Continental Age Provinces 
Age, Ma 

Continental Total Mean 
0-250 250-800 1700 > 1700 Shelf Heat Loss Heat Flow 

Africa and Madagascar 0.9 18.6 7.3 13. l 4.9 44.8 I. 19 (49) 
South America 3.4 7.7 5.9 5.7 5.5 28.2 1.26 (53) 
North America 11.4 5.7 4.5 11.7 10.9 44.2 1.30 (54) 
Australasia 1.0 5.2 5.8 2.1 14.5 28.6 1.52 (64) 
Antarctica 2.2 6.9 7.2 6.6 22.9 1.30 (54) 
Europe and Asia 31.9 28.3 4.2 13.3 24.7 102.4 1.44 (60) 
All continents 50.8 72.4 27.7 53.1 67.1 271.1 1.35 (57) 
Addition of heat loss due 275.1 1.37 (57) 

to volcanic activity 
Mean heat flow* 1.78 (75) 1.41 (59) 1.31 (55) 1.10 (46) 1.29 (54) 

Mean heat flow values are given in #cal/cm 2 s (mW/m2). Heat loss values are given in l0 iø cal/s (1012 W). 
*Results from totaling rows or columns may differ slightly from those given owing to rounding. These values do not agree with those from 

Table 7 because of the different method of averaging. 

rica and Madagascar, where the value is lower, and Australia, 
where the value is higher (Table 11). 

We estimate the heat loss through the continents and 
shelves to be 271 x 10 iø cal/s (11.3 x 10 !'• W). To this it is nec- 
essary to add the amount released by active volcanoes. Horai 
and Uyeda [1969] give a value in the range 4-5 x 10 iø cal/s 
(1.7-2.1 x 10 • W). Thus we obtain a total value for the conti- 
nents of 275 x 10 iø cal/s (11.5 x 10 !'• W) with an error of 50 x 
10 iø cal/s (2.1 x 10 •'• W). The error was estimated by multi- 
plying half the mean absolute deviation by the area of each 
province and summing these values. Dividing the total heat 
loss and the error by the area of the continents gives a mean 
flow of 137 _ 0.25/•cal/cm'• s (57 _ 11 mW/m') (Table 12). 

Considering that most of the continental crust is Pre- 
cambrian, these figures are higher than expected. For ex- 
ample, the mean heat flow is about 0.3/•cal/cm'• s (13 mW/ 
m') higher than the value estimated by Polyak and Smirnov 
[1968] from a similar method. This increase results partially 
from a more careful consideration of environmental factors 
and better conductivity measurements in more recent pub- 
lications. Also, a small amount is a result of concentrating on 
the orogenic age rather than the age of the last thermal event. 
We may have included the effects of more recent extensional 
events in the older province. 

TABLE 12. Summary of Area and Heat Loss Information 

Heat Loss, 
Area, 106 km: 10 iø cal?s (10 i: W) 

Continents (including effect 
of volcanoes) 

Continental shelves 
Total (continent plus shelves) 
Deep oceans 
Marginal basins 
Total (oceans plus marginal 

basins) 
Worldwide values 
Heat loss by water flow and 

conduction through bare rock 
Heat loss by plate creation 

not including radiogenic 
heat loss 

Mean heat flow 
Continents and shelves 
All oceans (observed) 
All oceans (theoretical) 

149.3 208 (8.8) 

52.2 67 (2.8) 
201.5 275 (11.5) 
281.7 656 (27.4) 
26.9 71 (3.0) 

308.6 727 (30.4) 

510.1 1002(42.0) 
241 (10.1) 

626 (26.2) 

1.37' (57) 
1.57' (66) 
2.36* (99) 

*Heat flow in 10 -6 cal/cm: s (mW/m2). 

Total Heat Loss of the Earth 
We estimate the total heat loss of the earth to be 1002 x 

10 iø cal/s (42.0 x 1012 W). More than 70% is lost through the 
oceans, 7% through the continental shelves, and about 20% 
through the continents (Table 12). The error, in our estimate 
of the oceanic heat loss, is between 10 and 20% of the absolute 
value. If we have not grossly underestimated the effect of wa- 
ter circulation in young continental crust, the error in the con- 
tinental value is of the same order. In our treatment we have 
made no attempt to separate the oceanic and continental por- 
tions of the shelves. If we assume that one quarter is oceanic, 
almost 3 times as much heat is lost through the oceans as 
through the continents. In the case of the oceans, nearly 90% 
of this heat loss is dissipated by plate creation, and this mecha- 
nism is responsible for more than 60% of the heat loss of the 
earth. 

Our estimate of the total heat loss of the earth is almost 40% 
higher than the value of 6.3 x 1012 cal/s (26 x 1012 W) given 
by Lee and Uyeda [1965] and is dose to the value of 1.0 x 1013 
cal/s (42 x 10 !2 W) of Williams and Von Herzen [1974]. Be- 
cause their analysis was completed before the development of 
plate tectonics, Lee and Uyeda [1965] were unaware of the im- 
portance of water circulation through the oceanic crust. They 
underestimated the heat lost through the oceans. Williams and 
Von Herzen [1974] made a realistic estimate of the effects of 
hydrothermal circulation and therefore obtained a reasonable 
value for the total heat loss. 

To a first approximation we can use our analysis (Tables 
10-12 and B 1) to separate the heat lost at the surface of the 
earth into (1) that due to convective processes, (2) that result- 
ing from conduction through the lithosphere, and (3) that 
caused by radioactive decay within the continental crust. If we 
assume that half the heat flow through the youngest continen- 
tal crust arises through magmatic activity, then convective 
processes, which we define here to include plate creation, ac- 
count for about two thirds of the heat loss of the earth. As- 
suming a background mantle heat flow of 0.6/•cal/cm'• s (25 
mW/m'), we calculate the conductive flow through the conti- 
nents to be 120 x 10 iø cal/s (5 x 1012 W). Adding to this the 
70 X 10 iø cal/s (2.9 x 1012 W) gained by the oceanic plate 
yields a conductive contribution of about 20%. The rest, less 
than 15%, is contributed by the decay of heat-producing ele- 
ments in the continental and oceanic crust. These values are 
based on a number of assumptions and hence are only ap- 
proximate. But they do emphasize the relative importance of 
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convection over conduction as the major mechanism by which 
heat is lost from within the earth. 

match the observations over old ocean floor. We use this con- 
cept as the framework for the rest of this section. 

THERMAL STRUCTURE AND THICKNESS 
OF THE LITHOSPHERE 

Introduction 

In the first part of this review we have deliberately concen- 
trated upon the observations and have kept speculation to a 
minimum. In the second part we investigate the thermal struc- 
ture beneath oceans and continents and present an integrated 
review of some of the new but speculative ideas that have re- 
cently appeared on the development of the lithosphere. We 
approach the question of lithospheric thickness from a uni- 
formitarian viewpoint. Can we apply the concept of a thermal 
boundary layer, which has been so successful in the oceans, to 
the continents? Further, is this concept of value in examining 
the creation of continents and their development through 
time? 

Most of the argument concentrates on comparing the rela- 
tive thickness of the lithospheric plate under an 'equilibrium' 
ocean with that under the Proterozoic and Archean cratons. 
Various authors have already estimated these thicknesses. 
McKenzie [1967] and Sclater and Francheteau [1970], noting 
that the heat flows through old oceans and continents were 
roughly the same and that the surface radioactivity was 
greater on the continents, suggested that the continental litho- 
sphere was twice as thick. Recently Jordan [1975] has sug- 
gested that though the rigid portion of the continent is only 
approximately 100 km thick, another layer lies underneath the 
old cratons. In his concept, thermal and chemical differences 
in the continents could extend to 400 kin. This layer is at- 
tached to and moves with the continental lithosphere. He uses 
the term 'tectosphere' to describe the region encompassing 
this layer and the lithosphere. A separate school of thought 
based on examination of the thermal time constants of the 
continental lithosphere favors a minimum difference between 
the plate thicknesses. Crough and Thompson [1976] have ar- 
gued that the reduced heat flow plotted against age fits the 
same relation as the oceanic heat flow. Also, the exponential 
subsidence noted by Sleep [1971] for Phanerozoic continental 
basins can only be related to oceanic models if the plate thick- 
ness is roughly the same. 

