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Abstract

Terrestrial heat flow has been measured at 116 stations in the
Japan Sea area. Except the western-most part, the whole of the
Japan Sea has been covered by these measurements. Major features
of heat flow in the Japan Sea are as follows: (1) The heat flow
values are anomalously high throughout the area, the average value
being 2.17+0.40(s.d.) < 107¢ cal/cm? sec. The mean of the 1°x1° grid
averages is 2.24x107¢ cal/cm?®sec; (2) A weak positive correlation
seems to exist between the heat flow and the water depth. Heat flow
is higher in the northern deep basin, which has a typically oceanic
deep basin, than in the southern part with a continental crust.

Introduction

Terrestrial heat flow measurement in the Japan Sea area was started
in May, 1964, and the result of the measurements made in 1964 was
- reported in a previous paper (Yasui and Watanabe, 1965)."

In 1965 additional 97 measurements were achieved in the same area
on R/V Seiffi-Maru also under a joint project of the Maizuru Marine
Observatory and the Earthquake Research Institute as a part of the
US-Japan Cooperative Science Program and the Upper Mantle Project of
Japan.

These measurements were made in two main cruises in May-June
and August-September, 1965. In the former cruise, detailed survey of

1) M. Yasul and T. WATANABE, Bull. Earthq. Res. Inst., 43 (1965), 549-563.
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the heat flow, bottom topography and geomagnetic total force in the
area of Yamato bank and Kitayamato bank was intended. The latter
cruise was aimed to cover the northern part of the Japan Sea with heat
flow stations along with the ordinary routine hydrographic works of the
Maizuru Marine Observatory.

In the present paper the general result of these heat flow measure-
ments will be reported. Reliability and quality of all the data, including
those which were reported previously, will be examined.

Measurement

Throughout all the measurements Tokyo University type sea bottom
thermogradmeters”? were used. Thermal gradient is measured at two
intervals, giving two values of the gradients. Agreement of these two
gradients served as a measure of the quality of the data. Thermal
conductivity of sediment was determined with the needle probe method.®

The accuracy of determining the effective thermal conduectivity is
within 10 to 15% depending on the nonuniformity of the sediment.

Before 1964, there was no heat flow measurement in the Japan Sea
area, except one land measurement at Izuhara in Tsushima Island, the
value of which is 2.17x10-° cal/cm® sec (Horai, 1963).

Since 1964, measurements have been made mainly in four principal
cruises. In this paper these cruises are called the 1st, 2nd, 3rd and
4th cruise respectively. The ship’s tracks of these cruises are shown in
Fig. 1.

In the following, some descriptions of the quality of the data will
be made and their reliability assessed. The data are summarized in
Tables 1, 2 and 3. For the stations of which no mention is made in the
text, the heat flow data may be considered as good.

The 1st cruise Moy-June 1964.

Though eight stations were taken during the first cruise, results
obtained at the first four stations, Ako-M1 to Ako-M4, were not of high
accuracy. This was due to the fact that the 2 Kohm carbon resistors,®
which were tentatively inserted in the bridge arms in series to the
thermistors to keep the oscillator circuit of the bridge under a stable

2) S. UYEDA et al., Bull. Earthq. Res. Inst., 39 (1961), 115-131.
3) M. Yasur et al., Oceanog. Mag., 14 (1963), 147-156.

4) K. HOrAI, Bull. FEarthq. Res. Inst., 41 (1963), 149-165.

5) M. YASUI and T. WATANARBE, loc. cit., 1).
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Fig. 1. Ship’s tracks of the four principal cruises.

condition, lowered the overall sensitivity of the instrument. The error
of the measurement in these cases becomes too large to be corrected.
Therefore, these four values should be used only for reference. (In this
paper heat flow values, of which probable error is estimated to be in
excess of 0.35x10~°cal/ecm®sec are indicated as “only for reference”).
At the latter stations, i.e. Ako-M5 to Ako-M8, 77.5 ohm carbon resistors
were put in parallel to the endless helical potentiometers to recover the
sensitivity.

The 2nd cruise. August-September, 1964,

After the first cruise, simple improvements were made upon the
oscillator circuit of the recorder so as to increase the stability against
the change of the load resistance of the thermistors. The improved
circuit is shown in Fig. 2.

