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What is the heat output 
from solid Earth?





~38000 measurement sites

Davies & Davies 2010

Heat flow measurement sites
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Heat flow in oceanic areas
Measurements by 
• probe technique 
• deep-sea drill holes (limited number)

Measures conductive heat flux 

Does not account for heat 
transport by water flow through 
fractures and porous rock near 
mid-oceanic ridges

large depth range through poorly permeable crystalline base-
ment, but it is particularly time-consuming. Drilling opera-
tions perturb the thermal environment greatly, implying that
measurements cannot be done just after drilling is completed
and require hole reentry. In addition, the number of deep-sea
drillholes is too small to provide a good sampling of the sea-
floor. The few comparisons that have been made between the
two techniques show that the shallow probe technique pro-
vides reliable results (Erickson et al., 1975). Obviously, these
techniques only account for conductive heat transport, a sys-
tematic bias that has important consequences.

The extent of alteration in ophiolitic massifs shows that
hydrothermal circulation is pervasive and affects large volumes
of oceanic rocks (Davis and Elderfield, 2004). In situ quanti-
tative assessment of heat transport by hydrothermal circulation
can only be achieved by measuring the discharge rates and
temperature anomalies of hot aqueous upwellings out of the
seafloor (Ramondec et al., 2006). A single black smoker can
evacuate as much as 0.1 MW (Barreyre et al., 2012), and diffuse
venting through thin crack networks and bacterial mats
accounts for an even larger power (Mittelstaedt et al., 2012).
About 20 MW is lost to the sea through an !50"50 m region
of the Lucky Strike hydrothermal field of the mid-Atlantic ridge
(Mittelstaedt et al., 2012). This shows that, in hydrothermal
systems, large amounts of heat loss escape conventional mea-
surement techniques. In such systems, the vagaries of crack
sealing and porosity change imply large variations of the shal-
low thermal structure in both time and space. It therefore does
not come as a surprise that oceanic heat flux data exhibit
enormous scatter (Figure 2). This has presented geophysicists
with a major difficulty, all the more as the scatter is largest on
young seafloor where the largest heat flow values are recorded.

Various methods have been used to deal with the scatter of
heat flow data and the influence of hydrothermal circulation.
One has been to bin data by age group in the hope that
measurement errors cancel each other in a large data set, but
this is not valid if measurement errors are not random, which is

the case here. In the widely used compilation by Stein and
Stein (1992), heat flux data have been binned in 2 My age
intervals (Figure 2). This global data set includes a very large
number of measurements with no quality assessment. Most of
the early data are associated with larger errors than those of
recent surveys due to small probe lengths and because thermal
conductivity determinations were not made in situ. The first
age bin presents a specific problem because it is characterized
by the largest heat flux values as well as the most conspicuous
signs of hydrothermal activity. A proper average for this age
bin requires data at very young ages, <1 My, say, which are
virtually nonexistent. Another strategy to measure the oceanic
heat loss has been to seek sites with thick sedimentary cover.
In crystalline basement, hydrothermal convection proceeds
through cracks and generates a highly heterogeneous tempera-
ture field with narrow discrete anomalies. With a thick sedi-
mentary cover, upwellings are slowed down and become
diffuse and hence tend toward thermal equilibrium with the
surrounding matrix. In this case, conduction is the dominant
heat transport mechanism and conventional heat flow tech-
niques yield reliable results. Heat flux varies spatially but the
integrated value is equal to the heat extracted from the litho-
sphere. A reliable heat flux determination therefore requires
closely spaced stations over a representative area. A third strat-
egy has been to enhance our understanding of heat transport
characteristics through young seafloor, which was done with
both detailed local surveys and physical models (Davis et al.,
1999; Spinelli and Harris, 2011).

In summary, oceanic heat flux data are plagued by system-
atic errors that arise from the measurement environment and
that can only be sorted out by careful small-scale local studies.
There are very sound reasons that explain why heat flux data
underestimate the total heat flux out of the seafloor, especially
at young ages (Harris and Chapman, 2004). Using the raw
data average turns a blind eye to this fundamental problem
and pays no attention to the systematics of the scatter. For the
purposes of calculating heat loss through the oceans, such a
brute force method is not appropriate and one must instead
account carefully for the specifics of the shallow oceanic envi-
ronment. We shall rely on detailed heat flux surveys in selected
areas and shall generalize the insights gained in this manner by
comparing the data to robust thermal models for the cooling of
oceanic lithosphere. We shall also evaluate the amplitude of
the scatter in heat flow data using simple thermal consider-
ations. We shall finally show how the topography of the sea-
floor records the amount of heat that is lost by the oceanic
lithosphere.

