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Relative Contributions of Uranium, Thorium, and Potassium 

to Heat Production in the Earth 

Abstract. Data from a wide variety of igneous rock types show that the ratio 
of potassium to uranium is approximately 1 X 104. This suggests that the value 
of K/U - 1 X 104 is characteristic of terrestrial materials and is distinct from 
the value of 8 X 104 found in chondrites. In a model earth with K/U 104, 
uranium and thorium are the dominant sources of radioactive heat at the present 
time. This will permit the average terrestrial concentrations of uranium and 
thorium to be 2 to 4.7 times higher than that observed in chondrites. The resulting 
models of the terrestrial heat production will be considerably difjerent from those 
for chondritic heat production because 
compared with K4?. 

Recently, in considering the produc- 
tion of uranium and thorium during 
nucleosynthesis, Hoyle and Fowler (1) 
calculated that the abundances of urani- 
um and thorium relative to silicon for 
solar-system material is about four times 
that which is found in chondritic mete- 
orites. They pointed out that, if the 
earth contained such an enrichment in 
these elements and had the K/Si ratio 
of chondrites, the resulting heat pro- 
duction would far exceed that per- 
mitted by geophysical considerations. 
The purpose of this report is to ex- 
amine the general consequences of an 
earth model with uranium and thorium 
concentrations that are higher than the 
values for chondritic meteorites. 

It was first pointed out by Urey (2) 
that the present surface heat flow of 
the earth is approximately equal to the 
heat which would be produced in the 
interior if the earth had a chondritic 
composition. In addition, he pointed out 
that if the moon and Mars had similar 
compositions, no gross difficulties would 
obtain with regard to the temperatures 
of these objects. Birch (3) also noted 
the coincidence of the heat flow from 
the earth with the present heat genera- 
tion in a chondritic earth model. In 
addition, Birch pointed out that this 
chondritic model would require almost 
all of the uranium to be concentrated 
in the continental crust while 80 per- 
cent of the potassium would remain 
buried below the continental crust. 

The "chondritic coincidence" has 
been used as evidence in support of 
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of the longer half-life of U288 and Th' 

the chondritic model for the earth. 
Clearly other concentrations of the 
radioactive elements could also account 
for terrestrial heat flow. 

The assumption of a chondritic earth 
model has been made in a number of 
theoretical treatments. However, Gast 
(4) has questioned the applicability of 
this model on the basis that the ob- 
served crustal concentrations of potas- 
sium, rubidium, and cesium are anoma- 
lous when compared with uranium, 
strontium, and barium. Gast further 
showed that the observed isotopic 
abundances of Sr87 in crustal and pre- 
sumed upper mantle material are in- 
consistent with the chondritic model. 
Possible explanations that are discussed 
by Gast include a loss of the alkali 
metals by the earth because of volatil- 
ization from material of chondritic 
composition, or a marked differentiation 
of the earth in which rubidium, potas- 
sium, and cesium remain buried in the 
lower mantle. The volatilization mecha- 
nism would require that initial heat 
compensate for the energy which was 
supplied by K40 in the chondritic model. 
The differentiation mechanism differs 
from that observed in crustal rocks 
and presumably would be due to the 
effects of high pressures on the chemi- 
cal behavior of the alkalis. 

The observed concentrations of 
uranium, thorium, and potassium in 
terrestrial materials range widely; how- 
ever, the ratios of potassium to urani- 
um and of thorium to uranium in a 
great variety of rock types exhibit 

rather constant values (see Table 1). 
Within magmatic differentiation series 
in which the bulk chemical composi- 
tion changes, the ratio of potassium to 
uranium remains relatively constant. 
Studies by Adams (5) on a series of 
volcanic rocks from the Lassen vol- 
canic area show a remarkable con- 
stancy of the K/U ratio. Heier and 
Rogers (6) studied the K/U ratio in 
the various differentiates of the Duluth 
lopolith. These rocks ranged from 
anorthosites and gabbros to grano- 
phyres, but show a total range in the 
K/U ratio of from 0.5 X 104 to 4 X 
104, with only 1 sample in 22 having 
a ratio greater than 2 X 104. The re- 
sults of Heier and Rogers (6), Rogers 
and Ragland (7), and Witfield, Rogers, 
and Adams (8) on the rocks of the 
Southern California Batholith also show 
remarkable constancy in the K/U ratio, 
at about 104, for rocks ranging from 
hornblende pyroxene gabbros to gran- 
ites. 

