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The surface heat flow in the interior of Archean cratons is typically about 40 mW m - 2 while that in Proterozoic and 
younger terrains surrounding them is generally considerably higher. The eighty-four heat flow observations from 
southern Africa provide an excellent example of this contrast in surface heat flow, showing a difference of some 25 mW 
m -2 between the Archean craton and younger peripheral units. We investigate two possible contributions to this 
contrast: (1) a shallow mechanism, essentially geochemical, comprising a difference in crustal heat production between 
the two terrains, and (2) a deeper mechanism, essentially geodynamical, arising from the existence of a lithospheric root 
beneath the Archean craton which diverts heat away from the craton into the thinner surrounding lithosphere. A finite 
element numerical model which explores the interplay between these two mechanisms suggests that a range of 
combinations of differences in crustal heat production and lithospheric thickness can lead to the contrast in surface 
heat flow observed in southern Africa. Additional constraints derived from seismological observations of cratonic roots, 
the correlation of surface heat flow and surface heat production, petrological estimates of the mean heat production in 
continental crust and constraints on upper mantle temperatures help narrow the range of acceptable models. Successful 
models suggest that a cratonic root beneath southern Africa extends to depths of 200-400 kin. A root in this thickness 
range can divert enough heat to account for 50-100% of the observed contrast in surface heat flow, the remainder being 
due to a difference in crustal heat production between the craton and the surrounding mobile belts in the range of zero 
to 0 . 3 5 ~ W m  3 

1. Introduction 

One of the most consistent characterizations to 
emerge from the many measurements of the ter- 
restrial heat flux is that the heat flow from Archean 
cratons is generally lower than that from younger 
Precambrian and Phanerozoic terrains. This char- 
acterization holds true individually for the Archean 
terrains of North America, western Australia, India 
and southern Africa, and collectively when viewed 
as a global ensemble [1,2]. 

Recent heat flow measurement programs in 
southern Africa [3,4] have greatly expanded the 
data set in that region, in both Archean and 
younger terrains. In this paper we briefly describe 
the contrast in heat flow between Archean and 
other terrains in southern Africa, and present re- 
sults from numerical models that attempt to assess 
the relative contributions of crustal geochemical 
differences and deeper geodynamicai causes to the 
observed heat flow contrast. 

0012-821X/87/$03.50 ,~) 1987 Elsevier Science Publishers B.V. 

2. Heat flow data 

Terrestrial heat flow measurements have been 
made at 84 sites in southern Africa (Fig. 1) 
[3,4,7-12]. Of these measurements, 39 are located 
on the Archean Kaapvaal-Limpopo-Zimbabwe 
Craton and 45 are located in the Proterozoic and 
Pan-African mobile belts which surround the cra- 
ton. While these mobile belts have experienced 
tectonothermal events of different character at 
widely different post-Archean times, they exhibit 
similar heat flow in the context of their proximity 
to the Archean craton. Fig. 2 shows the heat flow 
at individual sites as a function of distance from 
the cratonic margin. The heat flow in the interior 
of the KaapvaaI-Limpopo-Zimbabwe Craton is 
typically about 40 mW m-2 but increases to about 
60 mW m -z  at the boundary between the craton 
and the surrounding Proterozoic and Pan-African 
mobile belts. Within the mobile belts, the heat 
flow increases from about 60 mW m-2 at the edge 



254 

_ , ~_  . . - "  -. , , p  . ¢ P  . " 

. . . . .  . 

t . . . .  ,< . . .  i J  : 
i , , " " I i I I 

\ , . . - - ,  ," 7 
~ , 4 0 ~  I F + i : , ' -  . ' t . ~ : ' ~  / . 

l I • • • [.,. .. : " . /  

Fig. 1. Maps of southern Africa showing the locations of the currently available terrestrial heat flow sites: (a) shows international 
boundaries and (b) shows the major tectonic elements [5.6]. The shaded region in (b) is the Archean Kaapvaal-Limpopo-Zimbabwe 
( 'ralon. 

of the craton to about 70 mW m 2 several hundred 
kilometers away. This represents a contrast of 
about 25 mW m --~ between the heat flow at the 
center of the craton and the characteristic values 
of the mobile belts. 

In 1977, when Chapman and Pollack [11] re- 
ported their measurements in Zambia, the data 
from Botswana and Namibia [3] as well as many 
data from South Africa [4,12] were not yet availa- 
ble. and the Zambian results were geographically 
isolated from the data that were available in South 
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Fig. 2. Heat flo~ vs. distance from the margin of the Archean 
Craton. 