Our reanalysis of the heat flow data has shown that rather 
than being similar the heat flow through an equilibrium ocean 
is lower than the mean flux through the continents. In this sec- 
tion we compare the mean heat fluxes and use estimates of the 
distribution of heat-producing elements to compute the tem- 
perature as a function of depth underneath the two litho- 
spIieres. We compare our range of temperature profiles with 
geobarometry and geothermometry data beneath continents. 
Later we consider the relation between reduced heat flow and 

age and the subsidence of continental basins. 
When describing the lithosphere we use the model of a flat 

plate with a constant temperature at its base. Any process 
which creates a significant component of additional heat at 
depth will produce the oceanic observations [Forsyth, 1977]. 
This could be shear stress heating [Schubert et al., 1976], ra- 
dioactivity in the upper 300 km [Forsyth, 1977], or some 
anomalous heat source [Crough and Thompson, 1976]. We pre- 
fer the concept of two scales of flow and the idea of a mechan- 
ical and thermal boundary layer [Parsons and McKenzie, 
1978]. The small-scale convection beneath the mechanical 
boundary layer provides the heat flux which is required to 

Comparison of the 'Equilibrium Ocean' 
and Old Continent Geotherm 

The oldest ocean crust is found in the western Pacific. It has 

an age in excess of 180 Ma [Larson and Hilde, 1975]. At this 
age the oceanic lithosphere is not in thermal equilibrium, 
though both the observations and the theory suggest that it is 
close [Parsons and $clater, 1977]. The heat flow through the 
equilibrium ocean is 0.9 + 0.1 /•cal/cm 2 s (38 + 4 mW/m2). 
On the continents, equilibrium conditions are reached by at 
least the mid-Proterozoic. The heat flux through this region, 
which is older than 1700 Ma, is 1.10 + 0.38/•cal/cm 2 s (46 + 
16 mW/m 2) (Table 7) and is 0.2/•cal/cm 2 s (8 mW/m 2) higher 
than that through the equilibrium ocean. However, because of 
the large scatter around the continental mean this difference 
cannot be given too much significance. 

To compute the heat flux at the base of the crust and the 
range in temperatures for the oceanic geotherm, we assume a 
10-km crustal layer with a constant heat generation rate of be- 
tween 1 and 2 x 10 -'3 cal/cm 3 s (0.4 and 0.8 x 10 -6 W/m 3) 
(Figure 22). These values bracket the published estimates for 
basalt and gabbro. The corresponding contributions to the 
surface heat flux are therefore 0.1 and 0.2/•cal/cm 2 s (4 and 8 
mW/m2). We obtain two extreme models denoted O, and O2. 
For O, the heat flow is 0.8/•cal/cm 2 s (34 mW/m 2) at the sur- 
face and 0.6/•cal/cm 2 s (25 mW/m 2) at the base of the crust, 
and for O2 the respective values are 1.0 and 0.9/•cal/cm 2 s (42 
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and 38 mW/m2). We have picked thermal conductivities of 6 
and 8 x 10 -3 cal/cm øC s (2.5 and 3.4 W/m ø C) for the crust 
and mantle. The value for the mantle is the mean thermal 
conductivity determined from the equations relating heat flow 
and depth to age for young crust [Lister, 1977]. We assume 
throughout these calculations that the radioactive contribu- 
tion from the mantle is negligible. 

It is difficult to make a realistic estimate of the heat flux 
through the continental lithosphere and consequently the 
temperature as a function of depth. The distribution of heat- 
producing elements with depth is not known with any cer- 
tainty. As was mentioned before, the scatter in the linear rela- 
tion of heat flow and radioactivity is large, and it is surprising 
that Qr varies so little for provinces older than 250 Ma. The 
values range from 0.5 •tcal/cm 2 s (21 mW/m :) for the Supe- 
rior Province to 0.64 •tcal/cm: s (27 mW/m :) for the Central 
Australian Shield. Taking an absolute error of 0.10/tcal/cm: s 
(4 mW/m2), we arrive at a range of values for Qr between 0.40 
and 0.75 •tcal/cm: s (18 and 32 mW/m:). This range repre- 
sents the best estimate allowed by present data for the heat 
flux at the base of the crust. All reported values of reduced 
heat flow are compatible with the upper and lower bounds. 
This includes the reduced heat flow through the northern lati- 
tude provinces (i.e., the Canadian, Baltic, and Ukranian 
shields and the United Kingdom), which may have to be 
raised by as much as 0.2 •tcal/cm: s (8 mW/m :) to allow for 
the effects of Pleistocene glaciation. This correction brings 
their values for Qr close to the upper bound. Our estimate of 
the range of heat flow at the base of the continental crust 
overlaps the estimated range in heat flux of 0.6-0.9 •tcal/cm 2 s 
(24-36 mW/m :) at the base of the oceanic crust. 

For comparison with the oceanic geotherm we computed a 
range of realistic temperature versus depth profiles for the 
lithosphere beneath the Central Australian Shield. We chose 
this shield in order to use real data in an area unaffected by 
Pleistocene glaciation where D is close to the world average. 
Two extreme values of Qr were estimated by plotting the 
range of straight lines with a constant slope D which can be fit 
realistically to the heat flow versus surface heat production 
data (Figure 23). They range between 0.5 and 0.8 ttcal/cm • s 
(21 and 34 mW/m2). We assumed that the heat flux was 1.1 
/•cal/cm • s (46 mW/m 2) at the surface and that the heat-pro- 
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resent an estimated range of correlations with the same slope compat- 
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ducing elements were concentrated in a crust of depth h. Un- 
der these conditions, Ao depends upon the assumed value for 
the reduced heat flow Qr and the model chosen for the distri- 
bution of the radiogenic elements in the crust. We chose an 
exponential decrease with depth. In this model the heat flow 
from the mantle is approximated by the reduced heat fløw 
[Lachenbruch, 1970]. It is important to realize that.once the 
heat flow at the surface and that at the Moho are specified, the 
temperature at the depth of the Moho is not significantly af- 
fected by the form of the radioelement distribution. Under 
these conditions, Ao is given by 

Ao = (Qo- Qr)/D (3) 

and the temperature at depth z within the radioactive layer is 

QrZ D2Ao e_z/D] T=-• + K, [1- z<h (4) 
where K• is the thermal conductivity of the crustal layer. Be- 
low the crustal layer we follow the usual assumptions that 
steady state conditions prevail and that there is no convection. 
The temperature at depth z is 

(z- h) 
T-- T(h) + g2" Qr z > h (5) 

where K: is the conductivity of the upper and lower layers. To 
compute the probable range in the temperature depth profiles, 
we used the two extremes for Qr and assumed values of 0.006 
and 0.008 cal/cm øC s (2.5 and 3.4 W/m øC) for K• and 
respectively. 

The range in temperatures allowed by the models that we 
have chosen is large (Figure 22). Though the continental tem- 
peratures are generally higher in the upper portion of the lith- 
osphere, there is a significant overlap below 100 km. The 
thicker low-conductivity continental crust completely com- 
pensates for the slightly higher oceanic mantle heat flow. 
Given this overlap, the heat flow data are clearly compatible 
with a model which has a similar temperature structure at 
depth under both continents and oceans. 

Comparison With Geothermometry 
and Geobarometry Data 

The pressure-temperature (PT) conditions in the litho- 
sphere can be inferred from the study of mineral assemblages 
in xenoliths. Before continuing we compare these conditions 
with our temperature profiles. 

The thermodynamical interpretation of analyses of coexist- 
ing phases in xenoliths is plagued by two basic problems. 
First, the assumptions which are involved in the derivation of 
geothermometers and geobarometers of practical use a•e not 
always justified [Wiltshire and Jackson, 1975]. They are that 
the observed minerals are in equilibrium with each other, that 
the solutions are ideal and that real systems can be apprOxi - 
mated by simple ones. Second, the processes Of magma gener- 
ation and xenolith formation are still not understood and 
probably involve perturbations of the verY* temperatures 
which are to be estimated [Irving, 1976; Hoffman and Hart, 
19781. 