At station Saiko-3, the record for the 1.0m thermistor separation
could not be obtained because of a miscontact of a trimmer potentiometer
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Fig. 2. Circuit diagram of the improved sea bottom thermogradmeter.

with which the bridge thermistor resistance is adjusted. However this
record was regarded as useful because the record from the 1.5m therm-
istor separation was good. At station Saiko-5, the 1.0 m record was not
obtained and the 1.5 m record was not valid. It had once gone off scale,
although it returned in later, the time of recording not being long enough
to make a reliable data reduction. So, it would be proper to regard
this record as only for reference. At station Makko-3 and Makko-10,
amounts of bottom sediment were not enough to determine the effective
thermal conductivity, so that the thermal conductivities for these stations
were assumed to be the same as that of station Saiko-5. The nature of
the sediment core at station Saiko-5 (fine greenish silt) appeared to be
the most similar to that at Stations Makko-3 and Makko-10. Makko-19
is a station of partial penetration. At Makko-21, the record indicated
disturbances probably due to partial pull-outs caused by not paying
out enough wire. Both wvalues should be only for reference. Pre-
liminary report on these cruises has already been made by Yasui and
Watanabe.®

The 3rd cruise. May-June, 1965.
This eruise was a part of a project that intended to make a general

6) M. YAsuI and T. WATANABE, loc. cit., 1).
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geophysical survey in the Yamato-bank and Kitayamato-bank area in the
central to southern Japan Sea. Terrestrial heat flow was measured at
56 localities.

The cruise was made over three legs; the 1st leg was for the
magnetic and topographic survey: the 2nd leg mainly for the heat flow
measurement ; and the 3rd leg for the heat flow and general hydrographic
work.

The 2nd leg of the 3rd cruise.

As shown in Table 2, 47 measurements were made. Station intervals
along the three tracks parallel to the axis of the banks were approxi-
mately 10 miles and for saving time core sampling for the thermal con-
ductivity measurement was made at every 30 miles. Accordingly, the
thermal conductivity at stations without coring was estimated by the
interpolation of the measured values at the nearby stations. These
values are shown in Table 2 without any deseription in the column of
the expected error of the conductivity.

At stations 65-01 and 65-02, neither the 1.0 m record nor full penet-
ration was attained, So, the records are regarded as “only for reference.”
On the other hand, the record is considered to be good for station 65-03
because the 1.0m record is reliable.

Stations 65-35, 65-41 and 65-44 are only for reference because of
partial penetration less than 1.0 m.

/e
Tost. Ao Dok 9

Sk 6¥-97,

Fig. 3. Record at station 65-09. Thermal gradients are
2.33 and 2.23x10 #°C/em. Scale in 1/2,

At slation 65-09, an extremely high heat flow value of 4.5<10"
cal/em® sec was obtained. The record at this station is shown in Fig. 3.

The 8rd leg of the 3vd cruise.
Nine stations were taken as shown in Table 2. Station 65-54 is only
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for reference because of a miscontact in the trimmer potentiometer and
the partial penetration less than 1.0m.

During the 3rd cruise extremely high heat flow values, such as 4.56,
3.02, 3.46, 3.06, 3.02 and 3.02, were observed at stations 65-08, 65-11,
65-14, 64-32, 65-34 and 65-35 respectively. It may be noted that such
high values are observed only in the area of Yamato bank and Kitayamato
bank. These high heat flow values show very localized distribution as
will be shown in Fig. 5 later.

The 4th cruise. ‘

Heat flow was measured at 44 localities in this cruise along with
the ordinary routine hydrograghic work of the Maizuru Marine Observa-
tory, the result of the measurements being shown in Table 3.

At stations 65-59 and 65-92, penetrations were less than 1.0 m, so the
values are good only for reference. At station 65-70, the 1.5m record
was not obtained on account of a break of the connector of the thermistor
bridge, but the record is useful since the 1.0 m record is good.