In addition to these studies of 
differentiation series, there are numer- 
ous analyses of various rock types. A 
number of results are reported by 
Nockolds (9), Senftle and Keevil (10), 
and Evans and Goodman (11). In a 
summary of the results on 755 granites, 
Heier and Rogers (6) report a mean 
K/U ratio of 0.77 X 104. Of these 
samples only 7 percent had ratios 
greater than 2 X 104. They also report 
a ratio of 1.7 X 104 for basalts. Tilton 
and Reed (12) and Heier (13) have 
analyzed eclogites from igneous and 
metamorphic environments. They did 
not find any samples with a K/U ratio 
greater than 2.5 X 104 and the average 
ratio calculated from their results is 
1.0 X 104. The only reliable measure- 
ments of uranium in ultramafic rock 
are those reported by Tilton and Reed 
(12). However, the uranium was un- 
detectable on the one sample for which 
the potassium was measured. The re- 
sult gives K/U > 3 X 104. It is obvious 
that more measurements of the urani- 
um, thorium, and potassium content 
of ultramafic rocks are necessary. Til- 
ton and Reed (12) discuss possible 
mantle materials and note that the 
K/U ratio of eclogites is considerably 
different from that found in chondrites. 
These workers emphasized that the 
data on Hawaiian eclogites are a bet- 
ter guide to the composition of the 
upper mantle than the results on chon- 
dritic meteorites, and that the resulting 
heat production in eclogites would be 
more uniform over geologic time. 

Tabulated values of the average 
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Table 1. Potassium, uranium, and thorium abundances and ratios in meteorites and terrestrial 
materials. 

Source Potassium Uranium Thorium 104 K/U 
(ppm) (ppm) (ppm) 

Chondrites (14, 21,.22)* 845 [50] t 0.0127 [17] 0.0398 [8] 6.7 
.011 [4] 7.7 

Achondrites (14, 21) 
High calcium 430 [5] .081 [3] .51 [5] 0.5 
Low calcium 9 [1] .0021 .0059 [1] .4 

Granites (6) 37,900 [755] 4.75 [755] 18.5 [755] .8 

Basalts (6) 8,400 [24] 0.6 [24] 2.7 [24] 1.4 

Eclogites 
Low uranium (12, 23) 360 [2] .048 [7] .18 [6] 0.8 
High uranium (13, 23) 2,600 [10] .25 [12] .45 [12] 1.2 

* Numbers in parentheses indicate the reference. 
samples used to compute the average. 

potassium, uranium, and thorium con- 
tent of chondrites, achondrites, and 
terrestrial rocks are shown in Table 
1. The K/U ratio for terrestrial rocks 
is relatively constant for samples rang- 
ing in uranium concentration from 
0.048 to 4.75 parts per million. The 
results on chondrites and achondrites 
represent the majority of published 
results. The uranium data is somewhat 
variable in quality and many replicate 
analyses show considerable spread so 
that the average is uncertain to about 
20 percent. The average value of 0.011 
parts per million on four samples by 
Hamaguchi, Reed, and Turkevich (14) 
is probably to be preferred. Some few 
results on the K/U ratio of achondrites 
show marked similarity to the terres- 
trial value. The average Th/U ratio 
is not tabulated since there are, un- 
fortunately, only a few determinations 
of this relation in meteorites. More 
precise determinations of both thorium 
and uranium on the same sample are 
needed. 

The ratio of radiogenic helium to 
radiogenic argon in natural gases pro- 
vides another line of indirect evidence 
regarding the relative abundance of 
potassium, uranium, and thorium. 
Studies of natural gas accumulations, 
volcanic gases, and occluded gases in 
such minerals as beryl show that they 
exhibit a total range of values of the 
ratio of radiogenic He4 to Ar? from 0.5 
to 213. Most of the samples have values 
between 6 and 25, and the most fre- 
quent ratio is about 1.0 (15). These in- 
vestigations showed that the radiogenic 
He/Ar40 ratios are in general com- 

patible with present production rates 
in terrestrial igneous rocks, and that 
these rocks have a rather constant K/U 
ratio which is distinct from chondrites. 
Of the 100 samples reported, only one 
sample had values for radiogenic 
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t Numbers in brackets indicate the number of 

He4/Ar40 that were compatible with 
the present production rates of chon- 
drites. There was only one sample 
which had a ratio as low as that pro- 
duced by chondrites when integrated 
over the past 3 aeons (3 X 109 yr). 