Recent improvements have been made to the existing meth- 
ods, in particular by Wood and Banno [1973] for temperature 
determinations based on the enstatite-dioPsid½ equilibrium, 
by Ak½l!a [1976] for pressure estimations in the system 
CaSiO3-MgSiO3-AI203 applied to the assemblage garnet + 
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enstatite + diopside, and by Dixon and Presnall [1979] for the 
system CaO-MgO-A1203-SiO2 applied to the assemblage for- 
sterite + spinel + enstatite + diopside. These new geother- 
mometers and geobarometers are not used consistently 
throughout the literature and this poses an obvious problem 
when comparisons are needed. We plot in Figure 24 a number 
of PT determinations from recent publications or older 
sources which we corrected ourselves following Wood and 
Banno [1973], Akella [1976], and Dixon and Presnall [1979]. 
We stressed in our search the data points for the lowest tem- 
peratures. Such studies of xenoliths, while they are not a re- 
liable tool for calculating geotherms, do provide maximum 
temperature estimates at any depth. They are therefore per- 
fectly acceptable for our purposes. 

Not surprisingly, the lowest temperature estimates at any 
given depth are found beneath old continents (cf. in Figure 24 
the data of Griffin et al. [1979], Eggler et al. [1979], and F. R. 
Boyd and P. H. Nixon (unpublished data, 1978)). The errors 
in each PT determination are very large, around +_100øC and 
+_5 kbar (or +_ 15 km) [Mori and Green, 1975; Dixon and Pres "• 
hall, 1979]. The data provided (Figure 24) are consistent with 
any of our continental geotherms down to a depth of 100 km. 
Below this depth the upper conductive profile is ruled out. 
However, it is not certain that the assumption of conduction is 
warranted in the mantle. The mechanisms of heat transfer de- 
pend critically on the thermal history of the earth and remain 
largely unknown. If small-scale convection exists in the oce- 
anic lithosphere, it perturbs significantly the conductive tem- 
perature profile below a certain depth. This critical depth is 
defined by a change in the rheology of mantle material from a 
rigid to a viscous behavior. 

Given the errors inherent in geothermometry and geobaro- 
metry and the lack of certainty about the dominant heat 
transport mechanism in the mantle, the present knowledge 
about the PT conditions in the continental lithosphere pre- 
cludes any separation between the two temperature profiles 
that we have computed on the basis of the surface heat flow 
observations. More data points at shallow depths (above 120 
km) are necessary to verify our conclusions. 

Relation Between Reduced Heat Flow and Age 

One of the major factors affecting continental heat flow val- 
ues in the Proterozoic and the Archean is the distribution of 
heat-producing elements. If it is assumed that these elements 
are concentrated in the crust, then the reduced heat flow is an 
estimate of the heat contribution from below this radioactive 
layer. Thus using Qr, we examined the variation with time of 
the nonradiogenic component of heat flow. The scatter in the 
young values is high, and the relation cannot be considered 
valid for the Cenozoic or late Mesozoic. The reduced heat 
flow decays within 200-300 Ma to a constant value lying be- 
tween 0.50 and 0.64/xcal/cm 2 s (21 and 27 mW/m2). In this 
decay, which is more rapid than that shown by the heat flow 
measurements alone [cf. Chapman and Pollack, 1975a, Figure 
1], the key values are those from New England [Roy et al., 
1968] and England and Wales [Richardson and Oxburgh, 
1978]. It is of interest to note that Foland and Faul [1977] have 
shown that the eastern United States has been subjected to 
Cenozoic plutonism with the youngest episode terminating 
around 100 Ma. The spread in tectonic age in the New Eng- 
land province is larger than was previously thought to be'the 
case. 

Given the large number of variables which affect the calcu- 
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Fig. 24. Comparison of the range of old continental geotherms 
with geothermometry and geobarometry data. Small and large solid 
circles represent data of Griffin et al. [1979]; open stars, Smith and 
Levy [1976]; open circles, Bishop et al. [1979]; solid stars, Francis 
[1976]; medium solid circles, Aoki and Shiba [1974]; inverted triangles, 
Ernst [1979]; crossed circles, Carswell et al. [1979]; solid squares, Car- 
ter Hearn and Boyd [1975]; crosses, Reid et al. [1975]; open squares, 
Eggler et al. [1979]; triangles, Gurney et al. [1975]. The shaded area is 
taken from F. R. Boyd and P. H. Nixon (unpublished data, 1978). 

lation of the reduced heat flow the simplicity of the variation 
of Qr with age is surprising. The characteristic time span for 
the decrease is between 200 and 300 Ma and is close to the 
thermal time constant for the oceanic lithosphere. 

Subsidence of Continental Basins 
The most important .observation justifying a simple model 

of the oceanic lithosphere is the relation between depth and 
age. Sleep [1971] showed that several continental basins have 
the same exponential subsidence as the oceans. Recently, a se- 
ries of studies have been made of various Cenozoic and Meso- 
zoic continental shelves and inland basins (Table 13). Their 
subsidence can be divided into two phases. First, there is a 
chaotic period during which the basin is formed. In this phase 
the subsidence history is complex. It can vary from rapid, if a 
deep graben is created, through slow and linear, if the basin is 
initiated by a long and continuous event, to no subsidence at 
all, if the basin starts by uplift. In contrast to the complex ini- 
tial conditions the subsidence of the second phase is wide- 
spread and general. In certain places it is rapid, and the depth 
increases as the square root of the age. Examples are the Gulf 
of Lyon ['Watts and Ryan, 1976] and the Labrador Sea [Keen, 
1979]. In other places the relation between depth and age is 
linear, e.g., the Pannonian Basin [Sclater et al., 1979] and the 
North Sea [Sclater and Christie, 1979]. After about 50 million 
years the depth shows an expønential decrease to a constant 
value. Examples of this • exponential subsidence are the U.S. 
east coast wells examined by Sleep [1971], the Cost B-2 well 
[Steckler and Watts, 1978], and the wells off Nova Scotia 
[Keen, 1979]. 

Most Phanerozoic continental basins have been subjected 
t ø successive pulses of sedixaentation. Each major pulse is 
characterized by complex initial conditions followed by an ex- 
ponential increase in depth. EXamples of such regions are the 
North Sea and the Sverdrup Basin [Sweeney, 1977]. In con- 



298 SCLATER ET AL.: OCEANIC AND CONTINENTAL HEAT FLOW 

TABLE 13. A Summary of the Subsidence of Various Phanerozoic Continental Basins and Shelves 
Measured Subsidence 

Age Range, Basement Mode of 
Basin or Shelf Ma Age, Ma Depth, km Depth, km Subsidence Reference 

Pannonian 16-0 16-0 1-4 1-4 linear •clater et al. [1979] 
Gulf of Lyon 25-0 25--0 4 4 t •/2 Watts and Ryan [1976] 
Labrador 75-0 65-0 2-4 2-4 t •/2 Keen [ 1979] 
North Sea 100-0 100-0 3-5 3-5 linear Sclater and Christie [ 1979] 
Nova Scotia 175-0 140-0 3-5 6-11 t •/: --> exp Keen [1979] 
Cost B-2 175-0 125-0 5 15 exp (-60) Steckler and Watts [ 1978] 
U.S. east coast 175-0 110-0 1-3 ? exp (-50) Sleep [1971] 
U.S. Gulf Coast 175-0 110-0 2-4 ? exp (-50) Sleep [1971] 
Kansas 330-230 330-230 1-2 1-2 exp (- 50) Sleep [ 1971] 
Elk Point 370-230 370-230 3-4 3-4 exp (-50) Sleep [1971] 
Appalachian 450-360 450-360 1-3 1-3 exp (-50) Sleep [ 1971 ] 
Michigan 450-330 450-330 1-3 1-3 exp (- 50) Sleep [ 1971 ] 

The age range for the subsidence data is not always the age range of the basin, as the wells do not always reach the base of the sedimentary 
layer. We consider only the post-Mid-Cretaceous subsidence of the North Sea. 

trast the four Phanerozoic basins, Kansas, Elk Point, Appala- 
chian, and Michigan, have a simpler history [Sleep, 1971] 
(Table 13). 