Africa at that time. Chapman and Pollack observed 
a mean heat flow of 66 mW m 2 in the Protero- 
zoic mobile belts of Zambia. a value which we 
now identify as the characteristic heat flow of all 
the mobile belts of southern Africa. Chapman and 
Pollack recognized that the heat flow was unusu- 
ally high for a Precambrian terrain, and they 
proposed that it was a result of incipient rifting 
associated with the extension of the East African 
Rift System into south-central Africa. That hy- 
pothesis was supported by diffuse seismicity [13] 
and recent normal faulting [14] which extends 
from southern Tanzania. southwest through Zaire 
and Zambia and into northern Botswana. We now 
observe that the relatively high heat flow is char- 
acteristic not only of Zambia but of all the cir- 
cum-cratonic mobile belts, most of which do not 
display neo-tectonic activity. We therefore believe 
that the elevated heat flow in the mobile belts 
derives from other mechanisms. An incipient rift 
may indeed be propagating southwest across the 
central African plateau, but much of the high heat 
flow likely preceded the rifting rather than result- 
ing from it. 

In the remainder of this paper we examine two 
mechanisms, one shallow and geochemical, the 
other deeper and geodynamical, that may contrib- 
ute to the contrast in surface heat flow between 
the Archean craton and the younger surrounding 



mobile belts: (1) differences in crustal heat pro- 
duction between the two terrains, and (2) the 
existence of a lithospheric root beneath the 
Archean craton which diverts heat away from the 
craton into the surrounding mobile belts. Broad 
regional differences in crustal heat production ob- 
viously must be considered as a possible compo- 
nent of the heat flow contrast, just as local varia- 
tions in heat production have been positively cor- 
related with local heat flow. However, the effect 
that a cratonic root may have on the diversion of 
mantle heat is, we believe, less widely recognized. 
We therefore describe briefly below some aspects 
of root development that bear on heat transfer 
characteristics. 

3. Conductive roots beneath Archean cratons 

Petrological, geothermal and seismological in- 
vestigations have led several workers to suggest 
that cratons have lithospheric roots that may ex- 
tend to depths as great as 400 km [15-21]. Grand 
and Helmberger [19] recognized a contrast in shear 
wave velocities between the Canadian Shield and 
tectonically active western North America that 
extends to 400 km depth. Grand [20] used seismic 
tomography to define the three-dimensional shape 
of the region of relatively fast shear waves and 
found that it correlates quite well with the shield 
and stable platform of North America. The gen- 
eral configuration of the high velocity zone is 
roughly that of a broad inverted cone with its 
apex extending to 400 km depth beneath the Su- 
perior Province of Canada. Jordan [15-17] has 
argued that buoyant stabilization of the cratons 
derives from petrological differentiation during 
partial melting within the upper mantle, early in 
their history. Pollack [21] has suggested that de- 
volatilization of segments of the Archean upper 
mantle during partial melting episodes has con- 
tributed significantly to the long-term stability of 
Archean cratons. Volatile depletion elevates the 
solidus and imparts a higher effective viscosity to 
the affected region of the upper mantle thereby 
rendering it more resistant to subsequent melting 
and isolating it from entrainment in mantle con- 
vection. Because the depth range of partial melt- 
ing and volatile depletion associated with con- 
tinental crust formation was probably greatest in 
the Archean, the Archean lithosphere is likely 
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thicker than that of the younger surrounding ter- 
rains. The consequence for later thermal structure 
and evolution is that conduction, the characteristic 
mode of heat transfer in the lithosphere, will ex- 
tend to greater depths within the cratonic root 
than beneath the mobile belts. Since convection is 
a more efficient mechanism of heat transfer than 
conduction, and continues to higher levels beneath 
the mobile belts than beneath the craton, heat 
rising from deep within the mantle will be diverted 
laterally away from the thicker Archean litho- 
sphere into the surrounding terrains, thus creating 
a contrast in surface heat flow between the 
Archean craton and the peripheral mobile belts. 
Davies [22] explored some general aspects of this 
heat transfer system via one-dimensional consider- 
ations. 

4. Numerical model 

To investigate the interplay between differences 
in crustal heat production and the diversion of 
heat by a lithospheric root, we have constructed a 
two-dimensional, axisymmetric, finite element 
model. The region over which the heat transfer 
problem is being solved is illustrated in Fig. 3. The 
use of cylindrical symmetry means that the two- 
dimensional model simulates a three-dimensional 