The relative constancy of the K/U 
ratio obtained in a wide variety of 
chemically distinct igneous rocks, in 
magmatic differentiation series, and 
inferred from the composition of 
natural gases strongly suggests that 
surface materials provide a good esti- 
mate for the K/U ratio of the earth, 
and indicates that this value is dis- 
tinctly lower than that for chondrites. 
This conclusion must be tempered by 
the fact that only crustal and possibly 
upper mantle materials have been 
sampled. In addition, there is no ade- 
quate explanation for the association 
of potassium with uranium and thorium 
and consequently the extrapolation of 
observations on crustal materials to 
depth has no theoretical basis. How- 
ever, we conclude that there is ample 
justification for examining a terrestrial 
heat budget based on K/U = 104 g/g. 
In this discussion we will assume a 
Th/U ratio of 3.7. We wish to com- 
pare the above model with a chondritic 
model in which the concentrations are 
as follows: potassium = 8.45 X 10' 
g/g, uranium = 1.1 X 10-8 g/g, and 
thorium = 4.07 X 10-8 g/g. The 
concentrations chosen for uranium and 
thorium are somewhat arbitrary since 
these data are still not known with great 
certainty. 

At present the average heat flow is 
63.9 ergs/cm2 sec (16). The rate of 
heat production per gram of chon- 
dritic material is 5.17 X 10-8 ergs/gm 
sec. If the earth's mantle and crust 
have the chondritic concentrations and 
there are no radioactive elements in 
the core, the present rate of heat pro- 

duction per square centimeter of earth's 
surface is 41.6 ergs/cm2 sec. If the 
total earth has chondritic concentra- 
tions, the production rate per square 
centimeter of earth's surface is 60.7 
ergs/cm2 sec (17). The first-mentioned 
model appears preferable on the 
grounds that an iron-nickel core would 
be free of potassium, uranium, and 
thorium (18). MacDonald (19) has 
studied the case where the total earth 
has the chondritic concentrations. His 
results do not indicate any serious dif- 
ficulty with this higher heat production. 
However, such a rate does not permit 
the contribution of much initial heat 
to the present surface losses, and it 
would also indicate essentially no lag 
between production and loss even with 
the increase in the estimate of the av- 
erage heat flow (16). 

For rocks with terrestrial K/U ratio 
of 104 and the same present heat pro- 
duction as chondrites, the following 
concentrations are required: potassium 
= 2.255 X 10-4 g/g, uranium = 2.255 
X 10-8 g/g, and thorium = 8.344 X 
10-8 g/g. If the earth as a whole has 
the heat production of chondrites and 
if the radioactive elements are elimi- 
nated from the core and put into the 
mantle and crust, this would give an 
increase in the concentrations by a fac- 
tor of 1.46 giving a uranium value of 
3.29 X 10-8 g/g. Such concentrations 
of uranium, thorium, and potassium 
are not grossly incompatible with our 
knowledge of the terrestrial elemental 
abundances. Assuming that the mass 
of the crust is 2.4 X 106 g and that the 
crustal abundances of potassium and 
uranium are 1.9 percent and 1.9 parts 
per million, respectively, we find that 
33.8 percent of both the potassium 
and uranium are in the crust, com- 
pared to an earth model of chondritic 
composition which gives 9.0 percent of 
potassium and 69 percent of uranium 
in the crust. If only the mantle plus 
crust have the chondritic values this 
gives 13 percent of potassium and 100 
percent of uranium in the crust. 