7.06.3.2 Cooling of the Oceanic Lithosphere

Here, we are interested in the large-scale thermal structure and
evolution of oceanic lithosphere and momentarily ignore the
complexities of the shallow environment. The heat equation
provides the basic framework

rCp
DT

Dt
¼ rCp

@T

@t
+ v$rT

! "
¼r$ lrTð Þ [27]

where Cp is the heat capacity, r is the density of the lithosphere,
l is thermal conductivity, and v is the velocity of the plate. We
have neglected radiogenic heat production, which is very small in
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Figure 2 Distribution of heat flux data as a function of age from the
compilation by Stein and Stein (1992). Dots represent averaged heat flux
values in 2 My bins. Dashed lines indicate the envelope at one
standard deviation.
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The basic model is shown in the following diagram that represents one half of a 

seafloor spreading system.   The model assumptions and consequences are: 

 lithospheric plates are rigid and move away from the spreading ridge axis at a 

uniform rate of v; 

 hot, low-viscosity asthenosphere fills the void (passive); 

 internal heat generation is much smaller than the other terms in the heat equation so it 

is neglected; 

 there is a singular point at x = z = 0.  (We'll let the "ridge scientists" deal with this 

issue.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

This is a 2-dimensional problem with no heat sources so the heat equation has only 

diffusive and advective terms 

 

 

where T is temperature and κ is the thermal diffusivity.  The first term represents the 

lateral diffusion of heat, the second term represents the vertical diffusion of heat, and the 

third term (on the right side) is the advection of heat by the motion of the plate.  Away 

from the ridge axis (x >> 0), one can show that the lateral heat diffusion is much smaller 

than the vertical heat diffusion.  Dropping this term simplifies the differential equation 
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Oceanic heat flow vs. age
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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 
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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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Ocean depth vs. age
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The diagram illustrates the thermal subsidence of the oceanic lithosphere as it spreads 

from the ridge axis at a velocity of v.  There are three layers in the model.  The ocean has 

a density of ρw and a depth of d0 at the ridge axis.  This depth increases with age/distance 

from the ridge axis.  We will use the principles of thermal contraction and isostasy to 

determine the increase in seafloor depth with increasing age d(t).  The density of the 

lithosphere depends on temperature according to equation (31).  The asthenosphere 

behaves as a fluid on geological timescales so the lithosphere floats on the mantle. 

The major assumptions are: 

 The pressure at the depth of compensation is a constant value and depends only on 

the weight of the rock and water directly above (i.e., isostatic equilibrium). 

 The crust has uniform thickness so it has no effect on the overall isostatic balance. 

 The thermal diffusivity, κ is isotropic and independent of P and T. 

 The thermal expansion coefficient α is isotropic and independent of P and T. 

 Heat is transferred by conduction so hydrothermal circulation is not important.  This 

is a poor assumption at the ridge axis. 

 Heat conducts only vertically. This is also a poor assumption at the ridge axis. 

 There are no heat sources in the crust or lithosphere. 

 No heat flows into the base of the lithosphere  See Doin and Fleitout [EPSL, 1996] 

for s discussion of alternate models with basal heat input. 
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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. 

Ocean depth vs. age
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Heat flow in oceanic areas
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The basic model is shown in the following diagram that represents one half of a 

seafloor spreading system.   The model assumptions and consequences are: 

 lithospheric plates are rigid and move away from the spreading ridge axis at a 

uniform rate of v; 

 hot, low-viscosity asthenosphere fills the void (passive); 

 internal heat generation is much smaller than the other terms in the heat equation so it 

is neglected; 

 there is a singular point at x = z = 0.  (We'll let the "ridge scientists" deal with this 

issue.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

This is a 2-dimensional problem with no heat sources so the heat equation has only 

diffusive and advective terms 

 

