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Measurement of radioactive heat generation in rocks b 

                 gamma ray spectrometry 
           Vertical distribution of heat source in the island arc crust

y means of
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   Abstract: Terrestrial heat flow is the sum of the radioactive heat generated in the crust and the heat 
flow from the mantle. If we can evaluate the radioactive heat generation in the crust more precisely, we can 

better estimate the heat flow from the mantle and the thermal state in the earth crust. In this study, the 
authors measured the contents of radioactive elements in rocks of Kohistan volcanic arc, Pakistan and 

Ichinomegata, northeast Japan. We conclude that low density rocks (p s2.9) systematically contain much 
more radioactive elements leading to high heat generation compared with high density rocks (p 3.0). In 

the next step, the vertical distribution of radioactive heat generation in the crust was estimated, and the heat 

generation of the lower crust in the two areas was found to be much lower than previously considered. It 
means, if the surface heat flow is the same, the estimated temperature at 30 km depth is about 80 °C high-
er than previous estimates. This temperature change may strongly affect the seismic activity at the depth.
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   Introduction. In the study of the thermal evolu-

tion of the earth, major candidate processes of energy 

discharge from the earth are terrestrial heat flow, vol-

canic activity, hot spring/geothermal activity and earth-

quakes. The major heat sources in the earth are the 
decay of radioactive elements, and the gravitational 

energy released at the time of earth's formation by 

accretion. 
   Terrestrial heat flow is the only directly measurable 

parameter to estimate the thermal state in the earth. The 
surface heat flow density consists of the so called mantle 

heat flow and the heat produced in the crust. 
Therefore, to estimate the mantle heat flow and the tem-

perature structure in the crust more precisely, detailed 
information of the vertical distribution of radiogenic 

heat production rate is important.
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    It is well known that radioactive elements; i.e., U, 

Th, K are contained mainly in felsic rocks.l~ This feature 

is explained by the "incompatible" nature of these ele-

ments.2~ So far, almost all studies concerning the vertical 

distribution of heat generation have been made in stable 

continental regions,3~ and the study, in tectonically 

active regions like Japan, is very few.4~ 

   In order to know the total amount of radioactive 

heat in the crust, we have to make direct measurements 

on all the crustal rocks. However, since it is very difficult 

to obtain the rock samples all the depths, attempts 

have also been made to infer the vertical distribution of 

the radioactive heat generation from other parameters. 

Birch et al.,5~ demonstrated a linear relation between the 

surface heat flow and the content of radioactive elements 

of surface rocks. This linear relationship has been theo-

retically shown to be compatible with the model in 

which radioactive elements decreased exponentially 

with depth.6~ 

   Separate estimations of heat production structure in 

the crust have also been made by using the empirical 

relations between the contents of radiogenic heat pro-

duction and density, and seismic velocity.7~ 9) In the latter 

case, Rybach and Buntebarth9~ formulated the following 

two linear equations:
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in A =12.6 - 2.17Vp for Precambrian crust, and 

in A =13.7 - 2.17Vp for Phanerozoic crust,

where A (10-6W/m3) is the heat production,Vp (km/s) is 
the seismic P-wave velocity. 

   Furukawa and Uyeda4~ measured the radiogenic 

heat production of the upper crustal granitic rocks of 

Hidaka District, Hokkaido, Japan. Where the crustal 
section is extensively exposed as a result of tectonic 

movement and erosion associated with the collision of 

the western and eastern Hokkaido blocks.10~ They con-

cluded that the obtained rate of heat generation and its 
decrease with increasing depth were similar to those esti-

mated for stable continental areas. However, due to the 

lack of lower crustal samples, they assumed constant 
heat generation (1 x 10-6W/m3) for the lower crust in 

their calculation. To the best of the authors' knowledge, 

no measurement has been made for the lower crustal 

rocks in tectonically active regions such as island arcs. 
For the possible mantle rocks, some reports are

found." Wakita et al., 12) also reported the results from 

lherzolite of Ichinomegata maar in northeast Japan. 

   The main objectives of this paper is to provide some 

useful information of the vertical distribution of radio-

genie elements in the island arc crust. We measured the 
contents of radioactive elements of the rock samples of 

the Kohistan Arc, Pakistan, and Ichinomegata maar, 

Oga peninsula, northeast Japan, by gamma ray spec-
trometry analysis. 

   Samples. Kohistan arc is located in the northern 

part of Pakistan, where Indian subcontinent has been in 
collision with Eurasia (Fig. la). It is considered that

Fig. 1. Fig. la shows the location of the Kohistan Arc. Kohistan 

 area belongs to the northern part of Pakistan, which lies 

 between Eurasian and Indian continents. Fig. lb shows the geo-

 logical map and the sampling sites with solid circles.

Fig. 2. Schematic geologic column of the Kohistan Arc,

Fig. 3. The location of the 

 northeast Japan.

Ichinomegata maar , Oga peninsula,
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Kohistan arc (from southern MMT (Main Mantle 

Thrust) to Northern Suture) was formed between the 

late Jurassic and Cretaceous times. Almost complete 

crustal cross section of this arc is believed to be 
exposed; progressively deeper structure is outcropped 

toward south.13~ Fig. lb show the geological map. Fig. 2 

shows a schematic cross section, and detailed geological 

setting is described in Coward et at. 14) and Ohta.15~ 
According to the isotopic dating and palaeomagnetic 

studies, collision to the Eurasia continent at Northern 

Suture occurred 75 Ma, and collision at MMT occurred 
40-50 Ma.13) 1st' The seismic activity, considered to be of 

the subduction origin, is still observed at present.14~ Fig. 

lb also shows the sampling sites. 
   Ichinomegata, Ninomegata and San-nomegata, in 