If we consider an earth model with 
the potassium, uranium, and thorium 
concentrations of chondrites, then the 
average concentration of uranium in 
the mantle and crust will be 1.6 X 10-O 
g/g. We assume that the radioactive 
elements do not remain in the core 
and are concentrated in the outer lay- 
ers of the earth. As mentioned earlier, 
this amount of radioactive elements 
has a present rate of heat production 
equal to the heat flow. For a similar 
model with the same rate of heat pro- 
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duction, but with a terrestrial K/U 
ratio this corresponds to a uranium 
concentration of 3.3 X 10-8 g/g. If the 
integrated heat production for a chon- 
dritic earth is a limit in earth heat bal- 
ance models, then a mantle and crust 
with a uranium concentration of 5.2 X 
10-8 g/g and a terrestrial K/U ratio 
is permissible. This range in uranium 
concentration of from 3.3 X 10-8 g/g 
to 5.2 X 10-8 g/g is consistent with the 
values estimated by Hoyle and Fowler 
(1) for solar system nucleosynthetic 
material. This agreement of course 
cannot be taken as direct evidence that 
the earth is composed of unfraction- 
ated solar system material. 

The relative contribution of K40 to 
the heat production is drastically dif- 
ferent for chondritic material and for 
material with a terrestrial K/U ratio. 
At present, K40 produces 59 percent of 
the heat generated in chondrites while 
for material with the terrestrial K/U 
ratio, K40 produces only 15.8 percent 
of the heat. A material having a ura- 
nium concentration of 2.255 X 10-8 
g/g and a terrestrial K/U ratio of 10' 
would have the same present produc- 
tion rate as chondrites, but over the 
past 4.5 aeons would produce only 63 
percent as much heat as chondrites. 
This lower heat production is due to 
the relatively short half-life of K40 (1.3 
aeons) as compared with the longer 
half-lives of U2 (4.5 aeons) and Th232 
(13.7 aeons). The fundamental differ- 
ence between models in which potas- 
sium is the principal heat source and 
ones in which uranium plus thorium 
dominate is that in the former case the 
potassium releases almost all its energy 
in the first 2 aeons (20). This early re- 
lease of heat provides a longer time 
scale for escape, whereas in uranium- 
and thorium-dominated models, the heat 
production is distributed more uni- 
formly over earth history. The ratio of 
the rates of heat production 4.5 aeons 
ago to the present rate for chondrites is 
8.2, while for the terrestrial model the 
ratio is 4.5. In the past 3 aeons the 
production rates for the terrestrial ra- 
tio model have changed only by a fac- 
tor of 2.2. Because of the more uni- 
form heat production, the terrestrial 
ratio model may require early differ- 
entiation so that the heat sources are 
near the earth's surface (outer few 
hundred kilometers) during most of 
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form heat production, the terrestrial 
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entiation so that the heat sources are 
near the earth's surface (outer few 
hundred kilometers) during most of 
earth history. Such a near surface con- 
centration of heat sources would per- 
mit a close approach to matching the 
rate of heat production with loss; this 
circumstance is of course not permitted 
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Negative Temperature Coefficient of Resistance in Bismuth I 

Abstract. Measurements of the electrical resistance have been made on bismuth 
1 between 15 and 35 kilobars at temperatures between 77.4? and 120?K. Above 
about 150?K, the temperature coefficient of resistance is positive, as in a metal; 
below 150?K, the coefficient becomes negative, as is characteristic of semicon- 
ductors. On the basis that bismuth is a semiconductor, the energy gap, calculated 
by the exponential resistance formula, is 0.006 ev at 15 kb with a steady rise to 
0.018 ev at 35 kb. At higher pressures, bismuth I is transformed into a metallic 
modification with the normal temperature dependence of the resistance. The 
energy gap in bismuth I is not visible at room temperature because thermal exci- 
tation populates the conduction band and metallic behavior is the result. From 
available evidence the observed behavior is due to an energy gap rather than to a 
decrease in carrier mobility. 
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Bismuth I, the form found under 
normal conditions, has long been con- 
sidered a semi-metal. The resistivity, 
123.2 x 10-6 ohm-cm (1), is very high 
for a metal. From a study of bismuth- 
tin alloys, Jones (2) suggested that all 
five of bismuth's valence electrons lie 
in a single energy zone (valence band). 
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A slight overlap into a higher zone 
(conduction band) gives the metallic 
conduction found in pure bismuth. 
Since Jones introduced this hypothesis, 
many experiments-the deHaas-van 
Alphen effect, cyclotron resonance, 
galvanometric effects, and the anoma- 
lous skin effect (3)-have verified the 
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