The Phanerozoic, Mesozoic, and Cenozoic basins have two 
general features. First, the maximum sedimentation is be- 
tween 10 and 15 km for the continental shelves and between 3 
and 8 km for the inland basins. Second, the observable sub- 
sidence occurs over a time span of about 200 million years 
and follows an exponential law with a time constant of 50-60 
million years [Sleep, 1971; $teckler and Watts, 1978]. This 
time constant is close to the figure of 62.8, which best fits the 
subsidence history of old ocean floor [Parsons and $clater, 
1977]. 

Three models have been proposed which underline the im- 
portance of the lithosphere in the formation of these basins. 
The first involves thermal doming, followed by erosion and 
then thermal relaxation with sediment being deposited in the 
hole left by the eroded material [Sleep, 1971]. If the continen- 
tal plate thickness is of the order of 100-150 kin, the sub- 
sidence will be exponential with a time constant of roughly 60 
million years. This model has two problems. First, only as 
much sediment can be deposited as is eroded; and second, 
erosion increases toward the center of the basin. Neither fea- 
ture is observed. Two other models, the first involving exten- 
sion by dyke intrusion [Royden et al., 1980] and the second ex- 
tension by stretching of the lithosphere [McKenzie, 1978], 
have been proposed. Both models involve extension and the 
replacement of light crust by dense asthenosphere. They do 
not require extensive erosion to produce the basin. 

In passive regions where the dominant regime is extensional 
the stretching model with lithospheric attenuation is favored. 
In complex compressional regions, such as the Alps and the 
Carpathians, the initial subsidence is less uniform, and it is 

probable that some other mechanism such as localized dyke 
intrusion or subcrustal extension also occurs. In the following 
discussion we do not separate between the models and for 
simplification analyze the data within the framework of the 
stretching model [McKenzie, 1978]. 

During the extensional phase the upper crust cracks by 
brittle failure and extends along low-angle listric faults, the 
lower crust flows ductilely, and the lithosphere attenuates. 
There is much faulting, and horst and grabens are formed. 
Though most of the area subsides, some is elevated. Following 
this phase, general subsidence commences. After 50 million 
years, processes at the bottom of the lithosphere become 
dominant, and the basin subsides exponentially to a constant 
depth. 

The similarity between Mesozoic and Cenozoic basins and 
shelves and the ocean floor can be extended back to the early 
Proterozoic (Table 14). For example, the Proterozoic basins of 
southern Africa can be separated into a suite of clearly de- 
fined basins with well-dated basement and overlying volcanics 
[Anhaeusser, 1973; Hoffman, 1973]. The floors of these basins 
are continental and the sediments have been deposited uni- 
formly in shallow water. Two other Proterozoic basins, the 
Hamersley from Western Australia [Button, 1976] and the Co- 
ronation geosyncline [Hoffman, 1973] in northwestern Can- 
ada, show similar features. Various authors [e.g., Hoffman, 
1973; Windley, 1978] have pointed out the structural similarity 
between these basins and Phanerozoic basins and continental 
shelves. They show almost exactly the same range of maxi- 
mum subsidence and cover approximately the same time span 
as the Phanerozoic basins. These observations indicate that 
the basins were created by similar processes and that the con- 
tinental lithosphere has had a thickness of 100-150 km 
throughout geologic history. Inaccuracies in dating and prob- 

TABLE 14. A Summary of the Subsidence of Various Archean and Proterozoic Sedimentary Basins 

Time Maximum Mean Rate, 
Basin Age, Ma Span, m.y. Subsidence, km km/m.y. Reference 

Pongola 3060(2940)-2810 190-70 10.7 0.10 Anhaeusser [1973], Hunter [1974] 
Witwatersrand 2720-2340* 280* 11.9 0.05 Anhaeusser [1973], Hunter [1974] 
Transvaal 2350-2125 225 9 0.04 Button [1976] 
Hamersley 2350-2000 350 10 0.03 Button [1976] 
Coronation geosyncline 2100-1800 300 10.7 0.03 Hoffman [1973] 
Waterburg 1950-1790 160 6.5 0.04 Anhaeusser [1973], Hunter [1974] 

*The age is now thought to be older, and the range >200 m.y. (H. L. Allsopp, personal communication to van Niekerk and Burger [1978]). 
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Fig. 25. Comparison of two continental geotherms (C• and C2 
from Figure 22) with the equilibrium geotherm in the oceanic plate 
(heavy curve) showing the role played 
the boundary layer. A' is the thickness of the mechanical boundary 
layer, and 8 is the thermal length scale governing the actual temper- 
ature structure in the boundary layer. Also shown is the plate thick- 
ness obtained by the fit to the depth and heat flow observations [after 
Parsons and McKenzie, 1978]. 

lems with mapping may have led to overestimates of both the 
time span and the depth of subsidence of the Proterozoic ba- 
sins. If indeed the time span and depth have been over- 
estimated, the lithosphere was thinner at that time but cer- 
tainly not thicker. 

In summary, we have shown that an equilibrium ocean and 
an Archean continent probably have similar temperature 
structures at depth. This suggests that the continental and oce- 
anic lithospheres have the same thickness. The behavior of the 
reduced heat flow and the subsidence history of continental 
basins support this conclusion. 

CONVECTION IN THE MANTLE AND THE THERMAL 
STRUCTURE OF THE LITHOSPHERE 

The heat flow through old oceans is close to that through 
old continents. In the past it was proposed that the radioactive 
elements were more abundant in the thicker continental crust. 
Thus the heat flow at the base of the crust was lower under 
continents than under oceans. However, in our analysis we 
have found that the heat flow through the old continents is in 
general higher than that through an equilibrium ocean and 
that the contribution from radioactivity is lower than was pre- 
viously assumed. Thus we have proposed a model in which 
the temperatures at depths greater than 100 km are the same 
under both an old stable continent and an ocean were it at 
equilibrium. 

Conduction is not the only mechanism of heat transfer in 
the upper mantle. Parsons and McKenzie [1978] proposed a 
model in which the lithosphere is considered as a thermal 
boundary layer whose thickness increases with age until it be- 
comes unstable. Below a given temperature it is assumed that 
the lithospheric material behaves as a solid and forms an up- 
per mechanical boundary layer. At greater temperatures the 
equivalent viscosity is low, and the material behaves as a fluid 
over geologic times. The temperature structure is conductive 
in the solid portion and governed by small-scale convection 
below. Assuming a mantle heat flow of 0.75 /•cal/cm 2 s (31 
mW/m :) and a conductivity of 8 x 10 -3 cal/cm øC s (3.4 W/ 

m øC), following Parsons and McKenzie [1978], we computed 
the geotherm beneath an ocean were it at equilibrium (Figure 
25). Fundamentally, the model of a fiat plate is a way of re- 
conciling the mechanical and thermal behavior of the litho- 
sphere. The two behaviors are not always consistent, and they 
are also not directly related to the seismic structure in the up- 
per mantle. Note that the total thickness of the thermal 
boundary layer is greater than the plate thickness as pre- 
viously determined. The rigid portion in which the dominant 
heat transfer mechanism is conduction is less than the plate 
thickness. 

We compared our range of continental geotherms with this 
model (Figure 25). The oceanic geotherm lies between our 
two continental geotherms and, as was explained before, is 
compatible with the results derived from geothermometry and 
geobarometry. There is no evidence for a major difference be- 
tween the temperature structure under an equilibrium ocean 
and an old continent. 

