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Abstract

Since 1957, terrestrial heat flow has been determined at 39 places
on the Japanese Islands by the Earthquake Research Institute,
University of Tokyo. Besides these, 12 sea measurements have been
made in the sea around Japan as a joint program of the Univer-
sity of Tokyo and the Japan Meteorological Agency.

Of the total of 39 land stations, 26 are metal mines, 4 coal
mines, 2 oil fields, 3 natural gas fields, 1 railway tunnel and 3 sites
of other types. In each of these stations heat flux was estimated
from the geothermal gradient combined with the thermal conducti-
vity of rocks in which the thermal gradient was measured.

An outline of the method used to measure thermal gradients
and thermal conductivity is described. Temperatures were measured
in deep or in short bore holes for geothermal gradient assessment.
The maximum depth of temperature measurement exceeded several
hundred meters at most of the land stations. In the course of the
temperature measurement, two types of underground isothermal
surfaces were discerned and their origin investigated. Values of the
thermal gradient on land varied from 0.5° to 5.0°C/100m; except
those areas which are considered to be geothermally anomalous.
Thermal conductivity was determined by the divided-bar method.
The apparatus was calibrated with standard substances of known
conductivity. In the course of this study, measurements were made
on over 240 sets of rock samples covering 36 rock types. In this
paper, the results are presented in a diagram according to their
rock Ctypes. These values range from 2x10-* to 156Xx10-% cal/cm
sec °C.

Errors accompanying the calculation of heat flow values were
estimated from the probable variation in the thermal gradient and
the degree of ambiguity in assessing the in sitz thermal conduc-
tivity of the strata as based on the thermal conductivities of
individual samples. In most cases, the error amounts to a few
tenths of 1 gcal/em®sec or 20 to 30 per centum of the observed

heat flow value.
From the 39 land and 12 sea measurements, general tendency

of terrestrial heat flow distribution in and around Japan can be
visualized. Characteristic features of the distribution are as follows:
1) A region of high heat flow exists on the inner side of the Japanese
arc, where the heat flow value exceeds 2 gecal/cm? sec. ii) A region
of low heat flow (less than 1 zcal/cm® sec) exists on the Pacific
Ocean side of north-eastern Honshu. iii) There may be a high heat
flow region in the Pacific far off the coast of north eastern Honshu.
iv) In regions other than the above, almost all the heat flow values
on land are between 1 and 2 g cal/cm? sec.
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Possible distribution of heat source and temperature in the
crust, which are required to bring about the heat flow distribution
as observed, was examined. The steady state solution of heat
conduction suggests that excess heat sources are expected beneath
the high heat flow regions and the temperature at the bottom of
the crust should be about 800°C, while it may be as low as 200°C
in the low heat flow region. The reliability of these figures depends
on the validity of the assumptions adopted for the rate of heat
production, thermal conductivity and crustal thickness. The results
are possibly related to other geophysical or geological phenomena.

I. Introduction

A. Scope of the present paper

Terrestrial heat flow has been determined in many places over both
continental and oceanic areas. Since the earlier works in England
[Benfield (1939), Anderson (1939)], heat flow measurement on land has
steadily advanced. Birch’s review in 1954 inferred that the average
heat flow value on land is 1.2pcal/em?sec according to the reliable
measurements obtained so far. Measurements in the sea were initiated
by Bullard in 1952 [Bullard (1952)]. Since his pioneering work, heat
flow measurement in the seas has been promoted intensively by several
institutions in USA, Great Britain ete.. Herzen’s work (1959) in the
south-eastern Pacific revealed a correlation between heat flow and the
major topographic features of the ocean bottom. Much attention has
been paid to this result and, since then, many measurements have been
added to check the suggested hypothesis; including the possibility of
thermal convection currents in the mantle.

To date, 90 land and 600 sea measurements of terrestrial heat flow
have been accumulated. The average terrestrial heat flow in continental
and oceanic areas is now known to be 1.65 pcal/cm® sec and 1.48 pcalf
em? sec respectively [Lee (1963)]. On the basis of this accumulated heat
flow data, it becomes possible to discuss global distribution of terrestrial
heat flow in relation to other geophysical features such as large changes
in topography or gravity [Lee and MacDonald (1963)]. Further develop-
ments in heat flow research will bring about many interesting and
geophysically important results.

In Japan terrestrial heat flow measurements have been made by
the Earthquake Research Institute of the University of Tokyo since
1957. The first objective was to determine, by some suitable method,
the order of magnitude of terrestrial heat flow in Japan [Uyeda, Yuku-
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take and Tanaoka (1958)]. Secondly, we wished to then determine the
general area distribution of heat flow in and around Japan whose
unusual anomalies were anticipated from earlier measurements [Horai
(1959), Uyeda and Horai (1960)]. Up to December 1962, a total of 51
measurements had been completed of which 39 are land measurements
and 12 sea measurements. This data enables us to discuss the general
tendency of heat flow distribution and possible geophysical interpreta-
tions.

In the present paper, a summary of the results of these measure-
ments (IV) follows a description of the methods of measurement (II, III).
Then, some discussion follows concerning the possible geophysical and
geological significance of the heat flow pattern obtained by our survey
(V). Detailed results of the measurements at each of the individual
heat flow stations have been presented previously [Uyeda and Horai
(1963 a, b, c), Horai (1963 a, b, c)].

B. Brief account of the geology of Japan*

Geotectonically the Japanese Islands are divided into several pro-
vinces as shown in Fig. 1. A brief summary of the geological history
of these provinces is as follows.

The area occupied by the Japanese Islands at present is considered
to have been a marginal part of the Asiatic continent during pre-Silurian
time. The Honshu marginal geosyncline which developed in this region
during the subsequent period until late Paleozoic time, then experienced
a period of extremely intense regional orogeny which formed the frame-
work of the Japanese Islands. Dissected metamorphic zones now exposed
in south-western Japan are the products of this orogeny. Region I
(Hida and Sangun metamorphic zones) which lies on the north side of
south-western Japan is older than regions II and III (Ryoke and Sam-
bagawa metamorphic zones) which lie to the south. Region IV (Kitakami
and Abukuma land masses) is considered to be an extension or a marginal
phase of the Ryoke zone.

In central Hokkaido, the Hidaka orogeny (Region V) started later

* The author owes the original idea of this section to Dr. A. Sugimura, Geological
Institute, Faculty of Science, University of Tokyo. Further consultations were made
with the following papers: H. Kuno, Outline of the geology of Japan, umpublished
manuseript (1955); M. Minato, K. Yagi and M. Funahashi, Geotectonic synthesis of the
Green Tuff regions in Japan, Bull. Earthg. Res. Inst., 34, 237-264 (1956); A. Miyashiro,
Evolution of metamorphic belts, J. Petrology, 2, 277-311 (1961); A. Sugimura, T. Matsuda,
K. Chinzei and K. Nakamura, Quantitative distribution of late Cenozoic voleanic materials
in Japan, Bull. Volc., XX VI, 125-140 (1963).
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Fig. 1. Tectonic provinces of Japan.

than the Honshu orogeny and completed almost all of its formation as
a mountain range by early Neogene time. In this region, Hidaka and
Kamuikotan metamorphic zones are now exposed. Region VI (South-
eastern part of Hokkaido) is the marginal phase of region V.

In regions VII (Fossa Magna) and VIII (Uetsu district), a younger
intense disturbance (Mizuho orogeny) commenced from Neogene time.
The violent voleanism which was associated with this orogeny is generally
called “green tuff” voleanism. Region IX (Southwestern Hokkaido) is
an extension of this orogenic belt in Hokkaido. Region X (North-eastern
Hokkaido) was also characterized by the Neogene orogenic activity
similar to that described in regions VII, VIII and IX.

II. Description. of the measurement

To measure terrestrial heat flow coming up through the crust to
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the surface of the earth, it is necessary to know two separate quanti-
ties; the geothermal gradient and the thermal conductivities of rocks
in the strata where the geothermal gradient is to be measured.

In this and subsequent sections, a brief survey of methods will be
given.

A.  Measurement of geothermal gradient

Subsurface temperatures had been measured in 8 localities in Japan
including bore-holes, oil wells, a railway tunnel and a mine to obtain
thermal gradient data in our earlier heat flow studies prior to June 1960.
The methods and the results of these 8 measurements were described
in the previous papers [Uyeda, Yukutake and Tanaoka (1958), Horai
(1959), Uyeda and Horai (1960)].

Since July 1960, heat flow has been measured at 31 localities in
Japan utilizing bore-holes and mines. Results of these measurements
at individual localities have been given in previous papers [Uyeda and
Horai (1963, a, b), Horai (1963, a, b)].

1) Temperature measurements in bore holes.

Two sets of thermistor thermometers with a depth capacity 500 m
and 1200 m were used to measure the temperature distribution in bore
holes. Cables used in the study were two-ply armored wires, each having
6.6 gr/m of linear density and 2mm in diameter. A thermistor sensor
contained in a thin metal tube was fixed at the end of the cable. The
sensors were calibrated with a standard mercury thermometer. The
probe was lowered by hand-drive winch down the hole and temperatures
were logged, with an accuracy of 0.1°C, at 10, 25 or 50 m intervals.
Usually, 1 minute was sufficient for the thermistor sensors to attain
temperature equilibrium with the ambient when they were in water,
but 5 minutes or more was often necessary when measurements were
made in the air column of a hole.