 

where T is temperature and κ is the thermal diffusivity.  The first term represents the 

lateral diffusion of heat, the second term represents the vertical diffusion of heat, and the 

third term (on the right side) is the advection of heat by the motion of the plate.  Away 

from the ridge axis (x >> 0), one can show that the lateral heat diffusion is much smaller 

than the vertical heat diffusion.  Dropping this term simplifies the differential equation 
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upper boundary condition, such that T(z¼0)¼0, the temper-
ature distribution is then
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for which the surface heat flux is

q 0, tð Þ¼ lTMffiffiffiffiffiffiffiffi
pkt

p ¼CQt$1=2 [30]

where CQ is a constant. This equation makes the very simple
prediction that heat flux varies as t$1/2. One remarkable feature
is that this relationship holds for arbitrary temperature-
dependent physical properties (Carslaw and Jaeger, 1959;
Lister, 1977) (Appendix D). Numerical models of mantle con-
vection that are in a platelike regime conform very well to this
relationship. Figure 3 displays a snapshot of the temperature
field and surface observables in such a model, from Grigné
et al. (2005). One sees clearly that the horizontal velocity at the
surface is piecewise constant, defining plates, and that the heat
flux decreases with distance x from ridges as 1=

ffiffiffi
x

p
, that is to say

t$1/2 for a constant velocity. We shall see that the value for the
mantle temperature TM remains subject to some uncertainty.
The value of the constant CQ in eqn [30], however, may be
determined empirically from the data, as will be shown later.

In the other class ofmodels, a boundary condition is applied
at some depth, which marks the base of the ‘plate.’ In principle,
one should solve for heat supply from the asthenosphere.
However, this requires elaborate physical models of mantle
convection relying on specific choices of material properties
and simplifying assumptions. For the sake of simplicity, one
may consider two simple end-member cases, such that temper-
ature or heat flux is constant at the base of the plate. Both these
boundary conditions are approximations. For example, the
fixed temperature boundary condition requires infinite thermal
efficiency for heat exchange between the plate and the mantle.

The choice of the proper basal boundary condition is impor-
tant because it determines the relationship between the relaxa-
tion time and the plate thickness. For plate thickness a, the
diffusion relaxation time scales with a2/kwith a proportionality
constant that depends on the bottom boundary condition.
Specifically, the thermal relaxation time of a plate is four
times as long for fixed heat flux at the base than it is for fixed
temperature. Thus, for the same relaxation time, a plate with a

fixed basal temperature is twice as thick as onewith a fixed basal
heat flux. For short times, the cooling rate (i.e., the surface heat
flux) does not depend on the lower boundary condition and,
for both types of plates, it is the same as the heat flux for the
cooling half-space. The details are provided in Appendix E.
Thus, it is better to use a half-space model for young ages
because it relies on a reduced set of hypotheses and because it
does fit the oceanic data, as will be shown later. Furthermore,
it has been tested over and over again and forms the basis for
scaling laws of convective heat flux in many different configu-
rations (Howard, 1964; Olson, 1987; Turcotte and Oxburgh,
1967). This simplemodel breaks down at ages larger than about
80 My for reasons that are still debated. For this reason, it may
be wise not to rely on a specific physical model, such as that of a
plate. For ages >80 My, we do not need a theoretical cooling
model to calculate the oceanic heat loss because the data scatter
is small. For this second phase of lithospheric evolution, the
heat flux is approximately constant (see succeeding text), indi-
cating that heat is supplied to the base of the oceanic litho-
sphere and that thermal steady state is nearly achieved.

One final worry is that oceanic ridges and oceanic plates drift
over mantle that may not be thermally well mixed, which could
be responsible for a bottom boundary condition that varies with
age. A detailed study of oceanic tholeiitic basalts, however, dem-
onstrates that their composition, and hence the temperature of
the mantle from which they were derived, has not changed
significantly for about 80 My (Humler et al., 1999).