The original arguments which are presented to justify the 
difference in lithosphere thickness came from the conductive 
interpretation of heat flow measurements and surface wave 
dispersion studies [Brune and Dorman, 1963]. We now reeval- 
uate the constraints placed upon thermal models of the upper 
mantle by seismological observations. Such seismic studies 
fall into two categories: (1) surface wave dispersion and (2) S/ 
$cS time delays. In 1963, Brune and Dorman [1963] showed 
that there were significant differences in the shear wave veloc- 
ity structure beneath the Canadian Shield and the ocean floor. 
Dziewonski [ 1971], using 'pure-path' dispersion data, found 
that these differences were confined to the upper 200 km of 
the mantle. More recently, Jordan [1975] and Sipkin and Jor- 
dan [1975] on the basis of $c$ travel times and the dis- 
crepancies between models inverted from body and surface 
wave data have suggested that lateral heterogeneities between 
oceans and continents extended to depths of 400 km. The 
analysis of S/ScS/ScS 2 travel time delays is difficult, and 
Okal and Anderson [1975] have questioned both their results 
and their conclusions. In the light of the strong dependence of 
these delays on the age of the ocean floor [Sipkin and Jordan, 
1975], the position of the earthquakes chosen for the surface 
reflection points, and the errors in the delays the difference 
between the old oceans and the shields is not large. Further- 
more, from long-period Rayleigh wave velocities and taking 
account of lateral heterogeneities within oceanic plates Okal 
[1977] showed that all observational seismic data related to 
shields were not significantly different from oceanic models 
below 250 km. He points out that the velocities derived from 
the models of Jordan [1975] are inconsistent with the set of 
data that he used. Cara [1979], using higher Rayleigh wave 
modes which are more sensitive to the structure at depth, 
showed that the differences between oceans and continents 
are confined to depths of less than 250 km. At shallower 
depths he finds as much variation between the western and 
eastern United States as between a path across the Pacific and 
the eastern United States. He also shows that the slight low- 
velocity zone which is not required w•hen inverting the funda- 
mental mode data for the eastern United States is required by 
the inversion of the higher modes. 

Surface wave data are strongly dependent upon the age of 
the ocean floor [Forsyth, 1977] and show large variations for 
periods less than 140 s, indicating variation in the shear wave 
structure above 200 kin. Below this depth all the data are 
compatible with the same model [Okal, 1977]. If small-scale 
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Fig. 26. Schematic diagram modified from Parsons and McKenzie 
[1978] showing the division of the lithosphere into two regions of dif- 
ferent theologies beneath both oceans and continents. All the depth 
estimates are speculative. The dashed line indicates the plate of con- 
stant thickness approximation. The temperature structures beneath 
the equilibrium ocean and the old continent can be found in Figure 
22. The heat flow is in units of 1/•cal/cm 2 s (41.8 mW/m2). 

convection does exist in the upper mantle under both oceans 
and continents, significant temperature differences are ex- 
pected as deep as the bottom of the thermal boundary layer 
(Figure 25). This depth is not known at present, but it is prob- 
ably deeper than 150 kin. The oldest ocean considered by For- 
syth [1977] is 100-130 Ma and is significantly above thermal 
equilibrium. It is plausible that temperature variations associ- 
ated with convection are responsible for lateral differences i• 
seismic strucfure down to depths of 250 kin. Further, the equi- 
librium oceanic geotherm at depths below 70 km is close to 
the solidus. Forsyth [1977] has suggested that beyond 200 Ma 
the geotherms may not intercept the wet solidus at any point 
[Forsyth, 1977, Figure 12]. Such a difference would have a 
large effect on seismic waves but little effect on the temper- 
ature •tructure. This is an alternative and equally plausible 
explanation as to why a small difference in temperature could 
correspond to a relatively striking difference in seismic struc- 
ture beneath oceans and continents. 

With presently available information we see no reason to 
believe that there is difference between the thermal structure 
under an equilibrium ocean and that under an old stable con- 
tinent. We suggest that the continents are merely the equilib- 
rium portion of the lithosphere which has not been destroyed 
in the subduction process (Figure 26). We favor this uniformi. 
tarJan model because it is simple and compatible with all ob- 
servations pertaining to the thermal structure of oceans and 
continents. 

CONCLUSIONS 

The observed subsidence of the ocean floor and the mea- 
sured decrease of heat flow with age are accounted for by the 
creation of lithospheric plate. Further, we have shown that the 
marginal basins exhibit the same relation between heat flow 
and age as the deep ocean floor. On the continents the heat 
flow is generally high in the younger regions, decreasing to a 
constant value after 800 Ma. However, the nonradiogenic 
component reaches an equilibrium value after only 200-300 
Ma. 

We have stressed the importance of local geologic variables. 
For example, hydrothermal circulation and unmeasured loss 
of heat by advection are responsible for the scatter and low 
mean values on younger ocean crust. Obviously, no further 

measurements at sea should be contemplated without due 
care being given to selecting a suitable environment. On the 
continents, slow circulation of water has long been known to 
perturb the surface gradients. Fortunately, such water circula- 
tion can usually be detected, and it is possible to avoid such 
areas. Because of the greater depth of measurement, environ- 
mental problems are considered to be less important on conti- 
nents than on the ocean floor. 

We calculate the total heat loss of the oceans to be of the or- 
der of 7 x 10 •: cal/s (29 x 10 •: W), of which 90% is due to 
plate creation. We estimate that about 30% is not observed be- 
cause of the unmeasured heat loss by advection near active 
spreading centers. Our estimate of the heat loss through the 
continents is 3 x 10 •: cal/s (13 x 10 •: W). The total heat loss 
of the earth is of the order of 1 x 10 •3 cal/s (42 x 10 •2 W). 
Over two thirds of the surface heat is lost by plate creation 
and continental orogeny, 20% by conduction, and the rest by 
the radioactive decay of heat-producing elements in the crust. 
Convection is the dominant mechanism by which the internal 
heat of the earth is released. 

We conclude from a careful analysis of the thermal struc- 
ture of the lithosphere that there is no observable difference 
between the geotherm for old continents and that for an ocean 
at equilibrium. However, there is some evidence from seismol- 
ogy that there may be significant shear wave velocity differ- 
ences at depth even if the temperature differences are not 
large. 

As well as answering some questions this study has revealed 
a few problems in the interpretation of oceanic heat flow data. 
One of them is the relation between age and heat flow in mar- 
ginal basins. Is the simplistic approach taken in this review 
justified, and why do the depths in this region not show the 
same relation with age as normal ocean floor? Another prob- 
lem arises in the well-sedimented areas where the heat flow is 
lower than expected. Is the difference from the expected heat 
flow environmentally controlled (i.e., circulation in the base- 
ment or sediment), or does it require some modification of our 
ideas about the tectonic processes active in the crust? 

A variety of questions have been raised by our analysis of 
the continental data. What is the actual distribution of the ra- 
diogenic elements in the lower crust? What is the meaning of 
Qr and D in the light of the discovery that the linear relation 
between heat flow and surface heat production holds for 
metasediments and other metamorphic rocks as well as for 
granitic plutons? 

In our analysis we have concentrated on the radioactive 
rather than the orogenic age. To examine the actual decay of 
heat flow with age, the Phanerozoic values need a more care- 
ful analysis in which the effects of continental extension, basin 
formation, mountain building, and erosion are all examined 
in an integrated approach. Such an analysis is particularly im- 
portant in view of the rapid decay of the reduced heat flow 
with age and the 50-m.y. time constant indicated by the sub- 
sidence of continental basins through the Proterozoic and 
Phanerozoic. The study of continental basins through geologic 
time promises to be a subject worthy of more attention. If our 
speculations are correct, the lithosphere was su•ciently rigid 
to support a significant sedimentary load in the Archean. Pre- 
liminary data suggest that the plate thickness at that time was 
the same as it is today. The development of •uch a thick 
boundary layer early in the history of the earti • must have had 
a major effect on the loss of heat and thermal convection in 
the mantle beneath the lithosphere. 
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We have deliberately taken a uniformitarian approach. 
This is permitted by our present knowledge. Some problems 
remain, and the most important is the interpretation of the 
seismic informatien. However, it is possible to interpret this 
information in a variety of different ways, some of which are 
compatible with our approach to the thermal data. In light of 
the lack of constraints placed by the seismic information we 
prefer a simple interpretation of the heat flow data. Hence we 
favor a model which has a similar thermal structure at depth 
beneath an equilibrium ocean and an old stable continent. 

APPENDIX A: RELATION BETWEEN AREA AND AGE 
FOR OCEANIC CRUST 

We calculated the position of isochrons on the deep-sea 
floor using three techniques: (1) magnetic anomaly identifica- 
tions, (2) deep-sea drilling samples, and (3) rotating the pres- 
ent ridge axis through appropriate rotation parameters. For 
the marginal basins we determined the age of the sea floor us- 
ing the first two techniques and a relation between age and 
mean heat flow established earlier in this paper. 