Bullard (1947) has presented a calculation regarding the effect of dril-
ling on the temperature distribution along a bore-hole. He concluded that
a fairly long period must elapse before a bore-hole will regain an undis-
turbed temperature gradient. For example, on suitable assumptions
regarding the size of bore and the thermal constants of surrounding
rocks, a year or so is necessary for a bore-hole drilled in one month to
restore its original temperature (at the top) within 1 percent of errors.

But, recently, J.C. Jaeger (1961) indicated that, when a method
such as diamond drilling was used, a day of quiescence after drilling
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is sufficient to obtain an approximate geothermal gradient within an
error of 5 percent.

The discrepancy between the views of Bullard and Jaeger lies, as
Jaeger himself stated, in the effect of the drilling system. Bullard
based his calculations on up and down circulation of water at high
velocities along the whole length of a hole as in rotary drilling; while
Jaeger observed temperature variations during drilling which was ac-
companied by a small amount of circulating water.

During our heat flow study in Japan, there were cases in which
Bullard’s assumptions and results were confirmed [Uyeda and Horai
(1960)], and an effort has been made to select bore-holes as old as
possible to measure reliable temperature distributions. Actually, tem-
perature measurements were made in several holes while drilling was
underway and there were some instances in which temperature logs
could be better explained by Jaeger’s model. If the disturbance Bullard
discussed had really occurred, the discrepancy between disturbed (i. e.
observed) and undisturbed temperatures must be largest near the mouth
of the hole. On the other hand, mean surface temperatures extrapolated
from undisturbed subsurface temperatures in an equilibrium state are
said to be approximately equal to the mean surface air temperature.
So, a comparison of extrapolated surface temperature with the mean
air temperature should afford a means of checking whether measured
temperatures are really in equilibrium.

An example of this is the temperature record logged at Ashibetsu,
Hokkaido. There, temperatures were measured in the bore-hole of
Ashibetsu No. 5, a day and a half after drilling. The result shows, as
indicated in the previous paper [Fig. 12 in Horai (1963)], a curve
describing a linear temperature-depth relationship without any appreciable
kink or curvature. The average thermal gradient and the extrapolated
surface temperature were 3.08°C/100m and 8.9°C respectively. The
mean air temperature in Ashibetsu for comparison with the extrapolated
surface temperature was not available. But at Akabira, about 18.5km to
the west of Ashibetsu, the extrapolated surface temperature obtained from
the bore-hole and the drifts of the mines, becomes 7.8°C. This figure
is derived from temperature data representing equilibrium conditions,
and it approximates the mean air temperature in the area concerned.
The coincidence between the two extrapolated surface temperatures,
therefore, seems to prove that the temperature gradient, in Ashibetsu
No. 5, did not suffer any large disturbance from drilling.
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Another example was obtained in a bore-hole at Yanahara, Okayama
Prefecture. As described in the previous paper [pp. 116-118 in Uyeda
and Horai (1963 b)], temperature logs were made in No. 247 bore-hole down
to the depth of 950 m after one day of quiescence. The temperature-
depth relationship from a depth of 250m to 750 m (i.e. in the slate
layer) gives a thermal gradient of 1.92°C/100m, and the extrapolated
surface temperature as 14.4°C. This value again cannot be compared to
a suitable standard. The extrapolated surface temperature obtained in
No. 248 bore-hole near No. 247 becomes 12.8°C. No. 248 was drilled on
the north flank of a hill, while No. 247 was situated in the swamp-like
area at the foot of the hill. So, the discrepancy between the two
values seems to be rather natural. The mean annual air temperature
observed at Okayama, 35%m south of Yanahara is 14.6°C; at Tottori,
62 km north of Yanahara, 18.9°C. This suggests that the mean annual
temperature at Yanahara will be similar. If so, it may be said that
the temperature distribution in bore-hole No. 247 which gave the ex-
trapolated surface temperature 14.4°C had not suffered any large amount
of disturbance, hence the thermal gradient derived from it should also
be reliable.

In Table I, some extrapolated surface temperatures obtained from

Table I. Comparison of extrapolated surface temperature
and mean annual air temperature observed at
the nearest weather station.

Mean annual air temperature observed at

Extrapolated surface temperature ; the nearest weather station

Tokyo Univ. (TU) 15.6°C 14.3°C Tokyo W.S.
Mobara (MB) 13.7°C 14.8°C Choshi W. S.
Haboro (HB) 6.7°C 6.9°C Haboro W. S.
Hidaka (HD) 18.2°C 15.3°C Wakayama W. S.

the undisturbed bore-holes are compared with the mean annual air
temperature observed at the nearest weather station.

1t) Temperature measurement in drifts of mines.

The rate of increase of subsurface temperatures with depth can be
assessed from the temperatures measured in mineworkings at increasing
depths from the surface. In order to obtain undisturbed rock tempera-
tures, a thermometer must be inserted some distance into a thin hole
drilled into the wall of the drift. '
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A. D. Misener first pointed out, working from temperature loggings
along the holes, that if the measurements were taken 70 feet (~21m)
inside the wall no effects due to ventilation in the drifts were apparent
[Misener (1949), Misener, Thompson and Uffen (1951)].

The same experiment was conducted by the author in the Hitachi
mines [Horai (1959)] and it has been repeated in other places several
times since. It seems that in most cases more than 10m of insertion
into a narrow (usually 3¢m or more in diameter) hole, is sufficient to
avoid artificial thermal effects.

1it) Two types of isothermal surfaces.

Temperature measurements in the drifts of the mines revealed two
types of isotherm patterns.

In some mines, temperature variations were more coherent in a
diagram when the altitude rather than the depth of the temperature
stations was selected as the ordinate. This indicates that the subsurface
isothermal surfaces may be considered to lie as horizontal planes regard-
less of the surface topography. We shall tentatively call this type of
isothermal pattern “L type”.

In other mines, temperatures could be better arranged adopting
the depth as the ordinate. In this case, the isothermal surfaces
appeared to be parallel to the surface topography (D type).

The difference of isotherm patten is probably related to the erosional
history of the topography. Consider the progress of erosion as illustrated
in Fig. 2. At the first stage, isotherms are considered to be running
horizontally under a flat plain which had not yet suffered the action of
erosion. At the second stage, the action of erosion has started and
reached a maximum. The topography has
changed its morphology rapidly and the iso-
therms were unable to modify their shapes to
the new equilibrium positions (L type). ' In the
last stage, erosion has subsided and the surface
topography remains nearly unchanged. Then,
the isotherms would gradually regain - their
equilibrium positions and ultimately attain
them (D type). »

In Japan, most topographical features are //\f/\\\
said to have been formed during the latest g o vVariation of iso-
glacial ages in Pleistocene time. Therefore, therm type.
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the difference in isotherm patterns is not attributed to the difference in
the time which had actually elapsed since the action of erosion started,
but to the difference in the time necessary for the isothermal surfaces
to recover their equilibrium positions. The time necessary for recovery
will depend on the magnitude of the topographical features and the
thermal properties of the ground. Rough evaluations of the time neces-
sary for recovery in Osarizawa (L type) and lkuno (D type) seem to
support the above hypothesis. However, an exhaustive study will be
necessary to confirm this theory.

) Disturbances of the thermal gradient.

Disturbance of subsurface temperature distribution may be induced
from various causes. One cause is the circulation of underground water.

Several examples will be given. In Tanna and Oshima [Uyeda and
Horai (1963 2)], temperatures were measured in the vertical bore-holes
and no thermal gradient was observed because temperature remained
constant everywhere in the water columns of the bore-holes. The
gradient observed in these places was interpreted to be caused by the
water which was moving through the permeable medium, for example,
coarse materials such as gravel in the Tanna Basin, or volcanic ash or
porous lava flows as in Oshima.

In the Seikoshi mine, temperatures were measured in the drifts
extended to various depths, and an increase of temperature with depth
was observed as in many other mines except the deepest one. In the
deepest drifts, however, the temperatures measured in several places
on the same level were not exceptionally low,
completely contradicting the tendency obtain-
L A A ] ed from the measurements in the upper drifts
LN | as shown in Fig. 3. One explanation is

AN 1 water flowage in fissures or faults induced

[ CoN 1 by drainage in the mines or the natural flow
L gu[ NN 1 of underground water. In general, water
AN 1 flow in fissures or fault zones results in
I S a complicated irregular temperature field
501 NN such as observed in Kushikino [Horai (1963 b)]
VN rather than temperature distribution with a
L) null gradient as observed in Oshima and

Tanna [Uyeda and Horai (1963 a)].
Fig. 3. Temperature-depth It is known that changes in the surface

relation at Seikoshi, Shizucka .
Prefecture. environment affect subsurface temperature

130

110

. n




Studies of the Thermal State of the Earth 103

distributions. The effect of factors, such as climatic change and up-
heaval or subsidence of the ground in geologically recent years on the
subsurface temperature distribution has been investigated in detail by
some workers. It seems advisable to check the possible ammount of
disturbance in order to see whether substantial correction would be neces-
sary for the observed gradient.

Birch (1948) calculated the effect of climatic changes based on an
investigation of climatic fluctuations during the Pleistocene. His
conclusion was that “the climatic correction to the geothermal gradient
may never exceed 3°C/km, with a still smaller maximum correction
more probable”.