7.06.3.3 Validating the Cooling Model for Oceanic
Lithosphere

7.06.3.3.1 High-resolution surveys near mid-ocean ridges
A very detailed heat flux survey on young seafloor near the Juan
de Fuca Ridge was conducted by Davis et al. (1999) with three
specific goals: to evaluate the intensity and characteristics of
hydrothermal circulation, assess local thermal perturbations
due to basement irregular topography, and test cooling models
for the lithosphere. Figure 4 shows the salient results. Direct
observation of the seafloor shows that the basement outcrop
region is a zone of recharge and that, beneath the sedimentary
cover, water flow is dominantly horizontal. Focused discharge
occurs at a few locations in association with basement
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Figure 3 Snapshot of temperature, surface velocity (utop), heat flux (q), and pseudo age (1/q2) in a numerical convection model with self-consistent
plate tectonics (Grigné et al., 2005). See Appendix H for details. Note that the pseudo age varies linearly as function of distance to the ridge,
which is consistent with the t$1/2 heat flux law for young oceanic lithosphere.

Temperatures, Heat, and Energy in the Mantle of the Earth 231

http://topex.ucsd.edu/geodynamics/07cooling.pdf
http://dx.doi.org/10.1038/359123a0


Heat flow in oceanic areas

Sclater et al. 1980 Rev.Geophys.

SCLATER ET AL.: OCEANIC AND CONTINENTAL HEAT FLOW 277 

2000 - 

4000 

6000 

A 
[3 NORTH ATLANTIC 
0 NORTH PACIFIC 

i?:'•.:.. PLATE MODEL 

. 

I I I 810 I I I •.l• I 40 120 160 

2000 

4000 

6000 

AGE IN MA 

B 
o NORTH ATLANTIC :5:.. 

::iii:•iq:i:: ' 0 NO RT H PA C I F I C C ::•iiiii ":' "::" :..- ":i•i::i•i•::._ -- PLAT E M 0 D E L 
UNDARY LAYER 

.... .•:... ...... !!i!ii'"' '..::::.:? .... 

ß ß -..•.. H. .:..... -:....• ' '•:::i:i::: ========================== 

• ..... .-...:.:v 
• • I I I I •, I 

0 2 5 I0 25 50 I00 200 

AGE IN MA 

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. 

for a plate of fixed thickness. This relationship provides a good
fit to the data and we shall use it for the 3–80 My age range. For
ages <3 My, this relationship breaks down for the global data
set but is still valid in some areas (Figure 4). We shall still use it
and calculate the associated uncertainty. For ages >80 My, we
shall simply use a constant heat flux as the data indicate that
q80!48 mWm"2 (Lister et al., 1990) (Figure 6).

7.06.3.3.3 Depth of the seafloor
The variation of ocean floor depth with age provides an addi-
tional constraint on lithospheric cooling at the cost of intro-
ducing a new physical property, the coefficient of thermal
expansion. As for heat flow, depth data are highly scattered
due to intrinsic seafloor roughness, the presence of
seamounts, and a variable sediment cover. Coping with the
noisy data set has involved again either binning of the data
(Parsons and Sclater, 1977) or rejecting ‘anomalous’ sites
(Crosby and McKenzie, 2009; Crough, 1983; Hillier and
Watts, 2005; Korenaga and Korenaga, 2008). Analyzing sea-
floor subsidence in detail would be outside the scope of this
chapter and we only seek confirmation for the two main fea-
tures of lithospheric evolution that are used here: the t"1/2 heat

flux–age dependence up to 80 My and the interrupted cooling
at later ages.

An isostatic balance condition leads to a very simple equa-
tion for subsidence with respect to the ridge axis (Sclater and
Francheteau, 1970):

Dh tð Þ¼ h tð Þ"h 0ð Þ

¼ 1

rm"rw

ðd

0
r T z, tð Þ½ '"r T z, 0ð Þ½ 'ð Þdz [31]

where h(t) and Dh(t) are the depth of the ocean floor and
subsidence at age t and where rm and rw denote the densities
of mantle rocks at temperature TM and water, respectively. In
this equation, d is some reference depth in themantle below the
thermal boundary layer. This equation neglects the vertical
normal stress at depth d, which may be significant only above
the mantle upwelling structure, that is, near the ridge axis. We
are interested in the heat flux out of the seafloor, q(0,t). Assum-
ing for simplicity that the coefficient of thermal expansion a is
constant, the equation of state for near-surface conditions is

r Tð Þ¼ rm 1"a T"TMð Þ½ ' [32]