MOBItE BEtTS AHCHEAN CflAION 

POST ~C~4N CI;~JST i #J~C~4(~ CA~T 

tITHOSPHEAIC 
MANTLE 

Fig. 3. The four regions incorporated in the finite element 
model (see text for discussion). The cratonic and mobile belt 
crusts are each 40 km thick but have independently variable 
heat productions. The Archean craton is 400 km in radius and 
of variable thickness; it is surrounded by an 800 km wide 
annulus of mobile belt lithosphere. 
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region which can be visualized by rotating Fig. 3 
about the right-hand edge of the figure. The model 
consists of four sub-regions each with different 
thermal properties. The cratonic and mobile belt 
crusts, both considered a part of the lithosphere, 
have uniform thickness and thermal conductivity 
but the mean heat production and the contrast in 
heat production between them vary from model to 
model. The mean crustal heat production is the 
average heat production of both the Archean and 
post-Archean crusts, weighted by their respective 
areas. It is the integral of crustal heat production 
over crustal thickness which is of importance in 
the models rather than the respective values sep- 
arately. In the absence of any evidence to the 
contrary we have assumed a uniform crustal thick- 
ness and attribute all variations in the integral to 
variations in crustal heat production alone. 

The mantle is also divided into two sub-regions. 
Within the lithospheric portion of the mantle, 
which varies in thickness between the craton and 
the mobile belts, heat is transferred only by con- 
duction, with the thermal conductivity varying 
with depth and temperature [23]. Since the heat 
production of the rocks in the subcrustal litho- 
sphere is about two orders of magnitude less than 
that of the crust, any contrasts in subcrustal heat 
production between the cratonic and mobile belts 
lithosphere would have virtually no effect on the 
pattern of surface heat flow. Accordingly, no con- 
trast in subcrustal lithospheric heat production 
has been incorporated in the models. In the sub- 
lithospheric convecting portion of the mantle we 
have employed a parameterized convection scheme 
which utilizes an enhanced heat transfer coeffi- 
cient [24,25], adjusted to yield an adiabatic tem- 
perature gradient in the sublithospheric mantle. 
While this scheme for simulating convection will 
not accurately represent the complex temperature 
distribution in the convecting mantle at a given 
instant in time, it yields a reasonably good repre- 
sentation, in a time-averaged sense, of the thermal 
conditions within the convecting sub-lithospheric 
mantle, as well as in the overlying conductive 
lithosphere. 

We have elected to model the combined 
craton-mobile belt terrains and subjacent mantle 
as a single multi-dimensional system, rather than 
construct independent one-dimensional models of 
each terrain separately. It is true that separate 

one-dimensional models involving only vertical 
heat transport would likely point to a contrast in 
crustal heat production and to differences in heat 
flow into the bases of cratonic and mobile belt 
lithospheric columns as important contributors to 
the contrast in surface heat flow between the two 
terrains. However, the heterogeneity implied by 
the geographic extent and the depth range over 
which these "one-dimensional" differences exist 
leads inevitably to significant horizontal as well as 
vertical heat transfer. Our multi-dimensional mod- 
els acknowledge this heterogeneity as an essential 
characteristic of the system, and accommodate to 
it with both vertical and horizontal heat transfer. 
Moreover, because the heterogeneity is also rheo- 
logical, the heat transfer comprises both conduc- 
tion and convection, each dominant in different 
regions of the model. The significance of this 
difference is far from trivial; the convective diver- 
sion of heat away from the conductive cratonic 
root into the base of the adjacent mobile belt 
lithosphere provides a single mechanism that 
physically regulates the heat flow into the base of 
both the craton and the mobile belts. In separate 
one-dimensional models the respective basal heat 
flows are independent quantities, unrelated by the 
geodynamics of the heat transfer process. 

5. Model behavior 

The contrast in surface heat flow between the 
craton and the mobile belts predicted by the mod- 
els varies principally in response to variations of 
four parameters. In addition to the thickness of 
the craton and the difference in crustal heat pro- 
duction between the craton and the mobile belts. 
the models are also sensitive to the thickness of 
the mobile belt lithosphere which surrounds the 
craton (it is the difference in thickness between 
the craton and the mobile belts that defines the 
cratonic root), and to the ratio of heat produced 
within the crust to that which arises at greater 
depth. This latter ratio is important because when 
it is small, most of the heat arises at depth and 
can be affected by the presence of the cratonic 
root. When the ratio is large, much of the heat 
flow arises at crustal levels and the contrast in 
surface heat flow is less sensitive to root thickness. 