As for the effect of subsidence (sedimentation) and upheaval (denu-
dation), Benfield (1949) carried out a model calculation and presented
the result in tables. In order to apply his result, certain quantities
such as the rate of subsidence or upheaval, its duration and the change
of the surface temperature, are necessary. For example, a 3 xX10~*cm/[yr
rate of subsidence, lasting 10” yrs, would induce a 3.7°C/km variation
in the 20°C/km of thermal gradient, if the sedimentation took place at
the same rate as subsidence with constant temperatures. This would
hold in such a region as the geosynclinal basins which lasted from
Miocene to Pliocene on north-western Honshu [Matsuda (1963), private
communication], But if upheaval of the same magnitude followed a
period of subsidence as was the case in the abovementioned area, a com-
pensating effect with regard to the geothermal gradient will occur;
and it can be expected that these variations in the thermal gradient
may tend to cancel one another.

In the present study, corrections for the effects of changes in
topography were not attempted. This work must be attempted in the
future.

v) Summary of the result.

In Fig. 4 and Fig. 5, 39 temperature-depth (or elevation) relation-
ships are presented. The results of measurements in the bore-holes or in
the mines which show the D-type isothermal patterns are shown in Fig. 4,
while those in the mines which show the L-type isothermal patterns are
shown in Fig. 5. The general tendency of the subsurface temperature
distribution and the average geothermal gradient in each of these
localities can be estimated by the inscribed line on the diagrams.
Individual values of the thermal gradient are listed in Table IV (page 116).

A histogram of the 39 thermal gradient values, excluding 2 which




104

K. HoRAI

50 60 70

100

200

300

600
100
800

00

llll]ﬂL L L

*.—

T

Fig. 4. Temperature-depth relations observed in Japan. Letters attached to

each line are abbreviations of heat flow stations.

(See Table IV)




Studies of the Thermal State of the Earth 105

1000 ]

00 7

'IIIUL 7

60 7

- 1
sme AT
JWL

200

108+

=100~

-200

~300

-400

~500-

-0 L ! L L I 1

Fig. 5. Temperature-altitude relations observed in Japan. Letters
attached to each line are abbreviations of heat flow stations. (See Table IV).




106 K. HoORAI

N

o

| FHHW%

ol T mﬂﬂ
0 1 2 3 4 5

AT /8D (T /109R)
Fig. 6. Histogram of thermal gradient.

130° 135° 7 140° ) \|45'

A

o 300km
AR

Fig. 7. Distribution of temperature at 1km depth (°C).



Studies of the Thermal State of the Earth 107

are considered to belong to geothermal areas, is shown in Fig. 6. As
seen in the diagram, the values of the thermal gradient in geothermally
normal areas in Japan range from 0.5°C/100 m to 5°C[/100m. They
show no systematic areal distribution as seen in the heat flow values.

Extrapolated temperatures at a depth of 1000m from the surface
can be calculated from the recorded thermal gradients and temperature
distributions measured in most cases down to depths of several hundred
meters. They are shown in Fig. 7 for reference. At most of the sites,
these temperatures range between 30°C and 40°C. Exceptions include
the Niigata oil fleld, where the temperature exceeds 70°C [Uyeda,
Yukutake and Tanaoka (1958)] and the area along the east coast of
Tohoku district where the temperatures are as low as 10°C.

B. Measurement of thermal conductivity

1) Rock samples.

Rock samples were collected from the localities where the thermal
gradient was measured. Major rock types prevailing in the areas con-
cerned were selected by consulting the geological map or well and
bore-hole logs.

Usually core samples were used. When they were not available,
samples were cut from the walls of the mineworkings or from surface
outcrops.

Rock samples were shaped into disks with a diamond drill and saw
and their faces were ground parallel with carborundom on an iron plate
for the thermal conductivity measurement.

Assessment of composite thermal conductivity, which the underground
layers display as a heterogeneous mass, from the thermal conductivity
of individual rock samples is a fairly difficult problem. For simple
structure such as that composed of horizontally layered beds, composite
thermal conductivity can be calculated, for example, as a serial combi-
nation of the individulal thermal conductivities. But no better way
was found than applying the average thermal conductivity of all the
samples to the composite one when the underground structures were
more complicated due to intrusion, folding, fault, ete..

1) Method of Measurement.

A divided-bar apparatus similar to Benfield’s (1939) was constructed
to measure thermal conductivities of rock samples. Later, another
apparatus similar to A. Beck’s style (1957) was used to reduce the time
necessary for the measurement. The principle of measurement used by
these instruments has been discussed in detail by Benfield (1939), Beck
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(1957), A.E. Beck and J. M. Beck (1958), and is well known.

A disk-shaped rock specimen is inserted between two vertically
held brass bars, and heat is transmitted by conduction from the upper to
the lower bar through the specimen. In our apparatus a constant
temperature, say 40°C, is maintained at the upper end of the top bar
by an electric heater with a variation of less than 0.1°C, and the base
of the lower bar is held at a constant temperature (say 10°C) by a
water bath with no appreciable temporal fluctuation.

A set of specimens, each with a diameter of 1 inch (the same as
that of the brass bars) of increasing thicknesses (usually 1mm, 4mm,
7mm and 10 mm) are used to determine the thermal conductivity of
each rock.

In the thermally steady state, the thermal gradient in the brass
bars and the temperature difference between the faces of the specimen
are measured. Then thermal conductivity is derived from the equation :

TP, =M+ II?; .3, (1)

R
where

Py: thermal gradient in the brass bars,

T : temperature difference between the faces of the rock
specimen,

K,: thermal conductivity of brass,

Ky: thermal conductivity of rock specimen,

6 : thickness of rock specimen,

M : thermal resistance at the contact interfaces between the
bars and the sample.

(The temperature difference occurring at the interfaces between

the specimen and the bars (described as M- P,) is included in T).

By plotting the measured quantity 7/P, against &, one can get
Ky/K, as a slope, whence K, can be found if K, is known. More than
200 sets of specimens were measured in this manner during the course
of the present study.

Specimens are smeared with vaseline on their contact faces, and
pressure of 30kg/ecm® is applied during measurement on the upper bar
to ensure stable thermal contact across the specimen-brass bar inter-
faces.

Even under these conditions, thermal resistance M shows a variance
as illustrated in Fig. 8, averaging about 15mm with a standard devia-
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tion of 8 mm. In this M=
15 mm, about 9 mm is the sum o
of the distance between the i [
thermojunctions hidden in the ]
bars and the end-faces of ar
the bars. So about 6 mm or

so of the resistance really wk ]
corresponds to the interfacial ]

temperature drops induced in ' 1

the vaseline film. The tem- S R T RS
perature drop amounts to ) Momm

0.4°C when Py is 2°C/30 mm. ' Fig. 8. Histogram of M.

The origin of the scattering of the resistance was discussed by
A.E. Beck and J. M. Beck (1958). They applied the average thermal
resistance to estimate the amount of correction associated with the
determination of the thermal conduectivity when only a single specimen
was used. In our study, there were several instances, from more than
200 series, when we had to apply this method. This was the case
for the friable rocks such as sandstone, shale and schist.

1it) Calibration of the apparatus.

To determine K, specimens of standard snbstances, i.e., fused
silica, ecrystalline quartz, dense flint glass and borosilicate crown glass
with known thermal conductivities, were used. On all of these substances,
A.E. Rateliff of the National Physical Laboratory of England had
determined the thermal conductivities as listed in Table II. Fused silica
and crystalline quartz samples were purchased from the Thermal
Syndicate Co., England, with the assurance that they were the same

Table II. Thermal conductivity of standard substances
for k, calibration.

Density Thermal conductivity
Standard substance (gmjee) | (k in callem sec °C, tin °C) Reference
Fused Silica 2.18 107 = 381600+ 46t —0.16£2 Rateliff
(—150<t<50) (1958)
Crystalline Quartz | 2.64 1/k=60.740.242¢ Rateliff
(0<t<100) (1958)
Dense Flint Glass | 3.54 £=0.00182 at t=20 Rateliff
k=0.00185 at t=30 (1959, private communication)
Borosilicate Crown| 2.45 k=0.00255 at t=20 Rateliff - :
Glass £=0.00259 at t=30 (1959, private communication
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materials as Ratcliff’s. Other specimens, borosilicate crown glass and
dense flint glass, were donated by Dr. Ratecliff for our geothermal
studies in Japan.

Procedures for thermal conductivity measurement were repeated at
various temperatures on each of these standard samples, and the empiri-
cal formula for K, as a function of temperature was determined as
follows :

10°K,=146.4+2.24¢t—0.0166 ¢*, (2)
K, in calfem sec °C,
t in °C.

Every value of K, determined from any of these standard substances
falls within the 5 per cent range of the value calculated by this formula.
So we are justified in concluding that the accuracy of the divided bar
method used is about the same.

w) Some remarks on the measurement and the result.

Here, some attention should be paid to the difference of the thermal
conductivity of rocks in situ and that measured in the laboratory.

We will first consider the effect of temperature. As has already
been discussed in the previous chapter the in situ rock temperature
lies, in most of the locations, on the 30°C or 40°C level and seldom
exceeds 50°C in geothermally normal areas. The temperature of the
rock specimens was maintained at about 25 to 85°C during ordinary
measurements.