From the isostatic balance equation [31], we obtain

dh

dt
¼ "arm
rm"rw

d

dt

ðd

0
T z, tð Þdz

" #

¼ "a
Cp rm"rwð Þ

d

dt

ðd

0
rmCpT z, tð Þdz

" # [33]

where we have also assumed that Cp is constant. Heat balance
over a vertical column of mantle between z¼0 and z¼d
implies that

dh

dt
¼ a
Cp rm"rwð Þ

q 0, tð Þ"q d, tð Þ½ ' [34]

which states that thermal contraction reflects the net heat loss
between the surface and depth d. Because q(0,t) depends on
TM, the subsidence rate also depends on the initial temperature
at the ridge axis. This equation states that the surface heat flux is
the sum of heat flux at depth d and the amount of cooling over
vertical extent d. Using only the latter therefore leads to an
underestimate of the surface heat flux.

Table 3 Estimates of the continental and oceanic heat flux and global
heat loss

Continental
(mW m"2)

Oceanic
(mW m"2) Total (TW)

Williams and von Herzen
(1974)

61 93 43

Davies (1980a,b) 55 95 41
Sclater et al. (1980) 57 99 42
Pollack et al. (1993) 65 101 44
Davies and Davies (2010) 71 105 47
This study a 65 94 46

aThe average oceanic heat flux does not include the contribution of hot spots. The total

heat loss estimate does include 3 TW from oceanic hot spots.

Table 4 Potential temperature of the oceanic upper mantle

Reference Method

1333 (C a Parsons and Sclater (1977) Average depth+heat
flux

1450 (C a Stein and Stein (1992) Average depth+heat
flux

1300–1370 (C a Carlson and Johnson
(1994)

True basement depth
(DSDP)

1315 (C a McKenzie et al. (2005) Depth+heat flux with
l(T), Cp(T) and a(T)

1280 (C a McKenzie and Bickle
(1988)

Average basalt
composition

1315–1475 (C a Kinzler and Grove (1992) Basalt composition
1275–1375 (C a Katsura et al. (2004) Isentropic profile

through the Ol–Wa
phase change

1454)81 (C Putirka et al. (2007) Olivine–liquid
equilibriums

aTemperature estimate for a cooling model with constant temperature below the ridge

axis (i.e., which does not account for isentropic decompression melting).
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Figure 6 Heat flux data and prediction of the half-space cooling model
for ages larger than 100 My. Reproduced from Lister CRB, Sclater JG,
Nagihara S, Davis EE, and Villinger H (1990) Heat flow maintained
in ocean basins of great age – Investigations in the north-equatorial West
Pacific. Geophysical Journal International 102: 603–630.
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For ocean floor ages > 80 My, 
half-space cooling model 

deviates from measurements 

Uniform heat-flux (48 mW/m2) is 
a good approximation for > 80 My.

http://dx.doi.org/10.1029/RG018i001p00269


Heat flow in oceanic areas
Ocean floor age map Half-space cooling model 

for ages < 80 My 
& 

Uniform heat flux for ages 
> 80 My 

+

⇒ Integrate heat loss through oceans:  32 ± 2 TW



Fig. 2. Tectonic ages of the continents on a 1°×1° grid (based on Goodwin, 1996; Fitzgerald, 2002; Condie, 2005, and numerous regional publications). The map shows the ages of the major crust-
forming events (see Table 1), rather than ages of the juvenile crust, and forms the basis for the global thermal model for the continental lithosphere TC1.
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It should be noted that these statistical relationships
are not valid for some of the tectonic settings (e.g., for
modern zones of continent–continent or continent–
ocean collision or for Proterozoic terrains underlain by a
dipping wedge of the Archean mantle). Furthermore,
this statistics is significantly biased by the uneven
distribution of heat flow measurements over terranes of
different ages, which formed the basis for calculation of
lithospheric geotherms (Artemieva and Mooney, 2001).
Each value used in the statistical analysis corresponds to
an area of 1°×1° to 5°×5° in size, where individual heat
flow measurements in closely spaced boreholes were
averaged for lithospheric blocks with similar crustal
structure, ages, and tectonic setting. The correlation
coefficient drops to r=0.68 if the average values (Table
2) are area-weighted for terranes of different ages in
order to remove the effect of uneven sampling by heat
flow measurements (Fig. 4b).

