
distribution function as a means of 
correlating environmental pollution 
data. In this regard, the preceding anal- 
yses of oil pollution data attest both to 
the method's versatility and to its 
correlational ability. The interpretations 
that have been offered for these Weibull 
analyses are by no means conclusive; 
rather, they are merely intended to il- 
lustrate the interpretative potential of 
the Weibull threshold parameter. 

I believe that the Weibull distribution 
may well be applicable to such diverse 
environmental problems as automotive 
emissions, pesticide and trace metal 
contaminant concentrations, marine 
fauna mortality, and a host of others. 
It may also provide new insight in 
evaluating the effectiveness of pollution 
control measures. Hopefully, investi- 
gators from other disciplines and fields 
of interest will explore these possibili- 
ties. 
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mental significance in understandin,g the 
evolution of the continental crust and 
which is not readily understood in 
terms of conventional igneous differen- 
tiation processes. We have approached 
this problem by considering the equi- 
librium distribution o.f large ionic co,m- 
plexes in a high-temperature medium 
in a gravitational field. This technique 
has been used successfully to treat 
such problems as the distribution of 
gas molecules or particulates in the at- 
mosphere. The applicability of this dif- 
ferentiation process to the crust has 
been suggested by Ramberg (8). 

For the differentiation process to 
have resulted in the observed upward 
concentration of heat production it 
mus,t have, to a greater or lesser extent, 
affected all three of the principal heat- 
producing elements, uranium, thorium, 
and potassium. This has been confirmed 
by the concentrations measured in bore- 
hole samples by Lachenbruch and 
Bunker (6). 

Lachenbruch (7) shows that obser- 
vations are consistent with an exponen- 
tial fall in radioactivity with depth of 
the form 

H H. exp(-y/h) (1) 
where y is the depth and h is the scale 
depth for the radioactive heat sources. 
Integration of Eq. 1 gives 

mental significance in understandin,g the 
evolution of the continental crust and 
which is not readily understood in 
terms of conventional igneous differen- 
tiation processes. We have approached 
this problem by considering the equi- 
librium distribution o.f large ionic co,m- 
plexes in a high-temperature medium 
in a gravitational field. This technique 
has been used successfully to treat 
such problems as the distribution of 
gas molecules or particulates in the at- 
mosphere. The applicability of this dif- 
ferentiation process to the crust has 
been suggested by Ramberg (8). 

For the differentiation process to 
have resulted in the observed upward 
concentration of heat production it 
mus,t have, to a greater or lesser extent, 
affected all three of the principal heat- 
producing elements, uranium, thorium, 
and potassium. This has been confirmed 
by the concentrations measured in bore- 
hole samples by Lachenbruch and 
Bunker (6). 

Lachenbruch (7) shows that obser- 
vations are consistent with an exponen- 
tial fall in radioactivity with depth of 
the form 

H H. exp(-y/h) (1) 
where y is the depth and h is the scale 
depth for the radioactive heat sources. 
Integration of Eq. 1 gives 

qs = H. h +qx qs = H. h +qx (2) (2) 

Statistical Thermodynamic Model for the 

Distribution of Crustal Heat Sources 

Abstract. The observed linear correlation of surface heat flux in continental 
regions with the radioactive heat release in the surface rocks is consistent with 
an exponential depth dependence of the concentration of the heat sources. We 
suggest that this depth dependence can be explained as an equilibrium distribu- 
tion of the heat-producing elements in a gravitational field. The effective mean 
mass range of the elemental assemblies being differentiated is predicted, and it 
appears that potassium, uranium, and thorium diffuse upward in ionic complexes 
with other elements. Similar considerations should apply to the distribution of 
other elements in the crust and mantle. 
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Quantitative evidence for the upward 
con,centration of heat-producing ele- 
ments within the continental crust in 
general and large plutonic bodies in 
particular has come from geochemical 
studies (1, 2), from measurements of 
surface heat flow coupled with mea- 
surements of heat production in near- 
surface igneous bodies at the sites of 
the heat-flow measurements (3-5), and 
from direct measurements (6). It has 
been shown (3-5) that surface 'heat 
flow, q., in continental regions has a 
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linear correlation with the radioactive 
heat release, H., in the near-surface 
rocks. This correlation is shown in Fig. 
1 for the Sierra Nevada, Basin and 
Range, and tectonically inactive regions 
of the United States. Lachenbruch (7) 
has shown that these results are con- 
sistent with an exponential dependence 
of the radioactive heat release on 
depth. 

So far no adequate explanation has 
been advanced for this exponential 
depth dependence, which is of funda- 
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where q, is the heat flow from the 
lower crust and upper mantle. The lin- 
ear correlation from Eq. 2 is given in 
Fig. 1 with h = 10 km. Within the ex- 
perimental scatter the scale depth is the 
same for these very different geological 
provinces. 