According to the work of Birch and Clark (1940), ultrabasic rocks
such as dunite and hypersthenite are most temperature sensitive in
their thermal conductivity, and the rate of decrease in thermal con-
ductivity with the temperature amounts to 10 ¢6 per 50°C in the range
between 0°C and 100°C. According to this rate, 10°C of temperature
variation will cause 2 ¢4 of the variation in thermal conductivity.

For many other rocks common in the earth’s crust, the variation
of thermal conductivity with temperature is not so remarkable as
ultrabasic rocks, so in view of the fact that the accuracy of the measure-
ment itself is 59, any corrections regarding the temperature would be
meaningless.

As for the effect of pressure, Bridgeman (1949) stated in his book
on high pressure physics that “in general the change of thermal con-
ductivity with pressure does not appear to be so large” which statement
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was based on his measurement of thermal conductivity of several rocks
and minerals such as basalt, limestone, tale, pipestone ete.. His results
show that for the harder rocks such as basalt and limestone, the change
of thermal conductivity per 1000 kg/em?® is 0.5 9% or less, while for the
softer substances such as tale and pipestone, it is greater as much as
1.57 and 3.0 %.

If we may assume that the pressure dependence of thermal con-
ductivity of our rocks does not differ much from those obtained by
Bridgeman, it can be safely concluded that the effect of the pressure
is negligible, as the pressure difference we are concerned with (30 kg/
em? in the laboratory and less than 300 kg/em’ in the natural state) is
far less than that of Bridgman’s experiment.

As it is known that the water content of porous sedimentary rocks
has a considerable effect on their thermal conductivity, care must be
taken to maintain the state of the specimen as close as possible to the
natural state during the measurement. To restore the specimen to its
natural state an appropriate amount of water must be added when
specimens of partially dried porous rocks are to be measured.

Since Bullard and Niblett’s work (1951), the effect of the water
content of porous sedimentary rocks on their thermal conductivity has
been noticed and A. E. Beck and J. M. Beck {1958) discussed the problem
in detail. We also investigated the relationship between the thermal
conductivity of sedimentary rock and the water content [Horai and
Uyeda, (1960)]. The point of the argument was that porous sedi-
mentary rock has its maximum thermal conductivity value when it is
saturated with water, and this maximum would not differ much from
the in situ value. As for low porosity sedimentary rocks, the water
saturated state was assumed by soaking the specimen in water, while
the soft sedimentary rocks were treated by the method described in
the previous paper [Horai and Uyeda, (1960)].

v) Summary of the result.

During the course of our heat flow study, thermal conductivity
was measured on 242 rock samples including several different rock
types. Individual thermal conductivity values were tabulated together
with the description of each heat flow station [Uyeda and Horai (1963
a, b) and Horai (1963a, b, c¢)]. In Fig. 9, the resultant measurements
are presented in a diagram in accordance to rock type.

No systematic investigations on the relationship between thermal
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conductivity and the rock type, based on the mineralogy or fabric of
the rocks, were attempted. Only a few remarks from the practical
point of view will be mentioned.

1) The number of rock types listed in Fig. 9 amounts to 36. Of
these, sedimentary and metamorphic rocks are dominant and only a few
voleanie rocks are included. This fact reflects in part the characteristic
geology of Japan, and partly the location of thermal investigation sites.

2) Rocks such as shale, sandstone or schist, in which the classifica-
tion is in part influenced by the mode of genesis (and not by mineralogi-
cal or chemical composition) show a large range of conductivity value,
including most of the values that ordinary rocks provide.

This fact indicates that one cannot foresee conductivity values,
when given only the names of such rocks:

8) In rocks, such as granite, granodiorite, or limestone, the
definitions impose special mineralogical, structural or chemical conditions
and the values of conductivity are, as a matter of course, much more
restricted. In this case one can correlate to some extent the rock type
with representative thermal conduectivity values.

v1) Thermal conductivity of ocean sediments.

To obtain the values of heat flow from the ocean floor, as well as
on the land, it is necessary to measure thermal conductivities of the
ocean sediment, instead of hard rocks. Sediment samples were collected
with the aid of a piston or gravity corer from the ocean bottom where
thermal gradient measurement were made.

As a change of water content in the sediment strongly affects the
thermal conductivity, sediments recovered on board ship were sealed in
plastic barrels and stored for later laboratory measurement.

In our earlier conductivity measurements of deep sea sediments,
the divided-bar method was used. Sediment samples were placed in a
plastic ring and inserted between the bars instead of the rock samples.
As the thermal contact between the bars and the specimen is perfect
owing to the moisture of the sediment specimen, the process of elimi-
nating the interfacial temperature drop was unnecessary.

Since the summer of 1962, the needle-probe method has been used
to measure the thermal conductivities of the sediments. Our apparatus
was constructed by Dr. S. Uyeda during his stay in the Secripps Institu-
tion of Oceanography. The apparatus is quite similar to those developed
by R.P. von Herzen and A.E. Maxwell (1959).
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Table III. Comparison of thermal conductivity of ocean
sediment measured by divided-bar method and
needle-probe method. (Yasui, Horai,

Uyeda and Akamatsu (1962)).

St o oF Vo of the core” ter gontent. Thermal conductiyiy geoq
80— 85 46.6 2.16 D. B.
85— 95 . 2.20 N.P.
39°30'N, .~ 100—105 41.3 2.15 D.B.
143728 105115 2.18 . N.P.
22 August 1962 | 120—125 49.7 2.06 ~ D.B.
L 125135 2.09 | N.P.
| 140-145 45.7 2.22 . D.B.
| 10— 15 66.2 1.87 . D.B.
; 15— 20 1.80 |  N.P.
39°22'N, ' 25— 30 66.3 1.92 | D.B.
150°03'E } 35— 40 1.83  N.P.
16 August 1962 | 40— 45 63.7 2.07 . D.B.
| 55— 60 63.6 2.07 ' D.B.
|

60— 70 1.85 . N.P.

No direct calibration of the needle-probe method was made. Instead,
a series of thermal conductivity measurements were made on the same
sediment samples, collected in August 22, 1962 at 39°30'N, 143°28'E
and in August 16, 1962 at 39°22'N, 150°05’'E by both the needle-probe
method and the divided-bar method and the results compared as shown
in Table III. They are in fair agreement proving the consistency
between the two methods.

C. Probable errors accompanying the heat flow determination

As the terrestrial heat flow is obtained from two separate quantities,
i. e., thermal gradient and thermal conduectivity, the probable error
accompanying the determination of heat flow arises from the ambiguities
of these two quantities. As stated in the previous report [Uyeda and
Horai (1963 a)], they are assessed respectively as the standard deviation
in the least squares method applied to the temperature-depth relation;
and as half the range of the thermal conductivies of rocks which
compose the succession.

The results are contained in the columns of Table IV. As seen
from the table, errors are, in most cases, of the order of a few tenths
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of 1 peallem? sec, amounting to 20 to 80 % of the observed heat flow
value.

II. Terrestrial heat flow measurement in the sea

The instrumentation and methodology of terrestrial heat flow
measurement in the seas around Japan were described by Uyeda, Tomoda,
Horai, Kanamori and Futi (1961) and some of the results of actual
measurements were reported [Uyeda, Horai, Yasui and Akamatsu (1962),
Yasui, Horai, Uyeda and Akamatsu (1963)]. Here we omit detailed
descriptions on this subject, and only refer to the results of these
measurement in the following sections.

Thermal conductivities of the sediment samples collected from the
ocean bottom for the heat flow study in the seas were measured mainly
in our laboratory. This was described in a previous section.

IV. Terrestrial heat flow in Japan

In Tables IV and V, all the heat flow values ever measured in and
around Japan are listed with appropriate references. The number of
heat flow values totals 51 including 839 measurements on land and 12
measurements in the seas.

A histogram of the heat flow values listed in Tables IV and V is
shown in Fig. 10. Heat flow values at Shirane and Toyoha which are
considered to belong to geothermal areas are excluded. In the figure

(][’ .
3

Q (10 %cal/em’sec )

Fig. 10. Histogram of heat flow values in Japan.
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Table IV. Heat flow

iAbbreviated‘ Latitude

Longitude !