As discussed in previous works (Artemieva and
Mooney, 2001, 2002), Archean cratons appear to have
two typical lithospheric thicknesses, 200–220 and 300–

350 km, where cratons with shallower roots are located
mostly on the Gondwana continents, while cratons with
thicker roots are located mostly in the northern
hemisphere (Table 1). The present analysis of the age
relationship of the thermal state of the mantle (Fig. 4c)
reveals that thick (N250 km) lithosphere is restricted
solely to young Archean terranes (3.0–2.6 Ga), while in
old Archean terranes (3.6–3.0 Ga) lithospheric roots do
not extend deeper than 200–220 km.

Typical continental geotherms (Fig. 5) are con-
strained by heat flow data for stable continents and by
xenolith data for active regions (Fig. 6f). They are in a
general agreement with mantle temperatures calculated
from joint interpretation of gravity and tomography
models (Deschamps et al., 2002): the temperature
difference between cratons, platforms, and tectonically
active regions compared to the average mantle is, corres-
pondingly, −310±200, −160±260, and +30±130 °C
at 100 km depth and ca. −90±70, −80±100, and −30±
70 °C at 200 km depth (for average mantle temperatures
of 1100 °C at 100 kmdepth and 1300 °C at 200 kmdepth).

4. Xenolith constraints on mantle geotherms and
lithospheric thickness

Xenolith P–T arrays (xenolith geotherms) provide
valuable independent control on the thermal state of the
lithosphere. A large set of geothermobarometers (e.g.,
reviewed by Smith, 1999) has been proposed to deter-
mine temperature and equilibrium pressure (i.e., the
depth of origin) of individual mineral grains in mantle-
derived xenoliths at the time when they were entrained
into the host volcanic rock. TheseP–Tarrays are strongly
dependent on the geothermobarometers employed. For
example, the difference in pressure between the BKN
(Brey et al., 1990) and NT (Nimis and Taylor, 2000)
geobarometers can be as large as ±10 kbar (Grutter and
Moore, 2003); the scatter of equilibration temperatures
determined with FB (Finnerty and Boyd, 1987) and NT
thermometers reaches 200 °C but decreases with
temperature increase (Preston and Sweeney, 2003).
Furthermore, xenolith geotherms based on opx–grt
geothermobarometers (e.g., the BKN and FB methods)
have the same temperature gradient as the conductive
geotherms of Pollack and Chapman (1977), while P–T
arrays constrained by cpx–grt NT barometers have
smaller gradients and thus intersect the mantle adiabat at
a shallower depth (Grutter and Moore, 2003). For these
reasons, comparison of xenolith P–T arrays constrained
by different geothermobarometers can be misleading.

For simplicity and following a widely accepted
practice in petrological community, I further compare

Fig. 5. Typical continental geotherms constrained by heat flow data for
stable regions and by xenolith data for active regions. Five groups of
typical geotherms include (from the coldest to the warmest): (a)
Archean terranes younger than 3.0 Ga; (b) older Archean cratons
(which include mostly cratons of Gondwana-continents) and early
Proterozoic terranes; (c) reworked Archean cratons that have mantle
temperatures similar to middle Proterozoic terranes (shown by line
with bars); (d) Paleozoic and late Proterozoic regions; (e) Meso-
Cenozoic regions. Thin lines—conductive geotherms of Pollack and
Chapman (1977), values are surface heat flow in mW/m2.
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for a plate of fixed thickness. This relationship provides a good
fit to the data and we shall use it for the 3–80 My age range. For
ages <3 My, this relationship breaks down for the global data
set but is still valid in some areas (Figure 4). We shall still use it
and calculate the associated uncertainty. For ages >80 My, we
shall simply use a constant heat flux as the data indicate that
q80!48 mW m"2 (Lister et al., 1990) (Figure 6).