The exponential depth dependence 
and the nearly constant scale depth can 
be explained by equilibrium statistical 
thermodynamics, that is, the Boltzmann 
factor. In thermodynamic equilibrium 
the distribution of any igroup of par- 
ticles is proportional to exp(- ei/kT), 
where ri is the energy of the particle i, 
k is Boltz,mann's constant, and T is the 
absolute temperature. Taking the energy 
to be the gravitational potential energy 
we may write 

( zepMgy H-Hs exp(- pRT ) (3) 

where M is the molecular mass of the 
assembly that is being differentiated, 
Ap is the density difference between the 
molecular assembly and the surround- 
ing medium, p is the density of that 
medium, R is the universal gas con- 
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Fig. 1. Dependence of surface h 
(qs) on radioactive heat producti4 
in near-surface rocks for three ge 
provinces in the United States. TI 
points are from Roy et al. (4) 
solid points are from Lachenbru 
The linear correlations are from 
with h = 10 km. 

stant, and g is the acceleral 
gravity. The power of the st 
thermodynamic approach to thi 
lem is that an understanding 
dynamic processes that lead to 
ferentiation is not required. 

Comparing Eqs. 1 and 3 ^ 
that the scale depth for rad 
heat release is given by 

h pRT 
ApMg 

Taking the observed value 10 k( 
and using 103 cm/sec2 for g 
the required molecular mass M 
Ap/p for several temperatures 
2. Since the compositional es 
tion must 'have occurred wI 
crustal rocks were hot the value 
900?, and 1100?K should be 
quate range for T. We have 
that the temperature in the re 
differentiation is uniform. Thhi 
sents a good approximation fe 
intrusive igneous bodies while i 
and compositional equilibratior 
curring. Lambert and Heier (. 
discussed the mechanism by wil 
upward transport of heat-produ 
ments in metamorphic terran 
take place. They tentatively 
process involving the transport 
ionic complexes ,by means of i 
stitial vapor-fluid phase. 

Figure 2 shows that for cc 
with densities 5 to 10 percent I 
that of the surrounding mediu 
should be effective fractional 
molecular masses as low as 
2000. Relatively small num 

1022 

atoms of uranium or thorium are 
needed to give masses in this range. 

o However, they must be associated with- 
significantly greater numbers of light 
ions such as oxygen and hydrogen if 
the mean density of the complex is to 
fall in the required limits. Precise cal- 
culations cannot be undertaken without 
a knowledge of the form of the com- 
plexes as internal structural gaps will 
have a significant effect on the density. 
Since it is unlikely-that the potassium 
is associated with the same molecular 

"-5 complexes as the uranium and thorium 
and since the scale heights for the 
three elements are nearly equal, it is 

n (H ) likely that Ap is larger for the potas- 
lological sium complex but M is smaller so that 
he open the product MAp is nearly the same. 
and the As pointed out by Lachenbruch (7) 
ch (5). erosion will change neither the expo- 

q nential depth dependenc3 of tlhe radio- 
active heat release nor the scale depth. 
Only the magnitude of the heat release 

bion of will be reduced by the ratio exp(-d/h) 
tatistical where d is th Idepth of the material 
is prob- that 'has been eroded away. The sug- 
of the gestion that low values of radioactive 

the dif- heat release are consistent with erosion 
to a deep level has been made by Clark 

we find and Ringwood (1) and by Lambert and 
ioactive Heier (2). 

It is of importance to consider to 
what extent the exponential distribution 

(4) proposed may be typical of all parts of 
the crust which have reached sufficient- 

m for h ly high temperatures for an approach 
we plot to equilibrium to have occurred. Equil- 
against ibration is expected in near-surface 
in Fig. regions only where magmatic or hydro- 

quilibra- thermal activity has substantially ele- 
ien the vated the thermal gradient or where 
Is 700?, erosion has been deep enough to expose 
an ade- zones of former high temperature. It is 
assumed also probable that the physical processes 
Mgion of involved in the equilibration may differ 
s repre- in metamorphic and igneous terranes. 
or large The best evidence for the exponential 
ntrusion distribution comes from the heat-flow 
a is oc- measurements made on large, relatively 
2) have homogeneous igneous or metaigneous 
hich the bodies. In such bodies the temperature 
cing ele- distribution shortly after intrusion and 
es may the presence of a fluid phase should 
favor a favor equilibration over a depth which 
of large is a large fraction of the crustal thick- 
m inter- ness (9). Direct- geological evidence 

from such bodies has been provided by 
>mplexes a variety of studies (6, 10). Difficulties 
less than arise, however, from the relatively small 
um there fraction of the vertical scale depth that 
tion for is accessible witihin a single pluton and 
600 to the consequently small variations in 

bers of concentration that must be recognized. 

10,000 

5,00Q 

0 

= 1100 ?K 
- 900 
- 700 

0 0.1 0.05 
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Fig. 2. Dependence of the molecular mass 
(M) of the assembly that is being 
differentiated on the ratio of the density 
difference to the density, from Eq. 4 for 
several temperatures and h = 10 km. 

Lambert and Heier (2) in their stud- 
ies of metamorphic terranes found little 
evidence for the movement of uranium, 
thorium, and potassium in rocks above 
the granulite facies of regional meta- 
morphism. In such regions an upper- 
most homogeneous zone in which ele- 
mental distributions are governed by 
sedimentation, tectonic movement, and 
small-scale igneous intrusion is expected 
to overlie the zone of equilibration. 

Although this model has been applied 
only to the heat-producing elements in 
the crust it should apply equally well 
to the distribution of other elements. In 
addition it should be applicable to chem- 
ical variations in those parts of the 
mantle which have not been homoge- 
nized by convective motions. 
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