. !Temper-
Station name of | i Site* lzid:x.:glug ature
station ~ (N) (E) pth, loggin%
Haboro HB | a4cor 141°52’ | CM 350 1
Shimokawa SMK | 4414 142 41 MM 533 2
|
Konomai KNM ‘ 44 08 143 21 MM 524 1,2
|
Akabira AB | 4332 14202 CM 700 2
Ashibetsu ASB ;43 33 P 142 12 CM 500 1
Tayoha TH | 4254 . 14105 MM 400 2
Yabase YB i 39 44 [ 140 06 OF 1700 1
Innai IN i 3916 i 139 58 OF 1050 1
Osarizawa 0SZ | 40 11 b 140 45 MM 300 1,2
Noda-Tamagawa NDTG ’ 4004 | 141 50 MM 400 2
Kamaishi KI I 3916 f141 42 MM 529 2
i |
Hitachi HT } 3638 14088 | MM 550 2
Katsuta KT {3624 ¢ 140 30 GF 900 1
Kashima KS 35 57 ;140 41 GF 900 1
Mobara MB 35 24 ¢ 140 20 GF 1900 1
Tokyo TU 35 42 © 139 46 0s 385 1
Ashio AO 36 39 139 27 MM 796 2
Kusatsu-Shirane KTSN 36 37 1 138 34 GA 250. 1
Chichibu CB 36 01 ¢ 138 48 MM 401 1
Sasago SG 35 37 - 138 48 RT 479 2
Kamioka KO 36 21 ;13719 MM 720 1,2
Nakatatsu NT 35 52 i 136 35 MM 642 1,2
Kune KN 35 05 i 137 50 MM 560 2
Nako NKO 35 03 i 137 52 MM 640 2
Minenosawa MNS 35 00 137 51 MM 190 1
Tkuno | IKN 35 10 13450 | MM 880 2
Nakaze NZ 35 21 134 57 MM 365 1,2
|
Yanahara YH | 3457 13404 | MM 940 1
Isotake IST ¢33 11 132 26 MM 170 1
Tsumo TSM - % % 132 00 MM 309 1
Kawayama KY ;3415 132 59 MM 517 1
Naka NK . 3415 135 25 MM 640 1
Hidaka HD L3357 135 05 0S 310 1
Kiwa KW 1 3350 135 53 MM 413 1
Besshi BS p 3401 133 09 MM 1600 1
Izuhara IH 34 13 129 14 MM 480 1
Takamatsu TM 33 52 130 43 CM 1000 2
Taio TO © 3307 130 52 MM 560 2
Makimine MM ;3238 131 27 MM 845 2
* MM: Metal mine, CM: Coal mine, OF: Oil field, GF: Gas field, RT: Railway

T 1: in borehole,

2:

in drifts of mines.
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data on land.
Geothermal Thermal Terrestrial
Is?&ziﬁlal gradient, conductivity, heat flow Reference
b °C/100 m 10-3 calfem sec °C | 10~¢ cal/cm? sec
4.54+0.05 4.12 (0.61) 1.87 (0.30) .

L 3.04 5.63 1.71 Horai
3.24+0. 06} (1963c)
2.84+0.12
3.96 6.41 (1.90) 2.54

{4 .10+0.06 {2.63 (0.83)}
3.81+0.09 2.44 (0.80)

2.49+0.04 4.31 (0.72) 1.07 (0.20)

3.08+0.03 4.38 (0.72) 1.35 (0.24)

11.3 ~5 >5

4.80 4.19 2.01 .
4.80 3.11 1.49 Horai

L 3.34+0.09 6.70 (2.91) 2.24 (1963a)

L 1.38+0.11 8.28 (4.81) 1.14 (1.05)

D 0.91 5.66 (2.22) 0.52 (0.81)

[0.66i0.05} {0 .37 (0. 19)}
1.160.07 0.66 (0.31)

L 0.94~1.21 6.73~6.50 0.63~0.78
3.01 3.02 0.91 Uyeda
2.1 3.57 0.76 and |
1.85+0.02 2.94 (0.57) 0.54 (0.11) Horai
2.20 3.3 0.74 (1963a)

L 3.57+0.31 6.25 (0.29) 2.23 (0.31)

24.2 4.48 10.8

L 1.90+0.07 7.06 (1.04) 1.34 (0.25)

D 2.71 7.61 2.06

L 2.77+0.04 6.49 (2.37) 1.80 (0.69)

L 2.90+0.06 6.71 (1.26) 1.95 (0.41)

D 1.97+£0.31 8.14 (1.62) 1.60 (0.62)

D 2.17+0.12 6.65 (1.01) 1.44 (0.31)
2.92+0.15 6.13 (1.05) 1.79 (0.40)

D 1.88+0.09 7.33 (0.39) 1.38 (0.14)

D 3.39 2.21 Uyeda

{3.3510.07} 6.31 (1.66) {2 .11 (0. 61)} andA .
3.43%0.22 6.72 (1.94) 2.30 (0.86) Horai
2.03 5.89 (0.80) 1.20 (1963Db)

{1.92i0.02} {1 .13 (0. 17)}

2.1440.07 1.26 (0.22)
4.03 8.65 (3.75) 3.49

L 1.80+0.05 6.08 (0.76) 1.09 (0.17)
1.49~1.98 5.76~5.94 0.86~1.14
3.04--0.06 5.90 (0.44) 1.79 (0.17)
2.87+0.02 7.40 (0.91) 2.12 (0.28)

L 1.85+0.11 7.06 (1.79) 1.31 (0.43)

L 2.49740.04 4.89 (0.96) 1.22 (0.26)

L 2.93+0.04 7.41 (2.83) 2.17 (0.72) .
3.06+0.14 6.27 (1.59) 1.92 (0.60) Horai

D 1.71 6.16 (1.95) 1.05 (1963b)

L 2.57+0.07 6.95 (1.97) 1.79 (0.57)

tunnel, GA: Geothermal area, OS: Other type of site.
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Table V. Heat flow data at sea.

; . Wt Thgx:mélv Terréstriail R
. . Water Geothermal PR :
Station Latitude ;Longltude depth oradient cor1£1;1ct1v1tyi heﬁt flow | Reference
™ P ® (m) GC100m) 10-3cal/em 4(10 6 cal/)‘
! Hom ( sec °C /. \ em? sec /I
E1l 38°09 | 142°58’ 1710  1.30 2.10 | 0.27 - Jyeda,
E2 3759 | 14358 T35  5.42 2.11 ; 1.14 { Xasui:
i - - kamatsu
E6 3812 : 14755 5631  10.5 1.95 | 2.05 ' (1962)
F20 | 33 | 16139 5605  6.81 2.00¢ | 1.36*
F23 | 3423 14215 © 7490  6.30 2.21 | 1.39 |
F 24 3404 | 14256 . 5110  5.98 o207 124 ;
F 25 3353 | 14526 5770  5.49 1.8 | 0.99 ) Yasui,
Akko7 | 3922 | 150 03 - 5480  17.39 190 | 830 | ol
Akko 8 | 3930 | 14328 2800  4.68-6.24  2.16 | 1.01-1.35 | Akamatsu
MYJ1 | 34382 @ 13946 = 1710  5.74 2.54 | 1.46 | (1963)
Akko 11 2953 13756 = 3960  3.97 2.06 { 0.82 |
Akko 12 3235 | 13806 3970  12.0 242 | 2.8 !

* Heat flow value at F 20 is tentative as no sediment was obtained.

solid columns show the values measured on land and hollow columns
indicate the values in the sea.

The average of 37 heat flow values on land, is 1.55 gcallem?® sec.
As the localities of measurement are distributed rather uniformly
throughout the Japanese Islands, this figure could be regarded as the
average value of heat flow upward through the crust to the surface in
geothermally normal areas in Japan.

Birch (1954) deduced after reviewing the earlier works of geo-
thermal heat flow on land, that the average heat flow on the con-
tinent would be near 1.2 g calfem® sec. Subsequently, some authors such
as Bullard slightly increased the mean heat flow on land to 1.4 gcal/
cm?® sec, taking into consideration the heat flow determinations which
had been presented since Birch’s review.

Bullard and Day (1961) stated in their paper that the average heat
flow on the sea floors of the Pacific and the Atlantic, excluding areas
near the submarine ridges which are considered to be a sort of geother-
mal areas, is 1.0840.054 u cal/em® se¢, based on their own measurements
and the results obtained by Bullard, Maxwell and Revell (1956), and
von Herzen (1959).

Before we started the present geothermal work in Japan we had
expected to observe higher heat flow than the world’s average. Our
reasoning was based on the high seismicity and voleanicity of Japan, as
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a part of the encircling Circum Pacific Orogenetic belt. But it has been
shown that average heat flow values in Japan do not differ much from
the standard values on the continents or the ocean floors.

Nevertheless, heat flow distribution in Japan has unique charac-
teristics as will be described below. The interpretation of these charac-
teristic features may reveal some facts regarding the thermal state of
the crust in an orogenetic region.

Fig. 11 shows the geographic distribution of the measurement sites
and the appropriate heat flow values. Several important features are
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Fig. 11. Heat flow distribution in Japan. Unit: 10-¢ cal/em? sec.
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noted in the figure.

i) There exists a region of high heat flow (>2 pcallem? sec)
on the inner side of the Japan and Kuril arcs and a banch from it
seems to extend along the Fossa Magna towards the Izu-Mariana are.

This zone, shown in Fig. 11 by bold hatching, coincided with the
region where volcanic activity has been prominent since middle Tertiary
as described in Chapter I.

ii) Another notable feature is the existence of a region of low
heat flow (<1 gz caljem® sec) localized in the outer zone of north-eastern
Japan. This region, shown in the figure by cross hatching, covers the
Kitakami and Abukuma land masses and Kanto basin in the west. Its
eastern margin is limited by the trough of the Japan trench, one of
the most remarkable physiographic features in Japan.

iii) In regions other than the two mentioned above, heat flow
values are on the 1 zcaljem® sec level. This area includes the central
part of Hokkaido and a large part of south-western Japan including
central Honshu west of the Fossa Magna.

iv) Another high heat flow region seems to exist in the Pacific
about 500 km off the east coast of north-eastern Japan.

The significance of this distribution will be discussed in the following
chapter.

V. Discussion

As described in the previous chapter, the distribution of heat flow
in and around Japan has distinct characteristics, 7. e.:

i) high heat flow regions on the inner side of the Honshu and
Kuril arcs, and the Fossa Magna.

i) a low heat flow region on the outer zone of northeastern Japan.

ili) an intermediate heat flow region in the rest of the Japan
Islands.

iv) a high heat flow region in the Pacific about 500 km off the
coast of northeastern Japan.