Magnetic Anomaly Identifications 
We superimposed identified magnetic lineations upon an 

interrupted equal area chart of the world [Goode, 1923]. We 
started with the compilation of Pitman et al. [1974] and up- 
dated or changed the lineations in areas where more data 
have been collected (Plate A1). For the sake of brevity we 
have cited compilations of data rather than the original pub- 
lications. The original data can be found by reference to these 
compilations. 

For the Arctic Ocean, Norwegian Sea, and Atlantic Ocean 
north of 53øN we used the compilation of J. D. Phillips et al. 
(unpublished data, 1979). For the Labrador Sea the lineations 
were taken from Kristoffersen and Talwani [1977] and for the 
central North Atlantic from Pitman and Talwani [1972]. Off 
the east coast of North America and the west coast of Africa 
we employed the compilations of Schouten and Klitgord [1977] 
and H. Schouten and K. Klitgord (unpublished data, 1979). 
For the central South Atlantic we followed the compilation of 
Ladd [1974] and for the west coast of Africa the lineations of 
Rabinowitz and LaBrecque [1979]. The Scotia Sea lineations, 
the ridge axis around the Bouvet triple junction, and the 
Southwest Indian Ridge from Bouvet Island to 40øE are from 
Barker and Burrell [1977], $clater et al. [1976c], and $clater et 
al. [1978], respectively. 

For the North Pacific we used the compilation of Pitman et 
al. [1974], updated in the western Pacific with the data of 
Hilde et al. [1976]. For the marginal basins of the same ocean 
we followed Louden [1976] for the Philippine Sea, Watts and 
Weissel [1975] for the Shikoku Basin, and Bracey [1975] for 
the North Carolina Basin. For the Panama Basin the linea- 
tions are from Lonsdale and Klitgord [1978]. 

In the central South Pacific we have followed the lineations 
of Handschumacher [1976] near the ridge axis and for anoma- 
lies older than anomaly 13, Pitman et al. [1974]. For the Chile 
Rise and the Bellingshausen Basin we used data of Weissel et 
al. [1977] and for the rest of the South Pacific, Molnar et al. 
[1975]. In the marginal basins of the South Pacific the Tasman 
Sea lineations are from Weissel and Hayes [1977], those in the 
South Fiji Basin from Watts et al. [1977], and those in the Lau 
Basin from Lawyer et al. [1975] and Weissel [1977]. The linea- 
tions presented for the west Coral Sea are from J. K. Weissel 
(personal communication, 1978). 

For the central Indian Ocean and Wharton Basin the mag- 
netic anomaly lineations were taken from Pitman et al. [1974]. 
These have been supplemented by data from Simpson et al. 
[1979] in the North Mozambique Basin and Bergh and Norton 
[1976] in the South Mozambique Basin. The lineations shown 
off northwestern Australia in the Gascoyne abyssal plain are 
from Larson [ 1975]. 

Deep-Sea Drilling Sites and 
Bathymetric Contours 

As a few of the lineations are difficult to identify and much 
of the sea floor is not covered by lineations, we supplemented 
our anomaly identifications with deep-sea drilling holes which 
reached basement (Plate A1). The data for these sites can be 
found in the Initial Reports of the Deep Sea Drilling Project, 
volumes 1-44, issued by the U.S. Government Printing Office. 
Also presented are the 2000- and 4000-m contours from the 
world bathymetric chart of Chase [1975]. The 2000-m contour 
outlines most of the continents and continental shelves sur- 
rounding the continents. The 4000-m contour gives a good in- 
dication of the position of the midocean ridges within the ma- 
jor oceanic basins. 

Time Scale 

It is necessary to have a consistent time scale which relates 
anomaly number and biostratigraphic epoch to time in order 
to determine absolute age from magnetic anomaly identifica- 
tions and sediments recovered at the base of deep-sea drilling 
holes. For magnetic anomaly numbers 0-34 (0-80 Ma), pres- 
ent through the Late Cretaceous, we used LaBrecque et al. 
[1977]. We followed van Hinte [1976a, b] for the Mesozoic lin- 
eations and the rest of the Cretaceous and the Jurassic. 

Why Specific lsochrons Were Chosen 
Except for the first 20 million years we separated the oceans 

into nine almost equal intervals of time. We chose four inter- 
vals between 0 and 20 Ma and nine between 20 and 160 Ma 
and added everything on crust older than 160 Ma into one 
time span. The individual isochrons were selected for different 
reasons. The 9-, 20-, and 35-Ma isochrons were chosen be- 
cause these are the ages of the easily identifiable magnetic 
anomalies 5, 6, and 13. The ocean crust cools rapidly immedi- 
ately after formation. To better estimate the heat loss in the 
first 9 Ma, we separated this interval into three subdivisions, 
0-1, 1-4, and 4-9 Ma. We chose the 52-Ma isochron (anomaly 
22) because this is the time at which significant motion started 
between Australia and Antarctica. The 65-Ma isochron over- 
lies anomaly 29 and marks the Cretaceous-Tertiary boundary. 
The 80-Ma isochron overlies anomaly 34, which is the last 
clearly identified magnetic anomaly of the Tertiary-Cre- 
taceous sequence. The 125-Ma isochron (anomaly M7) was 
selected because this is the time of creation of the South At- 
lantic and Indian oceans. We chose the 95- and 115-Ma iso- 
chrons because they are equally spaced in time between the 80- 
and 125-Ma isochrons. The 140-Ma isochron overlies anom- 
aly M22. We selected 160 Ma as the final isochron because it 
is the time of jump in early spreading in the North Atlantic 
and to permit a separation of the very old crust in the western 
Pacific. There is no known ocean crust older than 180 Ma. 

We have assumed that the 2000-m contour on the continen- 
tal shelf marks the break between continent and ocean. This is 
an oversimplification, but on the scale of our analysis any er- 
rors introduced can be neglected. 
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Position of the Isochrons 
We used the magnetic anomaly compilation, the basement 

ages inferred from sediment recovered in deep-sea drilling 
holes, the above time scales, and published plate reconstruc- 
tions to draw the isochrons on the equal area chart of the 
oceans. We determined the position of the isochrons in the 
Atlantic by rotating the ridge axis about the poles and by the 
angles given by $clater et al. [1977]. For the Southwest Indian 
and America/Antarctic ridges we calculated the position of 
the isochrons by rotating the ridge axis by the rotational pa- 
rameters given by Norton and $clater [1979]. Care was taken 
not to violate the basic concepts of plate tectonics in the devel- 
opment of the Azores, central Atlantic, and Bouvet triple 
junctions. 

In the North and South Pacific, except for the Macquarie 
Ridge, the East Pacific Rise, and the Chile Rise before 9 Ma, 
we used the magnetic lineations to determine the position of 
the isochrons. For the two youngest isochrons we rotated the 
ridge axis through the appropriate rotation parameters of 
Minster et al. [1974]. In the Indian Ocean the isochrons on the 
Southwest Indian Ridge from present to 80 Ma, on the Central 
Indian Ridge from present to 35 Ma, and on the Southeast In- 
dian Ridge from 0 to 53 Ma were determined by rotating the 
ridge axis through the rotation parameters from Norton and 
$clater [1979]. For the Red Sea we assumed that it had 
opened at 20 Ma and since then had spread at a constant rate. 
The rest of the isochrons in the Indian Ocean were inter- 

polated from the published lineations except for the Somali 
Basin close to the coasts of India and Antarctica. For this 
crust we determined the position of the isochrons from the 
early opening history of Norton and $clater [1979] and then 
transferred them by hand to the large chart. These isochrons 
are hypothetical. 

In the case of the marginal basins we used published mag- 
netic lineations and sediment recovered from deep-sea drilling 
holes. However these data are not sufficient to permit ages to 
be assigned to more than half these basins. In the text we jus- 
tify a relation between heat flow and age for these basins. 
Where other data are not available, we applied this relation. 