Figure 4 is a sensitivity diagram which il- 
lustrates how a reference model responds to 
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Fig. 4. Sensitivity diagram illustrating the effect on the contrast 
in surface heat flow of varying each model parameter one at a 

time. Parameter variations are shown as a percentage departure 
from a reference value at Ihe common intersection of the 
curves. 1.~ is the thickness of the cratonic root, AA the 

difference in crustal heat production between the craton and 

the mobile belts, A-the mean crustal heat pr(xluction and Lm~ , 

the thickness of the mobile belt lithosphere. Reference values 
for these parameters are 300 km, 0.16 ttW m - 3  0.72 /~W m -  3 

and 100 km, respectively. 

changes in any of the four model parameters. 
Each curve in Fig. 4 represents the change in 
contrast in surface heat flow that results when one 
of the four parameters is allowed to vary over a 
geologically reasonable range while all other 
parameters remain constant. We have chosen as a 
reference model one with the following character- 
istics: a 300 km thick craton, a 100 km thick 
mobile belt, a mean crustal heat production of 
0.72 p,W m '~ and a difference in crustal heat 
production between the craton and the surround- 
ing mobile belts of 0.16 #W m -3. These values, 
represented by the point of intersection in Fig. 4, 
will later be shown to be central values in a range 
of observationally constrained parameter  space. 
The reference model yields 40 mW m - 2  of surface 
heat flow in the craton and 65 mW m -2 in the 
mobile belts, thus yielding a contrast of 25 mW 
m - 2  the contrast observed in southern Africa. 

Two curves, those for variation in cratonic 
thickness and the difference in crustal heat pro- 
duction show positive slopes. As the cratonic lith- 
osphere increases in thickness from 200 to 400 km, 
the contrast in surface heat flow also increases, 
but the effect is non-linear. Much of the diversion 
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of heat is accomplished by cratonic thickness less 
than the reference value; further thickening of the 
craton beyond the reference value provides pro- 
gressively smaller increases in the surface heat 
flow contrast, i.e. the diversion mechanism be- 
comes increasingly insensitive to increasing 
cratonic thickness. As the contrast in crustal heat 
production ranges _+ 50% from the reference 
model, the contrast in surface heat flow also in- 
creases linearly from about 22 to 28 mW m 2,  a 
change of _+ 12% relative to the reference model. 

The other two parameters, the mean crustal 
heat production and the thickness of the mobile 
belt lithosphere affect the contrast in surface heat 
flow inversely. As mentioned above, less mean 
crustal heat production implies more heat coming 
from depth, which in turn means that more heat is 
available to be diverted by the cratonic root, 
thereby leading to an amplification of the diver- 
sion effect and an increase in the contrast in 
surface heat flow. And, the thicker the mobile belt 
lithosphere surrounding the craton, the more ther- 
mal resistance it offers, resulting in less diversion 
and less contrast in surface heat flow. 

6. Trade-offs between model parameters 

It is clear from Fig. 4 that any single departure 
from the reference values will yield a contrast in 
surface heat flow greater or less than 25 mW m- 2. 
However, suitable variations of two or more 
parameters can maintain 25 mW m - :  of contrast. 
We now hold the thickness of the mobile belt 
lithosphere at the reference value of 100 km and 
examine more closely the relationship between the 
remaining three variables which influence the con- 
trast in surface heat flow. In Fig. 5, every point on 
and between the curves represents conditions 
which will yield 40 mW m-2  of heat flow in the 
center of the craton and 65 mW m -2 in the 
mobile belts. The average surface heat flow is the 
average heat flow of the Archean and post-Archean 
terrains, weighted by their respective areas. Each 
curve represents, for a given mean crustal heat 
production, the relationship between cratonic 
thickness and contrasts in crustal heat production 
which will yield the observed 25 mW m 2 contrast 
in surface heat flow. 

If the mean crustal heat production is greater 
than about 0.6 ~W m 3 then it is impossible to 
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Fig. 5. The relationship between cratonic thickness, mean 
crustal heat production and difference in crustal heat produc- 
tion between the Archean craton and younger surrounding 
terrains, which yield a surface beat flow of 40 mW m-2 at the 
center of the Archean craton and 65 mW m 2 in the mobile 
belts. Numbers on curves are the mean crustal heat production 
in ~W m -3. From the lowest (0.3 ,uW m -3) to the highest 
(1.20 /xW m 3) values, the curves respectively represent ap- 
proximately 20, 30. 40, 50, 60, 70 and 80% of the average 
surface heat flow produced in the crust. The heavy line enclos- 
es the region in the solution space indicated by various inde- 
pendent estimates of the model parameters. The shaded region 
includes all of the models which satisfy the additional con- 
straint that the temperature at 150 km depth at the center of 
the Archean craton falls in the range 1000-1 It)() ° C. The point 
in the shaded region represents the parameters of the reference 
model used in Fig. 4. The triangle represents the parameters of 
an unsatisfactory "end member" model described in the text. 
The squares labelled A and B represent the parameters of the 
characteristic models shown in Fig. 6. 