The regional distribution of heat sources and temperature in the
crust, as suggested by these data will now be discussed.

A. Distribution of heat sources

Terrestrial heat flow of 2 gcalfem?® sec is not a large value when
compared to values obtained in regions other than Japan.

S. Clark and Niblett (1956) and S. Clark (1961), have recorded heat
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flow values ranging from 1.8 to 2.2 pcallem® sec in the mountaneous
regions of the Austrian and Swiss Alps. Birch (1950) has also observed
heat flow values of 1.7 pcalfcm?® sec in the Rocky Mountain Range of
North America. But in these cases, as described in the original papers,
deep mountain roots composed of crustal materials are sufficient to
supply the heat sources producing heat flows ranging 1.8 to 2.2 zcal/ecm?
. sec. So, in order to interpret the observed heat flow, one must take
into account the distribution of heat sources and the crustal thicknesses.

Four regions were selected as representative provinces for an exa-
mination of the relationships between observed heat flow at the earth
surface and subsurface distribution of heat sources. They are listed in
Table VI, as A, B, C, D, and represent the following 4 regions respect-

Table VI. Crustal thickness and heat flow value in 4
representative regions in Japan.

Model A B C D
Pacific coast of | Japan Sea coast Central partof
Site northeastern | of northeastern (()J;n}’%ralshupart Chugoku and
Japan Japan on Shikoku
Crustal thickness
C (km) 23 27 39 29
Terrestrial heat flow
Qo (¢ caljem? sec) 0.65 2.20 1.80 1.20
Temperature at 1km
Qo/C (e callem® sec) 0.28 0.81 0.46 0.41

ively: A) Pacific coast of north-eastern Japan (Low heat flow region),
B) Japan Sea coast of north eastern Japan (High heat flow region),
C) Central part of Honshu (Region of moderate heat flow with thiek
crust) and D) Central part of Chugoku and Shikoku (Region of
moderate heat flow with moderate erustal thickness).

In Table VI, the values of heat flow (Q,) and the crustal thicknesses
{C) in the regions A, B, C, D, are cited. Crustal thickness in Japan as
proposed by Aki and Kaminuma (1963) was used in our calculations. In
the 4th column of Table VI, the ratio Q,/C is calculated. This quantity
represents the rate of production of heat per unit volume of the erust
when the observed heat flow is wholely attributable to the steady state
of heat flow produced from sources uniformly distributed within the
crust. The value of Q,/C is 0.28 pucallem?® sec in region A, 0.81 pucal/
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cm?® sec in region B, 0.46 ppcallem?® sec in region C, and 0.41 ppcallem?®
sec in region D.

Heat sources in the earth are usually attributed to the radioactive
decay of elements such as U, Th, K contained in the rocks. In Table
VII, Bullard’s summary of the standard values for the radioactive heat

Table VII. Thermal conductivity, content of radioactive
elements and rate of heat production of
rock (after Bullard).
i Contentof radio-
active element in
rocks (gm/gm)

Rate of heat production | Total rate of
(cal/gm x10~16) i heat produec-
Rock type | ductivity ' tion

i R U Th K : ; cal/cm?
Cealfom sec°C) (J o (Tho (&0 U Th K Total (geqi{iou)

! Termal con-

Granitic { ~0.007 400 1300 3.5 910 80300 2100 | 5500
R
Basaltic i - : :
s ~0.005 6 20 13 140 0 10 38 1100
Ultrabasic .01 0.1 2 0001 0.2 ? 0.1 0.3 1.0
| '

!

production of common rocks is reproduced. As seen in the table, the
radiogenic heat production of granitic or basaltic rocks is far greater
than that of ultrabasics, thus supporting the current concept that a large
part of the heat source within the earth is concentrated in the upper
layers of the earth, especially in the crust. A crust having a composite
structure of granitic and basaltic rocks in any ratio must have a rate
of heat production per wunit volume which ranges between 0.11 to
0.55 ppcallem?® sec.

For example, in the Austrian Alps, as described by S. Clark (1961),
1.85 zcal/cm® sec of heat flow at the surface can be explained by the
underlying crust composed of a layer of granitic rocks, 85%km thick,
with a rate of heat production of 0.5 pucalfem?® sec and a layer of basaltic
rocks, 10%m thick, with a rate of heat production of 0.1 zucallem?® sec.
The average rate of heat production becomes 0.411 ppcal/em?® sec according
to this model. This rate of heat production does not contradict the
current concept of concentration of heat sources in the crust.

Our work in Japan shows that, Q,/C in region B amounts to 0.81
preallem?® sec, which exceeds the imposed upper limit of 0.55 pucalf
cm® sec. This fact indicates that under conditions of steady heat flow
if the whole -crust in region B has a granitic composition, the crust can
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produce only 649 of heat flow observed at the surface of the earth.
In consequence, at least 36 9 of heat flow must be supplied from be-
neath the crust ¢.e. the upper mantle.

There is no reason to believe that the granitic rocks in Japan have
an anomalously higher concentration of radioactive elements. For
example, according to Dr. S. Okada (1961; private communication), the
uranium content of the 266 granitic rock samples collected from several
outerops in Japan does not display any anomalous concentration. His
result indicates a mean concentration of uranium in granitic rock of
6 ppm, with a standard deviation of about 3 ppm. ‘

So, one must assume, the existence of some phenomena in the upper
mantle under the high heat flow regions, which produce the additional
heat. This phenomenon may possibly play an important role in main-
taining this volcanic activity of the region. Further clarification of this
process remains as a future task. But it may be possible to say that
anomalous heat sources in the upper mantle are charactristic of orogenic
regions.

The values for Q,/C in regions C and D are moderate, i.e. 0.41
ppcallem?® sec and 0.46 ppcallem® sec.  This suggests that we are possibly
observing heat flows produced mainly in crustal materials of typical
sialic composition, similar to the stable regions on the continents.

In region A, the value of Q,/C amounts to 0.28 g/t callem® sec, which
does not violate the limitation imposed for a sialic crust. But the value
is considerably less than the values in regions C and D. This fact
may require an ad hoc explanation. Either the crustal concentration of
heat sources is really anomalously small, or there is some mechanism
operating underneath the crust which extracts the heat from the crust.
For the latter, a downward convection current, a chemical process such
as regional metamorphism ete., may be a possibility.

B. Distribution of temperature

Under the condition that the heat flow observed at the surface is
flowing up through the crust by “steady state” conduction, one can
calculate the temperature distributions within the crust. As we know
the heat flow and the temperature near the surface of the crust, we
can derive the temperature at any depth of the crust by integrating
the equation of heat conduction in the steady state down to the desired
depth. To achieve this, it is necessary to make assumptions regarding
the distribution of beat source and thermal conductivity within the
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crust. We assume that the heat sources are distributed uniformly
throughout the crust. Thermal conductivity was assumed to be a
function of temperature as

- 600 - o
K—<300+T(OC) +4) %107 calfem sec°C. (3)

To set this expression, the experimental results of Birch and Clark
(1940) on temperature dependence of thermal conductivities of rocks were
consulted.

To carry out the calculations, the crust was divided into thin
horizontal layers of 2 km thickness, and the temperature was determined
successively by the following formula :

H

Q; ,

T:n=T; t4D— 4Dy, 4
i+ +K.- 2K,-( ) (4)
Qi+1:Qi_H—/]Ds (5)

where

T, : temperature at the upper face of the 4th layer.

@; : heat flowing through the upper face of the ith layer.

K; : thermal conductivity within the ith layer. K, is assumed
to be constant in the 7th layer and is arranged to be K(T))
by the formula (3).

4D : thickness of the layer (=2km).

H : rate of heat production.

For the sake of comparison, temperature distribution is calculated for
the regions A, B, C, D as selected in the previous section. Calculations
were made from a depth of 1km taking the values of T, and Q, as
listed in Table VI downward to the bottom of the crust, the depth of
which is also indicated in the corresponding column in Table VI.

The calculation was made twice for each site, assuming two different
values for H, 4.¢. H, and H,. H, represented the value for the ave-
rage rate of heat production of basaltic rocks, <.e., 0.11 pgcallem?
sec as listed in Table VII, assuming that this is the minimum rate of
heat production of sialic crust. H, was equal to the rate of heat pro-
duction which is obtained in regions A, C, D, if all heat sources were
concentrated in the crust. In region B, H, was made equal to the
average rate of heat production of granitic rocks, 7.e., 0.55 pucal/em?
sec as listed in Table VII, assuming that this rate is the maximum
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heat production rate of sialic crust.
The results of the calculations are shown in Fig. 12. The curves

T uc T T - T T Ll
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Fig. 12. Temperature-depth curves in the crust. Dotted lines are
the phase diagram of basaltic rocks after Yoder and Tilley.

represent the temperature-depth (or pressure) relationships in each site
with the two extreme values of H. As seen from the figure, the tempe-
rature distribution in the crust is ‘markedly different at different sites.
In Table VIII, calculated temperatures at the bottom of the crust are
listed. In site A, the temperature is 150°C and 230°C according to the
two values of H. In site B, the temperature exceeds 800°C at the bottom
of the crust. At site D, the temperature at the bottom of the ecrust
is moderate, 1. e., 3560°C and 600°C as calculated for each value of H.
At site C, the temperature at the bottom of the crust reaches 1300°C
when H,=0.11 ppcal/em® sec is assumed as the rate of heat production.
But this rate is probably too small for the rate of heat production of the
deep mountain root of Central Honshu. When H,=0.55 ppcallem?® sec is
used, the temperature at the bottom of the crust is near 700°C, and this.
may be more closely related to the real crustal tempearture under this
site. If H, is more realistic than H, at sites A and D, the temperature
listed in the second column of Table VIII, will be more accurate.
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Table VIII. Calculated temperature at the bottom of the crust.