7.06.3.3.3 Depth of the seafloor
The variation of ocean floor depth with age provides an addi-
tional constraint on lithospheric cooling at the cost of intro-
ducing a new physical property, the coefficient of thermal
expansion. As for heat flow, depth data are highly scattered
due to intrinsic seafloor roughness, the presence of
seamounts, and a variable sediment cover. Coping with the
noisy data set has involved again either binning of the data
(Parsons and Sclater, 1977) or rejecting ‘anomalous’ sites
(Crosby and McKenzie, 2009; Crough, 1983; Hillier and
Watts, 2005; Korenaga and Korenaga, 2008). Analyzing sea-
floor subsidence in detail would be outside the scope of this
chapter and we only seek confirmation for the two main fea-
tures of lithospheric evolution that are used here: the t"1/2 heat

flux–age dependence up to 80 My and the interrupted cooling
at later ages.

An isostatic balance condition leads to a very simple equa-
tion for subsidence with respect to the ridge axis (Sclater and
Francheteau, 1970):

Dh tð Þ¼ h tð Þ"h 0ð Þ

¼ 1

rm"rw

ðd

0
r T z, tð Þ½ '"r T z, 0ð Þ½ 'ð Þdz [31]

where h(t) and Dh(t) are the depth of the ocean floor and
subsidence at age t and where rm and rw denote the densities
of mantle rocks at temperature TM and water, respectively. In
this equation, d is some reference depth in themantle below the
thermal boundary layer. This equation neglects the vertical
normal stress at depth d, which may be significant only above
the mantle upwelling structure, that is, near the ridge axis. We
are interested in the heat flux out of the seafloor, q(0,t). Assum-
ing for simplicity that the coefficient of thermal expansion a is
constant, the equation of state for near-surface conditions is

r Tð Þ¼ rm 1"a T"TMð Þ½ ' [32]

From the isostatic balance equation [31], we obtain

dh

dt
¼ "arm
rm"rw

d

dt

ðd

0
T z, tð Þdz

" #

¼ "a
Cp rm"rwð Þ

d

dt

ðd

0
rmCpT z, tð Þdz

" # [33]

where we have also assumed that Cp is constant. Heat balance
over a vertical column of mantle between z¼0 and z¼d
implies that

dh

dt
¼ a
Cp rm"rwð Þ

q 0, tð Þ"q d, tð Þ½ ' [34]

which states that thermal contraction reflects the net heat loss
between the surface and depth d. Because q(0,t) depends on
TM, the subsidence rate also depends on the initial temperature
at the ridge axis. This equation states that the surface heat flux is
the sum of heat flux at depth d and the amount of cooling over
vertical extent d. Using only the latter therefore leads to an
underestimate of the surface heat flux.

Table 3 Estimates of the continental and oceanic heat flux and global
heat loss

Continental
(mW m"2)

Oceanic
(mW m"2) Total (TW)

Williams and von Herzen
(1974)

61 93 43

Davies (1980a,b) 55 95 41
Sclater et al. (1980) 57 99 42
Pollack et al. (1993) 65 101 44
Davies and Davies (2010) 71 105 47
This study a 65 94 46

aThe average oceanic heat flux does not include the contribution of hot spots. The total

heat loss estimate does include 3 TW from oceanic hot spots.

Table 4 Potential temperature of the oceanic upper mantle

Reference Method

1333 (C a Parsons and Sclater (1977) Average depth+heat
flux

1450 (C a Stein and Stein (1992) Average depth+heat
flux

1300–1370 (C a Carlson and Johnson
(1994)

True basement depth
(DSDP)

1315 (C a McKenzie et al. (2005) Depth+heat flux with
l(T), Cp(T) and a(T)

1280 (C a McKenzie and Bickle
(1988)

Average basalt
composition

1315–1475 (C a Kinzler and Grove (1992) Basalt composition
1275–1375 (C a Katsura et al. (2004) Isentropic profile

through the Ol–Wa
phase change

1454)81 (C Putirka et al. (2007) Olivine–liquid
equilibriums

aTemperature estimate for a cooling model with constant temperature below the ridge

axis (i.e., which does not account for isentropic decompression melting).
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Figure 6 Heat flux data and prediction of the half-space cooling model
for ages larger than 100 My. Reproduced from Lister CRB, Sclater JG,
Nagihara S, Davis EE, and Villinger H (1990) Heat flow maintained
in ocean basins of great age – Investigations in the north-equatorial West
Pacific. Geophysical Journal International 102: 603–630.
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46 ± 3 TW
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