account  for all of the cont ras t  in surface heat  flow 
by cra tonic  root  d ivers ion a lone because  there is 
insufficient  heat  coming  from depth  to be d iver ted  
by  the root.  Curves represent ing these levels of 
mean crustal  heat  p roduc t ion  become asympto t ic  
to some amoun t  of  difference in crustal  heat  pro-  
duct ion,  indica t ing  the min imum amoun t  of dif- 
ference in crustal  heat  p roduc t ion  required to pro-  
duce the heat  flow cont ras t  no mat te r  how deep 
the root  may  extend.  Conversely,  if the average 
crustal  heat  p roduc t ion  is less than 0.6 ~W m-3 ,  
the cont ras t  in heat  flow can be accounted  for 
ent i rely by divers ion a round  a c ra tonic  root,  and  
canno t  be expla ined  solely by  a difference in 
crustal  heat  p roduc t ion  because there is not enough 

heat  p roduc t ion  in the crust to permi t  a suffi- 
c ient ly large difference.  

Whi le  all po in ts  on and between the curves in 
Fig. 5 represent  condi t ions  for which both the 
average surface heat  flow and the cont ras t  in 
surface heat  flow observed in southern Afr ica  are 
satisfied,  not  all are equal ly  p robab le  or  reasona-  
ble geologically.  The  range of the solut ion space 
can be cons iderab ly  nar rowed with cons t ra in ts  
p rov ided  by independen t  es t imates  of each of the 
relevant  parameters .  We consider  in turn es t imates  
of the cra tonic  thickness,  the mean crustal  heat 
p roduc t ion  and the cont ras t  in crustal  heat  pro-  
duct ion.  

7. Model constraints 

7.1. Cratonic roots 
While  several invest igators  have p roposed  that  

c ra tons  have l i thospheric  roots, G r a n d  [20] offered 
persuasive evidence that  such a root  exists benea th  
N o r t h  Amer ica ,  ex tend ing  to dep ths  of  up to 400 
km beneath  the Super ior  Province of  Canada .  By 
analogy,  a s imilar  root  may exist benea th  the 
Archean  cra ton  in southern Africa,  but  the neces- 
sary seismological  invest igat ions have not  yet  been 
carr ied out. Boyd and Gurney  [26], on the basis of 
t he rmoba rome t ry  studies of mant le  xenol i ths  in 
Cretaceous  kimberl i tes ,  have suggested that  the 
l i thosphere  beneath  the Kaapvaa l  Cra ton  in 
southern Afr ica  extends  to dep ths  of at least 180 
km. 

7.2. Mean cr~s'tal heat production 
Several workers  have es t imated  the concent ra-  

t ions of the heat  p roduc ing  rad ioe lements  U, Th 
and K in the cont inenta l  crust  and  used these 
concent ra t ions  to es t imate  mean crustal  heat  pro-  
duc t ion  and the con t r ibu t ion  of  crustal  heat  pro-  
duct ion  to surface heat  flow. The  la t ter  two esti- 
mates  however, depend  on assumed values of 
crustal  densi ty  and thickness.  Whi le  the mean 
crustal  densi ty  is p r o b a b l y  about  2.87 g c m -  3 [27], 
most  of the publ i shed  es t imates  of crustal  heat  
p roduc t ion  have assumed a crustal  densi ty  of 2.67 
g c m -  3. In the interest  of maximiz ing  comparab i l -  
ity, we have used the es t imated  rad ioe lement  con-  
centra t ions ,  a crustal  densi ty  of  2.67 g c m -  3, the 
re la t ionship  between rad ioe lement  concen t ra t ions  
and heat  p roduc t ion  of Birch [28] and a 40 km 



thick crust. While different estimates of crustal 
density and thickness yield somewhat different 
estimates of mean crustal heat production, the 
differences have little effect on our conclusions. 

The only estimate of the full crustal heat pro- 
duction specifically in southern Africa is that of 
Nicolaysen et al. [29], who measured the heat 
production in rocks of the Vredefort structure, 
which they interpret to expose a 15 km section of 
the upper and middle Archean crust of the Kaap- 
vaal Craton. They conclude that crustal heat pro- 
duction in the Archean crust contributes between 
29 and 34 mW m -2 to the surface heat flow, 
which implies a mean crustal heat production of 
about 0.8/~W m-3  in the craton. Since the char- 
acteristic surface heat flow in the interior of the 
Kaapvaal Craton is only about 40 mW m- 2, this 
study suggests that crustal heat production in the 
craton contributes about 80% of the cratonic heat 
flow. This fraction considerably exceeds most other 
estimates of the crustal contribution to surface 
heat flow, and may be linked to the interpretation 
that the Vredefort structure exposes a vertical 
section of the upper and middle crust. 