) Temperature at the bottom of the crust (°C)

Site " Minimum rate of heat pfoduction Maximum rate of heat production
(Hy). (Hy).

A | 233 147.

B 1146 816

C 1297 716

D 605 346

In Fig. 12, the phase diagram for basalt is reproduced after Yoder
and Tilley (1961). Zones in the figure represent the transition zones
from basalt to eclogite, and from basalt and eclogite to their liquid
phases. It is noted in the figure that, at site B, temperatures at the
bottom of the crust are near the melting zone of basalt. This implies
that if the basaltic materials are in existence at the lower crust or the
upper mantle, thermal conditions there are favorable for them to melt
and form basaltic magma. Some cause, such as a supply of excess heat
coming from the lower part of the mantle, or a release of pressure may
cause the formation of magma. In this case magma is generated under
the state of T=1000°C and P=10 to 15kb. The possibility of magma
formation under such pressures has some bearing on the problem
regarding the origin of two types of basaltic magma [Kushiro (1962)].
In the site such as A or D, temperature at the bottom of the crust is
too low to form basaltic magma in the uppermost layers of the mantle.
These facts seem to be in accordance with the geological characteristics
of each site, 4. e., site B is on the geologically active region as desecri-
bed in the previous chapters, while sites A and D are in the inactive
regions.

Differences of temperatures at the bottom of the ecrust in various
areas in Japan may bring about other consequences. For example, the
magnetic, electric, or mechanical properties of the crust and the upper
mantle can be expected to vary considerably, if the temperature dis-
tribution in the crust is markedly different as shown in Fig. 12.
Experimental studies of these properties on rocks, and the interpretation
of the internal constitution of the crust and the mantle based on the
experiment and the analysis of observations would serve to confirm or
reject the temperature distributions presented here.
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Whether the M discontinuity is a phase transition or a compositional
boundary between different materials is an important and interesting
problem. As shown in Fig. 12, temperatures at the bottom of the
crust coincide, in the sites A, Cand D, to a precision of 2 to 3km,
with the basalt-eclogite transition temperature, if H, is assumed for
the rate of heat production. This is against the phase transition hy-
pothesis, because the assumption adopted here regarding the heat produc-
tion rate in the crust requires a substantial concentration of radioactive
elements into the ecrust. This is hardly compatible with the phase-
boundary hypothesis in which the substances above and below M dis-
continuity is identical in chemical composition.

VI. Conclusion

Based on heat flow measurements at 51 localities in and around
Japan, a general distribution of terrestrial heat flow has been obtained.
The mean terrestrial heat flow value observed for the Japanese Islands is
1.53 pcal/em?® sec. This value does not substantially differ from the ave-
rage heat flow values recorded to date for the continents (1.4 fcallem?
sec). Since the Japanese Islands are one of the most active ares of
the Pacific, with high seismicity and voleanicity, it was first anticipated
that the general heat flow might be much greater than in other areas.
But resultant value failed to support this prejudice.

The heat flow distribution presented in this paper, however, seems
to show some remarkable features which may be characteristic of an
orogenic zone :

i. A region of high heat flow (>2.0 ¢ cal/ecm® sec) along the inner
zone of the Honshu Arec.

ii. This high heat flow region seems to cross the Hoshu Arc at
the Fossa Magna and extends down to the Izu-Mariana Are.

iili. Itis also possible that a similar high heat flow zone exists in

the inner zone of the Kurile Are.
iv. All of these regions of high heat flow precisely coincide with
those of Cenozoic active voleanism and orogeny. The so-called
“Green Tuff Region” corresponds to these regions.

v. Off the coast of north-eastern Japan near 150°E, there seems
to be an area of high heat flow. The extent of this area is
not known yet.

vi. Low heat flow (<1.0 pcal/cm?® sec) prevails in the Pacific coast
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side of north-eastern Japan and in the oceanic area directly
east of it. The eastern margin of the low heat flow region
seems to be limited by the Japan Trench. A low heat flow
region does not exist in south-western Japan.

vii. The area bounded by the above-mentioned high and low heat

flow regions has a mean heat flow value which is normal.

Possible distribution of heat sources and temperatures in the crust,
which are required to bring about the heat flow distribution as observed
on the surface, were examined. The “steady state” solution of the heat
conduction equation suggests that excess heat sources can be expected
beneath high heat flow region. The temperature at the bottom of the
crust should be about 800°C in the high heat flow region, while it is
about 200°C in the low heat flow region. These results depend on the
assumptions regarding the rate of heat production, thermal conductivity
and the crustal thickness adopted in ecaleculation. It seems clear,
however, that even with some extreme values for the parameters men-
tioned above, the difference in the heat sources and temperatures at
the Moho under the high and low heat flow regions cannot be denied.
The high temperature which generally exists under the region of high
heat flow would favor a production of magma in the upper mantle or
lower crust regions. This harmonizes well with the fact that the high
heat flow region is the region of recent voleanism. At the same time,
the low temperature of the Moho on -the eastern side of northeastern
Japan ensures that magma can hardly be generated there.

Further development in the heat flow studies in Japan will con-
tribute to the solution of a number of important geophysical and
geological problems regarding the basic nature of the crust and the
upper mantle, especially of the orogenic zone. The following investi-
gations are scheduled as future tasks for geothermal studies in Japan.

i. To examine the validity of the assumption that the conduec-
tion of heat in the crust is in a steady state.

ii. The determination of the rate of heat production of rocks

forming the crust and the mantle underlying Japan.

iii. Experimental studies of rocks, regarding their thermal proper-

ties under high temperature and pressure.

iv. Continued precise measurements of heat flow in the seas sur-

rounding the Japanese Islands as well as on the land.
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Postscript

This paper was originally written by the present author as a thesis
for the University of Tokyo submitted in December 1962. The original
paper consists of the text and the appendixes. According to the stand-
ing rules of the University, the author presents here the text of his
thesis in a slightly modified form as the 13th paper of our series of
papers on the thermal studies of the earth. The appendixes were
already published in this bulletin as the 8th to 12th papers of the
serles v

- Studies of the terrestrial heat flow in Japan were commenced in
1957 by Dr. S. Uyeda and others under the general direction of Prof.
T. Rikitake of the Earthquake Research Institute of the University of
Tokyo. The present author joined the project in 1958 and the studies
as reported in the volumes of this bulletin and in other journals have
been the author’s joint work with Dr. S. Uyeda and others.

The summary presented here reviews the results of our studies up
to December 1962. Stress was mainly placed on the details of mea-
surement with possible interpretations of the results. Dr. S. Uyeda and
the present author are planning to publish the reviews of their studies
with more extended discussions in the near future.

The author thanks the former Directors of the Earthquake Research
Institute, Dr. Nobuji Nasu and Dr. Ryutaro Takahashi, for their
encouragement. Thanks are also extended to Prof. Tsuneji Rikitake
and Dr. Seiya Uyeda for their kind guidance and cooperation. Prof.
Hitoshi Takeuchi first suggested to the author the need of researches in
this field of geophysics for which suggestion the author is deeply
indebted. - Thanks are due also to Prof. Robert B. Forbes, University of
Alagka, for reading the manusecript and valuable advices.

References

ANDERSON, E. M. (1939) The loss of heat by conduction from the earth’s crust in Britain,
Proc. Roy. Soc. Edinburgh, 60, 192-209.

Ax1, K. and K. KAMINUMA (1963) Crustal Structure in Japan from the Phase Velocity of
Rayleigh Waves. Part 2. Rayleigh Waves from the Aleutian Shock of March 9,

1957, Bull. Earthq. Res. Inst:, 41, 217-241.

BECK, A. (1957) A steady-state method for the rapid measurement of the thermal con-
ductivity of rocks, J. Seci. Instru., 34, 186-189.

BECK, A.E.and J. M. BECK (1958) On the measurement of the thermal conduc'tiw}ities of
rocks by observations on a divided bar-apparatus, Trans. Amer. Geophys. Union.,




130 K. HoraAl

39, 1111-1123.

BENFIELD, A.E. (1939) Terrestrial heat flow in Great Britain, Proc. Roy. Soc. London,
A, 173, 428-450.

BENFIELD, A.E. (1949) The effect of uplift and denudation on underground temperatures,
J. Appl. Phys., 20, 66-70.

BircH, F. and H. CLARK (1940) The thermal conductivity of rocks and its dependence
upon temperature and composition, Amer. J. Sic., 238, 529-558.

BIRCH, F. (1948) The effects of Pleistocene climatic variations upon geothermal gradients,
Amer. J. Sci., 246, 729-760. :

BircH, F. (1950) Flow of heat in the Front Range, Colorado, Bull. Geol. Soc. Amer.,
61, 567-630.