For the western Mediterranean we used the heat flow data 
of Erickson et al. [1977]. We assumed that the northern por- 
tion of the Messina Basin was young and, on the basis of the 
low heat flow values, that the rest of the eastern Mediterra- 
nean was old. In the Caribbean we assumed that the Cayman 
Trough was initiated at 50 Ma and has been spreading at a 
uniform rate since then. For the rest of this area we based our 
estimate on the age of the surrounding continents and the sur- 
face heat flow. Some support for the age that we have as- 
signed to the Venezuela Basin comes from the recognition of 
east-west lineated anomalies in the Columbia Basin which 
have been tentatively identified as 29-33 [Christofferson, 
1973]. For the Scotia Sea we have used the lineations pre- 
sented by Barker and Burrell [ 1977]. 

In the Arctic Ocean we estimated the age from the heat 
flow. For the Bering Sea we followed Cooper et al. [1976]. We 
assumed that the Kamchatka Basin was young and used the 
heat flow to estimate the age of the Sea of Okhotsk and the 
Sea of Japan. In the North Pacific marginal basins we esti- 
mated the age of the Ryukyu Trough, Celebes Sea, Scotia 
Sea, Andaman Sea, and South China Sea from the heat flow. 
We took the age for the Mariana Trough from Karig [1971], 
and for the rest of the basins we used either magnetic linea- 
tions (West Philippine Basin and Shikoku Basin) or the sedi- 
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ment recovered at the base of deep-sea drilling holes (Parece 
Vela Basin). The age of the Carolina Basin was taken directly 
from the magnetic lineations [Bracey, 1975]. 

In the southwest Pacific marginal basins we took the age for 
the Solomon Sea and Woodlark Basin from Luyendyk et al. 
[1973]. We assumed that the east Coral Sea had the same age 
as the South Fiji Basin, i.e., between 20 and 35 Ma [Watts et 
al., 1977], and for the west Coral Sea we used data of Burns et 
al. [1973]. For the Fiji Plateau our age estimate is from Chase 
[1971], and we assumed that the Lau and Kermadec basins 
were between 0 and 4 Ma [Lawyer et al., 1975a; Weissel, 1977]. 
The lineations in the Tasman Sea were employed to deter- 
mine the position of the isochrons, and for the Banda Sea in 
the absence of any concrete information we guessed the age 
from the depth to be 52-65 Ma. 

The age estimates for the marginal basins are not reliable. 

We have included them for the sake of completeness. As they 
represent less than 10% of the area of the ocean floor, the er- 
rors introduced in the calculated total heat loss are small. 

Area Versus Age for the Oceans 
Apart from the South Pacific the oceans exhibit the same 

linear decrease of area with age (Tables 10 and A I and Fig- 
ures Ala-A2d). This similarity is the result of a combination 
of spreading and crustal consumption. The Atlantic and In- 
dian oceans have roughly the same spreading rate, and the 
North Pacific, which has twice the spreading rate, has only a 
western limb. The South Pacific has both limbs to anomaly 22 
(53 Ma) and is spreading at 4 times the rate for the Atlantic 
and Indian oceans. Thus this ridge axis creates most of the 
youthful sea floor. However, it does not alter the linear de- 
crease of area with age (Figure A2a). For our computations of 
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Fig. A2a. Step function representation of the area as a function of age for all the oceans, including the marginal basins. 
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Fig. A2b. Rate of increase in area of the oceans as a function of age. 

heat loss the age/area distribution has three important fea- 
tures. (1) Almost half the sea floor, not including the marginal 
basins, is located in the Pacific. (2) The marginal basins, as we 
define them, represent 8% of the ocean floor. (3) The conti- 
nental shelves cover about 10% of the surface of the globe. If 
we assume that the shelves are continental, the ratio of ocean 
to continent is 3:2. This is different from the 2:1 figure deter- 
mined from previous studies [Kossinna, 1921; Menard and 
Smith, 1966] (Table A 1). We compared our values for the 
oceans with those of Menard and Smith [1966]. Once allow- 
ance is made for the different definitions of shelf and ocean, 
the agreement is excellent. From this comparison we estimate 
that our errors in comparison of areas of continents and 
oceans are of the order of 2%. The errors in the area of the in- 
dividual age provinces are difficult to calculate. More than 
60% of the ocean is covered by well-identified magnetic linea- 
tions, and for a further 20% the position of the isochron can be 
predicted with some confidence. Thus we estimate our errors 
in the areas to be less than 20%. 

From the histograms of area versus age (Figure A2a) we 
calculated the rate of increase of oceanic crust including mar- 
ginal basins with age (Figure A2b). The amount of crust pres- 
ent decreases linearly with age (Table A I and Figure A2b). 
Both the values for total area in a given time interval and the 
rate of decrease of crust are close to those determined by Ber- 
ger and Winterer [1974] in a similar but cruder study. The sim- 
ilarity of the two values is evidence that more careful analysis 
will not change the conclusion that the oceans have a roughly 
linear decrease of area with age. 

It is tempting to use our analysis to investigate whether or 
not there was a rapid increase in area of young crust in the 

Cretaceous [Hays and Pitman, 1974]. However, we have not 
considered the area of material consumed in the trenches, and 
it is not possible to determine whether or not such an increase 
occurred. A definitive test awaits global reconstructions of the 
oceans and continents. 

APPENDIX B: RELATION BETWEEN AREA 
AND AGE FOR CONTINENTS 

In this study we have chosen four intervals of time. The first 
interval includes all continent older than 1700 Ma. It spans 
the Archeart and the early Proterozoic and terminates with the 
orogenic pulse between 1900 and 1700 Ma. The second inter- 
val extends through the middle Proterozoic from 1700 to 800 
Ma and includes the major continent-forming phase between 
1100 and 900 Ma. The third interval runs from 800 Ma to the 
start of the Mesozoic at 250 Ma. The fourth and final interval 
is the Mesozoic and Cenozoic, which covers the crust formed 
or altered during the latest episode of plate motion and crea- 
tion of sea floor. 

For our separation of the continents into the appropriate in- 
tervals we have followed Hurley and Rand [1969] and Hurley 
[1971]. This material has been supplemented wherever pos- 
sible by information gathered from geological maps of various 
continents and by more recent compilation of radiometric age 
data. We have separated the crust into tectonic provinces and 
have assumed that all rocks within a province have the age of 
the last orogeny. 

For North America we used the data compilation of Hurley 
and Rand [1969] in conjunction with the tectonic chart of 
North America by King [1969]. For South America we fol- 
lowed Hurley and Rand's [1969] data, extensively modified by 
new data from de Alrneida et al. [1974, Figure 1] and Urien 
and Zarnbrano [1973, Figure 5]. For Africa, to which we 
added both Arabia and Madagascar, we started with the com- 
pilation of Hurley and Rand [1969], to which we added data 
for central Africa from ½houbert and Foure-Muret [1968]. Our 
separation of Arabia into different age intervals is speculative 
(P.M. Hurley, personal communication, 1978). For Eurasia 
we followed the charts presented by Hurley [1971] and supple- 
mented these with data from the Russian Tectonic Atlas [Min- 
istry of Geology, 1969] and the Chinese Tectonic Chart of Asia 
[Chinese Geological Society, 1975]. We assigned the Russian 
platform between the Urals and the Siberian platform the 
younger age of the tectonic chart rather than that given by 
Hurley [1971]. In essence, we have given this area the age of 
the oldest sediments deposited rather than the crustal age of 
basement. In this particular case we believe such an assig- 
nation is justified by the great thickness of sediments which 

TABLE B 1. Areas of Continental Age Provinces 

Age, Ma 
Continental Total 

0-250 250-800 800-1700 > 1700 Shelf Area 

Africa and 
Madagascar 0.5 16.2 5.4 11.5 4.2 37.8 

South America 2.6 5.1 4.9 5.2 4.5 22.3 
North America 5.8 3.7 3.6 10.5 10.3 33.9 
Australasia 0.9 2.9 3.3 1.8 9.9 18.8 
Antarctica 1.2 4.6 6.6 5.2 17.6 
Europe and Asia 17.6 18.9 3.9 12.7 18.0 71.1 
All continents 28.5 51.3 21.2 48.3 52.2 201.5 
Area/age 

(km/yr) x 10 -2 11.4 9.3 2.4 2.1 5.0 
Values for areas are given in 10 6 km 2. Results from totaling columns may differ slightly from those 

given owing to rounding. 
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Fig. B 1. Step function representation of the area as a function of age for the individual continents. 

could only have been created by an orogeny of this age. For 
India, which we included in Eurasia, we used the chart pre- 
sented by Hurley and Rand [1969] and a more recent com- 
pilation of radioactive dates made by Naqui et al. [1974, Fig- 
ure 2]. We took the age ranges for Australia from Hurley and 
Rand [1969, Figure 6], and for Antarctica, for which there are 
very few data, we employed the same source [Hurley and 
Rand, 1969, Figure 7]. 