Several estimates of the heat production of 
"average" continental crust have also been made. 
Haack [30] proposed an upper crustal model with 
a different exponential decrease of heat produc- 
tion with depth for each of the principal heat-pro- 
ducing radioisotopes, and a lower crust compris- 
ing granulites. His model yields an estimate of the 
mean crustal heat production of 0.69 ~tW m -3. 
Taylor and McLennan [31] estimated the con- 
centrations of the principal heat-producing radio- 
elements in post-Archean crust based on an 
"andesite" model of crustal genesis and on rare 
earth element patterns observed in sediments 
eroded from large continental areas. Their model 
yields a mean crustal heat production of 0.78 ttW 
m-3.  Weaver and Tarney [32] adopted Taylor and 
McLennan's  upper crustal heat production esti- 
mate, but assumed the lower crust consists of 
granulites. Their model yields an average crustal 
heat production of 0.89/~W m-3.  All~gre [33], on 
the basis of a geodynamical model of trace ele- 
ment distributions in the Earth, estimated the 
concentrations of U, Th and K in the continental 
crust from which we have calculated a mean crustal 
heat production of 0.46/~W m-3.  

Pollack and Chapman [18] noted that for several 
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heat flow provinces of the world the reduced heat 
flow comprises approximately 0.6 of the mean 
surface heat flow of the province. The level within 
the crust at which the reduced heat flow occurs is 
model dependent, but as a limiting case it can be 
considered the heat flow at the base of the crust, 
and its complement, 0.4 of the mean surface heat 
flow, as being produced within the crust. Assum- 
ing a mean continental surface heat flow of 60 
mW m -2 [34] and a 40 km thick crust, this implies 
a mean crustal heat production of at least 0.6 ~W 

- 3  m 

7. 3. Difference in cr~ta l  heat production 
Several measurements of surface heat produc- 

tion in southern Africa have been made on sam- 
ples from both the Archean craton [3.12,35] and 
the younger mobile belts [3,4,11,36]. However, 
these measurements cannot be used to make a 
robust case for or against a contrast in crustal heat 
production, because simple arithmetic averages of 
cratonic and mobile belt measurements without 
weighting by the relative area of each sampled 
unit cannot be considered representative esti- 
mates, and even if a significant difference in 
surface heat production could be demonstrated, 
additional arguments would be required to show 
that the surficial contrast persists throughout the 
crust. 

Taylor and McLennan [31], comparing the 
composition of Archean and post-Archean crust, 
suggested a difference in heat production between 
the two crustal types of aproximately 0.31 ~W 
m -3. Morgan [2] arrived at a similar estimate 
based on an analysis of data from the global 
ensemble of heat flow provinces. However, the 
surface heat f low-heat  production data from 
southern Africa [3,4,11,12] allow an interpretation 
in which there is no difference in crustal heat 
production between the Archean craton and the 
surrounding mobile belts [3]. 

All of these estimates of the distribution of heat 
production in the continental crust, with the ex- 
ception of that of All~gre [33], rely to varying 
degrees on the empirical linear relationship be- 
tween surface heat flow and surface heat produc- 
tion [37], in which the slope of the regression line 
is interpreted as a length scale for the crustal heat 
source distribution and the intercept yields the 
heat flow from below the zone of crustal enrich- 
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ment. Recent studies [38-42] have called into 
question this interpretation, noting that lateral 
variations of thermal conductivity and heat pro- 
duction, the latter of which makes the correlation 
between surface heat flow and surface heat pro- 
duction possible in the first place, also lead to 
three-dimensional heat transfer. In multi-dimen- 
sional heat flow neither the slope nor the intercept 
of the linear relationship can be interpreted sim- 
ply, as in the traditional, one-dimensional case. 
Because of these questions, we believe that esti- 
mates of crustal heat production which rely on the 
traditional interpretation of the heat f low-heat  
production relationship must be considered with 
caution. 

To summarize, seismological, geochemical and 
geothermal studies enable us to narrow the range 
of models which satisfy the contrast in surface 
heat flow between Archean cratons and younger 
surrounding terrains. The constrained subset of 
models is bounded by a cratonic root extending to 
between 180 and 400 km depth, a mean crustal 
heat production between 0.45 and 0.90 ~tW m 3 
and a contrast in crustal heat production between 
the Archean craton and younger surrounding ter- 
rains less than about 0.35 ~tW m -3. The region 
enclosed by the heavy line in Fig. 5 encompasses 
all of these estimates of the critical model parame- 
ters. 