BircH, F. (1954). The present state of geothermal investigations, Geophysics, 19, 645-659.

BRIDGEMAN, P. W. (1949) The Physics of High Presssure, G. Bell and Sons, London.

BuLLARD, E. C. (1947) The time necessary for a borehole to attain temperature equili-
brium, Mon. Not. Roy. Astr. Soc. Geophys. Suppl., 5, 127-130.

BULLARD, E. C. and E. R. NIBLETT (1951) Terrestrial heat flow in England, Mon. Not. Roy.
Astr. Soc. Geophys. Suppl., 6, 222-238.

BULLARD, E.C. (1954) The flow of heat through the floor of the Atlantic Ocean, Proc.
Roy. Soc. London, A, 222, 408-429.

BuLLARD, E.C., A. E. MAXWELL and R. REVELLE (1956) Heat flow through the deep sea
floor, Advan. Geophys., 3, 153-181.

BULLARD, E.C. and A. DAY (1961) The flow of heat through the floor of the Atlantic
Ocean, Geophys. J., 4, 282-292,

CLARK, S.P. and E. R. NIBLETT (1956) Terrestrial heat flow in the Swiss Alps, Mon.
Not. Roy. Astr. Soc. Geophys. Suppl., 7, 176-195.

CLARK, S.P. (1961) Heat flow in the Austrian Alps, Geophys. J., 6, 55-63.

Horaz, K. (1959) Studies of the thermal state of the earth. The third paper: Terrestrial
heat flow at Hitachi, Ibaraki Prefecture, Japan, Bull. Earthq. Res. Inst., 37,
571-592.

Horal, K. and S. UYEDA (1960) Studies of the thermal state of the earth. The fifth
paper: Relation between thermal conductivity of sedimentary rocks and water
content, Bull. Earthq. Res. Inst., 38, 199-206.

Horal, K. (1963a) Studies of the thermal state of the earth. The 10th paper: Terres-
trial heat flow measurements in Tohoku District, Japan, Bull. Earthq. Res. Inst.,
41, 137-147.

Horar K. (1963b) Studies of the thermal state of the earth. The 11th paper: Ter-
restrial heat flow measurements in Kyushu District, Japan, Bull. Earthq. Res.
Inst., 41, 149-165.

Horal K. (1963c) Studies of the thermal state of the earth. The 12th paper: Ter-
restrial heat flow measurements in Hokkaido Distriet, Japan, Bull. Earthq. Res.
Inst., 41, 167-184.

KusHiro, I. (1962) Formation of magma (in Japanese), Kagaku (Natural Science), 32,
514-519.

JAEGER, J.C. (1961) The effect of the drilling fluid on temperatures measured in bore-
holes, J. Geophys. Res., 66, 563-569.

LEE, W.H. K. (1963) Heat flow data analysis, Rev. Geophys., 1, 449-479.

LEE, W.H.K. and G. J. F. MAacDONALD (1963) The global variation of terrestrial heat
flow, J. Geophys. Res., 68, 6481-6492,




Studies of the Thermal State of the Earth 131

MISENER, A.D. (1949) Temperature gradients in the Canadian shield, Can. Mining Met.
Bull., 52, 125-132.

MISENER, A.D., L.G.D. THOMPSON and R.J. UFFEN (1951) Terrestrial heat flow in
Ontario and Quebec, Trans. Amer. Geophys. Union, 23, 729-738.

RarcLirr, E. H. (1958) Thermal conductivities of fused and crystalline quartz, British
J. Appl. Phys., 10, 22-25.

UYEDA, S. and K. HORAI (1960) Studies of the thermal state of the earth. The sixth
paper: Terrestrial heat flow at Innai Oil Field, Akita Prefecture, and at three
localities in Kanto District, Japan, Bull. Earthq. Res. Inst., 38, 421-436.

UYEDA, S. and K. HORAI (1963a) Studies of the thermal state of the earth. The eighth
paper: Terrestrial heat flow measurements in Kanto and Chubu Districts, Japan,
Bull. Earthq. Res. Inst., 41, 83-107.

UYEDA, S. and K. HORAI (1963b) Studies of the thermal state of the earth. The ninth
paper: Terrestrial heat flow measurements in Kinki, Chugoku aed Shikoku
Districts Japan, Bull. Earthq. Res. Inst., 41, 109-185.

UYEDA, S., K. HORAL, M. YASUI and H. AKAMATSU (19622a) - Heat flow measurements
over the Japan trench, J. Geophys. Res., 67, 1186-1188.

UYEDA, S., K. Horar, M. YASUI and H. AKAMATSU (1962b) Heat flow measurements
over the Japan trench during the JEDS 4, Oceanog. Mag., 13, 185-189.

UvEDA, S., Y. Tomopa, K. HOral, H. KANAMORI and H. FUTI (1961) Studies of the
thermal state of the earth. The seventh paper: A sea bottom thermogradmeter,
Bull. Earthq. Res, Inst., 39, 115-131.

UYEDA, S., T. YUKUTAKE and 1. TANAOKA (1958) Studies of the thermal state of the
earth. The first paper: Preliminary report of terrestrial heat flow in Japan.
Bull. Earthq. Res. Inst., 36, 251-273. '

Yasur, M., K., Horal, S. UYEDA and H. AKAMATSU (1963) Heat flow measurement in the
Western Pacific during the JEDS 5 and other cruises in 1962 aboard M/s Ryofu-
Maru, Oceanog. Mag., 14, 147-156.

YopER, H.S. and C. E. TILLEY (1962) Origin of basalt magmas: An experimental study
of natural and synthetic rock systems, J. Petrology, 3, 342-532.

VoN HERZEN, R. (1959) Heat flow values from the South-Eastern Pacific, Nature, 183,
882-883.

Von HERZEN, R. and A.E. MAXWELL (1959) The measurement of thermal conductivity
of deep sea sediments by a needle probe method, J. Geophys. Res., 64, 1557-1563.




132 Studies of the Thermal State of the Earth

5. bERE 139 HAGIE 25 D {3 AT
(1962 4 12 123517 3 JERETOELY)

FIAS IR TR X0 T 1957 42BI32f7iado it T & i #
1z, BARAMO 39 S Timbivi, oK a e B Lf/ﬁf"ﬂl_(iz’;
12 A TOREERRS D,

EETiTin et 89 DTN Y B, 26 134T
TR, b 3 I FOMLD YD SITEE]
THEHIMR L BFOBEHEOT L L-ORSE

CIMERETEE LT HBEMN K- y;:s I UEIOERRAD R -V v 7 E Rl WCAT
7‘,\/),, PEDS IS XIT—SI TN 54 100m 75-* 1000m T34, IS A TRE

hubmyx, TSR FE SO ERIZIN U TIRIESHE &E@‘“fmua, i TRz B R

%1962 £ 12 B ET
LRI J:ovC, (L‘.{}t/dui)

43, 213E, IR A, 1138k
FLEFIA L3 0THD, MG

CABEIRTFIZ D TWAEG e RS S &0, T X B o & KO
EENROMIZ I 0T EbEINDL0Taikmbre ! B o TREE 8T I EiT, #t
iz THiER (GEREEHD BISARTiE 0.5°C/100m~5. 0°C/100m DRI S 3.

ERAEH 1% d1v1ded bar method |7 X0 T L, ZOHEIIHEIETHSDT,
FOEIER S #4157 (erystalline quartz }@fL) Iz o T ot AT
Ferri )LL/ AR M‘i 242 5, 36 XTI DTy B, 2 K*'C‘iu"}iﬁl*’%ﬁ@ﬂ‘{a
i’ I’D'Cn;y L, *IVDI_H:?ZJ\ PAreion Ll EROMCHIEN, L OSMHRLHEEIT LoD

cDIEETR LTS,

W (i %61 J—Fi—'f” i*.fmffii’ﬁii’s“o LI OBIUVHEA
AP D ZURTR ) B HI T O 24 3
IZHIEFO 20 ThE 30 % % 5D, :

HZFG35 X O D20 $i i <, Hﬁ?&)",@mfif’ﬁmﬁz‘f@ — 0y A A
BH iz, Ty, 1) BERT L RS Y THELE ST O ’(E}Ofi&ﬁ*"
WD A EZ s (>2 peal/em? see) # bEiA‘IC’) SEE Iz MR B PIIE D N E
(<1/1cal/cm2 sec) MRS 5 &, BOKEGHERSRS A D L

. iv) Rz f’!huﬂﬂ)iu*?ili * 1~2 peal/em2sec DOHEPFHIZH B &, I
:}6, FURYIZ S AHIRIZE T 2 R O D L O FRWAMFEII TR EOTIgE, B RIS W
Tix 1.54 pcal/em? sec, DL DIzouT 1.48 peal/em?see T D,

Fizska s i iy B O RIMEINIZ X0 TR 2hb ehé%@&fﬁﬂ_“ﬁ”oe‘:
T OERERS XUt i TEMTED, HEROGE EMRTISR & Y
IZE LTI 5 L, :;’éi' EIDTETEN ij?cﬂé&ﬂﬁk, Moho
FFBTIZ 330 BIEE S (KA ') LEETR TS e ATHEeLRS, &
BRDER A2 5 & FES L., 2 ; ISEORRE A ELETROT, b
DHEAMZHTH D E D hE i :