We superimposed the province boundaries which we deter- 
mined from the papers mentioned above onto Goode's [1923] 
interrupted equal area map of the world. We also plotted the 
2000-m contour, which for the purpose of this paper defines 
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Fig. B2. Cumulative plot of the area of the continents as a function 
of age. 

the continental shelf line. Using a planimeter, we computed 
the area in each of the age intervals and the total amount of 
shelf around each continent (Table B 1, Figure B 1). 

Almost l•alf the continental area is formed in the two inter- 
vals older than 800 Ma (Figure B2). Our distribution of area 
with age for the continents is similar to that of Hurley and 
Rand [1969] and Veizer [1976]. However, we have slightly 
more continent in the Mesozoic and Cenozoic and a much 

larger area in the interval prior to 1700 Ma. The increase in 
the latter interval is expected. As more radiometric age dates 
on continental basement are published, it is becoming appar- 
ent that the area of the oldest portions of the Precambrian has 
been underestimated in the past. On the other hand the prob- 
lems of relating radioactive age to orogenic age still exist. 
Thus we have inadvertently included a few youthful orogenic 
regions in the older provinces. This is particularly true on the 
Russian and West Siberian platforms. Until this problem in 
continental tectonics is resolved, age/area estimates based on 
basement radioactive ages must be considered at best good es- 
timates rather than quantitative values. 

APPENDIX C: THE MODIFIED PLATE MODEL 

We follow here the derivation of McKenzie [1967], using the 
boundary conditions of Davis and Lister [1974]. In non- 
dimensional variables the differential equation and boundary 
conditions for the modified plate model are 

O2T aT O2T 
-•-.+ --0 Oz 2 2R Oz O-• 
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TABLE Cl. Surface Heat Flow From Different Models 

Plate Model Spreading Rate, cm/yr 

Age, Ma 1 3 5 

Cooling Exponential McKenzie 
Half-Space Approximation, [ 1967], 

Model, 3 cm/yr 3 cm/yr 3 cm/yr 
1 l 1.60 11.30 
4 5.69 5.62 
9 3.77 3.75 

20 2.51 2.5 l 
35 1.90 1.90 
52 1.56 1.56 
65 1.39 
80 1.26 
95 1.16 

110 1.08 
125 1.02 
140 0.97 
160 0.92 
180 0.89 

11.26 
5.62 
3.74 
2.51 
1.89 
1.55 

11.30 2.37 11.46 
5.65 2.30 5.64 
3.77 2.19 3.75 
2.53 1.96 2.51 
1.91 1.72 1.90 
1.57 1.50 1.56 
1.40 1.37 1.39 
1.26 1.25 1.26 
1.16 1.15 1.16 
1.08 1.08 1.08 
1.01 1.02 1.02 
0.96 0.97 0.97 
0.89 0.93 0.92 
0.84 0.89 0.89 

Heat flow values are in units of/•cal/cm 2 s. 

T(z= 1)--0 
(Cl) 

T(z -- O) = 1 

10T 
----+T= 1 at x=0 

R Ox 

where R is the Peclet number, equal to ul/2k; u is the plate ve- 
locity, I the plate thickness, and k the thermal diffusivity; x de- 
notes the horizontal coordinate, and z the vertical (z = I at the 
upper surface). The third boundary condition equates the heat 
brought in at the origin with that lost horizontally to the plate 
[Davis and Lister, 1974]. The nondimensional horizontal 
coordinate x is given by 

x -' ut/l 

where t is the age of the crust at distance x = ut from the ridge 
axis. 

The solution to (C1) is 

T = 1 - z + • A,v exp (-a,x) sin (mrz) (C2) 
N=! 

where 

an = -R + (R 2 + n2•) 
and 

2(-1) "+• 2R A•v-- 
n•r 2R + an 

The original plate model of McKenzie [1967] used the same 
equations but a different initial condition at x = 0. This condi- 
tion was 

T= 1 at x=0 (C3) 

The solution to these equations is still of the form (C2) with 
a,, = -R + (R 2 + n2•) •/2 

and 

As = 2(-1)N+•/mr 

For our calculations we use the following parameters which 
can be found in the work of Parsons and Sclater [1977]: 
K thermal conductivity, equal to 7.5 x 10 -3 cal/øC cm s; 
k thermal diffusivity, equal to 8.0 x l0 -3 cm2/s; 

I thickness of the plate, equal to 125 km; 
T• temperature at the base of the plate, equal to 1333øC. 

These values yield an asymptotic heat flux of 0.8 x l0 -6 cal/ 
cm 2 s as time goes to infinity. 

The McKenzie [1967] model has the disadvantage of yield- 
ing an infinite heat flux at the ridge axis, as the series solution 
diverges for x - 0. The modified plate model is therefore more 
appropriate for our heat loss calculations. The two plate mod- 
els only differ significantly in their predictions for times less 
than 1 Ma, as can be seen in Table C 1. 

We give in Table C 1 the theoretical heat flow at the discrete 
ages that we used to define the isochrons on the oceanic crust, 
together with the cooling half-space solution of Davis and 
Lister [1974] and the exponential approximation of Parsons 
and Sclater [ 1977] which is asymptotic to the plate solution as 
time goes to infinity. We list in Table C2 the three corre- 
sponding expressions. We make the computations for plate 
velocities of 1, 3, and 5 cm?yr and find little difference in the 
results, even for the earliest ages. The theoretical values de- 
rived from (C2) are in good agreement with the other values. 

In Table C3 we give the mean heat flow through the upper 
and lower surfaces of the plate for the time intervals defined 
by two consecutive isochrons. The same plate velocities are 
used, and the results differ slightly before 9 Ma. 

All these calculations do not include the contribution of the 

radioactive decay of U, Th, and K. For equivalence with val- 

TABLE C2. Three Expressions Used to Predict the Surface Heat 
Flow 

Numerical 
Expression Approximation 

Plate model __ 1 + __• 2R + 

Cooling half- (_•) I 1 space model (•rk)•/2 r•/2 11.3/t •/2 

Exponential (_•) + ( 2/•T, t] + approximation ) exp [_ (•_•_ k ) 0.8 1.6 exp (-t/62.8) 

McKenzie 
[ 1967] model I 1 + 2 • e -a,• N-----! 

K is thermal conductivity, and k is thermal diffusivity K/pCp. 
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TABLE C3. Mean Heat Flow Through the Upper and Lower Surfaces of the Lithosphere 

Upper Surface Spreading Rate, cm/yr Lower Surface Spreading Rate, cm/yr 

Age, Ma 1 3 5 I 3 5 
0-1 21.31 22.30 22.40 0.00 0.00 0.00 
1-4 7.65 7.51 7.50 0.00 0.00 0.00 
4-9 4.53 4.50 4.49 0.00 0.00 0.00 
9-20 3.02 3.01 3.01 0.00 0.00 0.00 

20-35 2.17 2.16 2.16 0.02 0.02 0.02 
35-52 1.71 1.71 1.71 0.10 0.10 0.10 
52-65 1.47 0.21 
65-80 1.32 0.31 
80-95 1.20 0.41 
95-110 1.11 0.49 

110-125 1.05 0.56 
125-140 0.99 0.61 
140-160 0.95 0.66 
160-180 0.91 0.69 

Heat flow values are in/•cal/cm 2 s. 

ues of Parsons and $clater [1977] a value of 0.1 /•cal/cm 2 s 
should be added throughout. 
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