7.4. Temperature constraints 
We have thus far discussed only direct con- 

straints on the model parameters, but indirect 
constraints can also be called upon to narrow the 
range of acceptable models still further. Each set 
of model parameters also defines a unique litho- 
spheric and sub-lithospheric temperature field 
within the upper mantle, and therefore estimates 
of upper mantle temperature may also be relevant 
constraints. Boyd and Gurney [26] have suggested, 
on the basis of thermobarometry studies of mantle 
xenoliths in kimberlite pipes in southern Africa, 
that the temperature at a depth of 150 km beneath 
the Archean craton was probably in the range of 
IO00-1100°C at the time of kimberlite eruption 
in the Cretaceous. Assuming that thermal condi- 
tions in the root have not changed significantly 
since that time. these data can be used to con- 
strain present-day models for the thermal struc- 
ture of the cratonic root. Models that yield tern- 

peratures consistent with this constraint fall within 
the shaded region in Fig. 5. 

8. Characteristic models 

We now examine two models representative of 
the full range of parameters consistent with the 
constraints on heat flow, heat production, litho- 
spheric thickness and subsurface temperatures de- 
scribed above. The parameters of these two mod- 
els are shown by the squares labeled A and B in 
Fig. 5: model A incorporates a 400 km thick 
craton and no contrast in crustal heat production. 
whereas model B features a 220 km thick craton 
and a significant contrast in crustal heat produc- 
tion. The parameters of the reference model for 
the earlier sensitivity analysis presented in Fig. 4 
are represented by the circle in Fig. 5 and can be 
seen as central values in the constrained range of 
parameter space. 

Model A is an "end member" model in the 
sense that it meets all constraints without requir- 
ing any contrast in crustal heat production be- 
tween the craton and mobile belts: all of the 
contrast in surface heat flow arises from the diver- 
sion mechanism. The mean crustal heat produc- 
tion of this model is 0.57 ~W m 3, which yields 
nearly 40% of the surface heat flow. (One can 
envision another "end member" case, shown by 
the triangle in Fig. 5, in which the cratonic and 
mobile belt lithospheres are of equal thickness and 
therefore a root does not exist. In such a model all 
of the contrast in surface heat flow would arise 
from differences in crustal heat production. How- 
ever, such a model would require an unreasonably 
large contrast in crustal heat production and in 
addition cannot meet the subsurface temperature 
constraints within the craton.) Model B, the sec- 
ond characteristic model drawn from the con- 
strained range of parameter space, derives the 
contrast in surface heat approximately equally 
from differences in crustal heat production and 
diversion by the cratonic root. 

The surface heat flows resulting from the char- 
acteristic models A and B are shown in Fig. 6a 
and d. As noted earlier, every point on and be- 
tween the curves in Fig. 5 will yield 40 mW m -  -~ 
of heat flow in the craton and 65 mW m- 2 in the 
mobile belts. The surface heat flow predicted by 
the various models represented in Fig. 5 differs in 
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the transition from cratonic to mobi le  belt heat 
flow; models  with both high crustal heat produc-  
tion and strong crustal contrasts  yield sharp tran- 
sitions, whereas models  with more  diverted heat 
and less crustal contrast show a broader transition 
zone.  The s imple geometry  of the mode l  cratonic 
root precludes a closer match with the actual 
observed transition in heat f low shown in Fig. 2: 
A more tapered root configuration would also 
influence the transition zone  of surface heat flow, 

but no independent  evidence has yet been pre- 
sented that provides constraints on root shape in 
southern Africa. 

The temperature fields of  the characteristic 
mode ls  are shown in Fig. 6b and e. In both mode l s  
the temperature gradients in the cratonic and m o -  
bile belt i i thospheres are superadiabatic,  with the 
more  closely  spaced isotherms in the mobi le  belt 
l i thospheres reflecting the higher heat f low there. 
Approximate ly  adiabatic temperature gradients 



262 

exist within the sub-lithospheric convecting man- 
tle. The upward bowing of the isotherms in the 
sub-lithospheric mantle beneath the Archean cra- 
ton arises from the diversion of deep mantle heat 
away from the base of the cratonic root toward 
the thinner surrounding mobile belts. The more 
pronounced warping of the sublithospheric iso- 
therms in model A reflects the fact that more heat 
is diverted by the thicker root in that model 
compared to model B where part of the contrast in 
surface heat flow results from a contrast in crustal 
heat production between the craton and mobile 
belts. Note that in each model a range of tempera- 
tures can be found that exists in both the conduct- 
ing root and in the adjacent convective mantle, a 
clear reflection that the theological structure con- 
trolling the mode of heat transfer is not exclu- 
sively temperature dependent, but likely a func- 
tion also of other variables such as volatile con- 
tent. The cratonic root is stiff and conductive in 
this temperature range whereas the adjacent upper 
mantle beneath the mobile belts remains convec- 
tive. 