Oga peninsula, Akita prefecture are maars which erupt-

ed about 10,000 years ago according to C14 dating 

9,040±400 years B.P.18~ Around Ichinomegata maar, 

zenoliths of various mantle and lower crustal rocks are 

exposed. Geophysical studies show that the depth of 
Moho discontinuity around this region is about 25 

km.19~ Fig. 3 shows the location of the Ichinomegata 

region. 
   Data analysis. The total amount of radiogenic 

heat in the crust is estimated from the content of urani-

um (U), thorium (Th) and potassium (K). Since the par-

ent nuclides of the uranium and thorium series emit very 
low level of gamma-rays, we estimated their contents by 

gamma ray spectrometry of their daughter nuclides. The 
high advantages of this method, if germanium semicon-

ductor sensor is used, is high resolution of energy distri-
bution, without performing chemical separation and

Table I. U, Th, K contents, calculated heat production, density and lithology of Kohistan samples

Table II. U, Th , K contents , calculated heat production, density and lithology of Ichinomegata samples
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the capability of simultaneous measurement of many 

nuclides. 

   We measured 17 samples from the Kohistan 
region, and 15 samples from the Ichinomegata maar 

region. We used the following peaks to determine the 

contents; 214Pb (295, 352 keV), 214Bi (609 keV) for ura-

nium, 212Pb (239 keV), 228Ac (338, 911 keV), 208T1(583, 
2,614 keV) for thorium, and 40K (1,460 keV) for potassi-

um, respectively. The radiogenic heat production values 

were calculated as follows.20 

   A = p (9.52CU + 2.56CTh + 3.48CK) x 10-5 
where A is the heat production (x 10~ W/m3), CU and CTh 

are the U and Th concentration (ppm), respectively, CK is 

the K concentration (%), and p the density (kg/m3). 

   Result and discussion. Tables I and II show the 
U, Th, K contents, calculated radiogenic heat production 

and density for the rocks from the Kohistan and 

Ichinomegata regions, respectively. The results are also 

shown in Fig. 4. As seen in the tables and Fig. 4, U, Th, K 
contents and the amount of heat production are large for 

low density samples. The amount of heat production, in 

fact, shows an abrupt drop when the density exceeds 

about 2.8 g/cm3. 
   Fig. 4 also shows the relationship between heat gen-

eration and rock types. Granite and sedimentary rocks 

show higher values and gabbros, pyroxenites and peri-

dotites show lower values. It is clear that the radio-
nuclides are concentrated in lighter rocks that 

constitute the upper crust. The results seem to be quite 

reasonable from the geochemical point of view,2~ since U 
and Th are known to be LIL (Large Ion Lithophil) ele-

ments, and K is a volatile element. All these elements are 

classified as `incompatible elements' which can not be 

easily incorporated into crystal phase during the crys-

tallization differentiation process. In addition, U is easy to 
move under the influence of meteoric and underground 

water movements, and Th tends to move under the influ-

ence of metamorphic process. 

    Generally, our results are in agreement with previ-
ous studies. However, there is some difference. In previ-

ous studies, due to lack of data, it has been customary to 

model the lower crust by basaltic rocks. In this study, we 

considered the effect of radiogenic heat production of 
the lower crust by assuming two models as shown in Fig. 

5; the left and right figures show a conventional model 

and the present model. In our model, the average value 

of heat generation in the lower crust is taken to be 0.08 
x 10-6 W/m3, which is 118 of conventional studies.1 If we 

adopt the above small value, it results in larger mantle 

heat flow for the same surface heat flow. If we assume 

the thermal conductivity of the lower crust as 3.0 
W/mK, the temperature at 30 km depth becomes 

80100 deg. Centigrade higher in our model (Fig. 6). The 

temperature of 80100 deg. C at 30 km depth may 

strongly affect the capability of earthquakes generation 
which is supposed to be controlled by temperature sen-

sitive brittle-ductile transition at the depth. 

   We can examine the relationship between density 
and P wave velocity of the Kohistan rocks, using the 

measurements by Chroston and Simmons.21~ For the 

Ichinomegata samples, we apply the general correlation 

between density and Vp compiled by Ludwig et a1.22~ Fig. 
7 shows the relationship between P wave velocity and 

heat production in the Kohistan and Ichinomegata sam-

ples. Indicated two lines are empirical relations 
obtained by Rybach and Buntebarth9~ as mentioned

Fig. 4. Correlation between density and radiogenic heat produc-

 tion of Kohistan and Ichinomegata samples. General rock types 

 are also indicated.

Fig. 5. The effect of heat generation in the lower crust. If the sur-

 face heat flow is the same, our model suggests that heat flow 

 from the mantle is higher by order of 10 mW/m2 than the previous 

  studies.4~
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before for Precambrian and Phanerozoic samples. At this 

stage, it is not clear if our data on relatively young (after 
Mesozoic era) island arc rocks are systematically differ-

ent from stable continental data. 

    Conclusion. In this paper, we present the radi-

ogenic heat production structure of the island arc 
crust, on the basis of some new measurements of radio-

nuclide concentrations of island arc rocks. The new heat 

production structure consists of an upper crust with very 
large heat production values, and a lower crust with very 

low values. We also present very preliminary results on 

the relationship between heat generation and P wave 

velocity. For the next step, we will try to better estimate 

the heat generation structures in various parts of the 
world, especially for island arc regions, where the mea-

surements on the accretionaly prism rocks may play an 

important role. 
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Fig. 6. The difference of the heat generation structure in the lower 

 crust results in changes of about 80 °C in the temperature at 30 

 km depth. This results can be of considerable importance for the 

 estimate of the thickness of seismogenic layer.

Fig. 7. Correlation between logarithm of heat generation and Vp of 

 the rock samples. The two lines are for rocks from stable conti-

  nental areas.9~
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