Fig. 6c and f each show two vertical geotherms 
from the two models, one at the center of the 
Archean craton and another in the mobile belts, 
1200 km from the center of the craton. Each of the 
cratonic geotherms satisfies the xenolith thermo- 
barometry constraint indicated by the vertical bars. 
To a depth of about 350 km in model A the 
lithosphere within the cratonic root is cooler than 
at comparable depths beneath the mobile belts, 
but at greater depths, temperatures beneath the 
craton are warmer than those at similar depths 
beneath the mobile belts. Even though heat is 
being diverted away from the cratonic root and its 
surface heat flow is low, the base of the root 
experiences relatively high temperatures because 
conduction and superadiabatic gradients extend to 
greater depths within the eraton than within the 
mobile belts. At a depth of about 800 km the 
temperatures beneath the craton and the mobile 
belts are again approximately equal and their re- 
spective geotherms merge. The base of the root in 
model B is also warmer than the surrounding 
mantle, but the difference in temperature between 
these two regions is less than in model A because 
in model B, with a significant contrast in crustal 
heat generation contributing to the contrast in 
surface heat flow, the root need divert only about 

half as much heat as the root in model A. 
Another difference between the two character- 

istic models is that model B yields lower tempera- 
tures in the sublithospheric mantle than does 
model A. This difference arises because more of 
the surface heat flow of model B is generated 
within the crust, and less comes from depth; sub- 
crustal temperature gradients therefore are smaller 
and lower temperatures are developed within the 
lithosphere and sublithospheric mantle. 

9. Conclusion 

These models provide insight into the interplay 
of various parameters that influence the contrast 
in surface heat flow between Archean cratons and 
younger surrounding terrains: a lithospheric root 
beneath the Archean craton which diverts heat 
into the surrounding mobile belts, a contrast in 
crustal heat production between the craton and 
the surrounding mobile belts, the relative contri- 
bution of heat produced in the crust as compared 
to that which comes from greater depths, and the 
thickness of the mobile belt lithosphere. Indepen- 
dent estimates of these model parameters as well 
as petrologic constraints on upper mantle temper- 
atures help to narrow the range of acceptable 
models. 

The acceptable models indicate that the con- 
trast in surface heat flow in southern Africa be- 
tween about 40 mW m 2 in the Archean Kaap- 
vaal-Limpopo-Zimbabwe Craton and 65 mW m-  2 
in the surrounding mobile belts, is consistent with 
a contrast in crustal heat production between zero 
and 0.35 p.W m-3 and the diversion of heat by a 
cratonic root that extends to depths in the range 
of 200-400 km. If the difference in crustal heat 
production between the craton and the mobilc 
belts is at the low end of the suggested range then 
a relatively thick cratonic root would be called for 
to satisfy the heat flow data and a relatively low 
mean crustal heat production to satisfy the tem- 
perature constraint in the cratonic root. Con- 
versely, if the difference in crustal heat production 
is at the high end of the suggested range then a 
thinner root and higher mean crustal heat produc- 
tion would be indicated. The models suggest that 
half or more of the contrast in surface heat flow 
between the craton and the surrounding mobile 
belts observed in southern Africa may result from 



the diversion of heat by the thick cratonic litho- 
sphere. 

This diversion model also has relevance to and 
interesting implications for two other tectonic set- 
tings: the more energetic thermal regime in the 
Archean and, through scale effects, the regime 
beneath supercontinental assemblages. In the 
Archean, heat production was 2-3  times greater 
than the present day, and Archean continental 
nuclei were surrounded by thin oceanic litho- 
sphere, rather than the younger continental mobile 
belts accreted later. That much of the additional 
heat available in the Archean was lost through the 
Archean oceans was suggested by Burke and Kidd 
[43] and modeled one-dimensionally by Davies 
[22] and Bickle [44]. Our preliminary multi-dimen- 
sional models [45] indicate that even with a rela- 
tively high surface heat flow in the craton result- 
ing from the augmented heat production within 
the cratonic crust, diversion of deep mantle heat 
away from the craton in the Archean can maintain 
a relatively cool cratonic geotherm at that time, a 
condition advocated by Boyd et al. [46]. Multi-di- 
mensional diversion models of the Archean ther- 
mal regime are developed more fully by us in a 
subsequent paper now in preparation. 

The application of this model to understanding 
the heat flow in and around other cratons in- 
troduces the question of horizontal scale, since the 
Archean craton in southern Africa is relatively 
small compared to some other Archean terrains 
such as the Superior Province of Canada. Pre- 
liminary modeling suggests that as the cratonic 
size increases, a smaller proportion of the deep 
mantle heat rising beneath it can escape peripher- 
ally because the edge of the craton becomes more 
remote. This results in progressively more heat 
entering the base of the craton thereby raising the 
temperatures within it and making it more suscep- 
tible to disruption. The implication that there may 
be a critical size of continental assemblages which 
when exceeded renders them thermally unstable 
and vulnerable to breakup is an intriguing possi- 
bility. 
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