Since the instrument which has been used throughout these measure-
ments recorded two thermal gradients at the two different intervals, the
agreement of the two values could be taken as a kind of criterion of relia-
bility. In the Japan Sea the authors made 133 measurements of thermal
gradients and obtained 116 good values. Among these 116 values 100
records were perfect in the sense that both of the two thermal gradients
were obtained. The agreement of these two values are good to within
2.5% for 28 stations, within 5% for 70 stations, within 10% for 95
stations and within 15% for all 100 stations.

As for the reproducibility, there are few but the following support-
ing pieces of evidence. At station 65-88, thermal gradient was recorded
twice within a 30 minutes interval. The procedure was as follows:
During the operation of the measurement the condition of the sea was
so rough that the first bottom contact was not detectable, so after a
lapse of the ordinary recording time, the second trial was made; the
probe was brought up to about 200 m above the bottom and then brought
down into the bottom again. During this operation, no sign of pull-out
of the probe from the bottom was felt on the tension gauge. Moreover,
the probe was straight when it came up on board. So, it is quite likely
that both penetrations were made in an ideal condition. The agreement
of these records is satisfactory as is clearly seen in Fig. 4.

Another example of the reproducibility was obtained at station 65-51
and station 65-60. These two stations were taken at the same location
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Fig. 4. Record at station 65-88. Average value of the thermal
gradients is 1.36x10%°C/em. Scale in 1/2.
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Fig. 5. Heat flow distribution and bottom topography in the Japan Sea., Contour

map is drawn after Chart No. 6301, Hydrographic Office. Land values are drawn after
Uyeda and Hérai, 1965, Unit of heat flow is 10-¢cal/em? see.
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within two months’ interval. The identity of the ship’s position was,
of course, subject to the customary errors of navigation. The obtained
heat-flow values are 2.02 and 2.07 in 10~ cal/cm® sec respectively. It might
be added that the instrument which was used for station 65-51 was lost
after the measurement and a different instrument was used for station
65-60.

These two examples will strengthen the validity of the reproduci-
bility of the measurement,

All the values of the measurements and bottom topography are shown
in Fig. 5. Large open circles show the values with the best accuracy
(error less than 10%) small open circles show good records without
measurement (error less than 20%), small closed circles show stations
which are good only for reference. Thick dotted lines are the roughly
contoured equal heat flow lines and thin lines are the equal depth lines
contoured at every 500 m.

Discussion

As is clearly seen in Fig. 5, the most characteristic feature of the
heat flow in the Japan Sea area is its high values distributed almost all
over the area. The average of all the 116 good values is 2.174+0.40 %
10~* cal/em® sec. The histogram of these values, in Fig. 6, shows a highly
condensed high heat flow distribution. Fig. 7 is the map of 1°x1° grid

~— The Japan Sea
—— World Continental

------- World Oceanlc

Freqency

Qin 107%al £m2sec
Fig. 6. Histogram of heat flow values in the Japan Sea.

Compared world continental and oceanic histograms are drawn
after Lee and Uyeda, 1965.
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Fig. 7. Number and arithmetic mean value of heat flow data in 1°x1° grid.

averages of the heat flow values. The numbers written under the average
heat-flow values are the number of stations in each grid. Thin lines
show equal depth lines contoured in every 500 m. The mean of these
grid averages is 2.24 x107° cal/cm® sec.

The chart of the grid averages indicates another feature also: a
weak positive correlation between heat flow values and the water depth.
In the shallower part of the Japan Sea, Yamato bank and Kitayamato
bank area, there exist rather depressed grid average values, 1.67, 1.96,
1.92 and so on. The extremely high values found occasionally in the
bank area have been eliminated through averaging. As pointed out
already, these extremely high values are localized. On the other hand,
in the deeper part, almost all the grid average values are higher, say
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2,65, 2.75, 2.54, 2,66 and so on.

Qin10"%al/cm? sec
3.0

1515

The average heat flow values in the
area deeper than 3,500 m is 2.46, while in the area where the water
depth is between 2,000 m and 3,500 m it is 2.22 and in the area shallower
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Fig. 8. Profile of the heat flow values and bottom topography along the lines
A-A', B-B’, C-C’ and D-D’. Open cireles in the topographic chart show the position
of banks. Thin lines are equal depth lines contoured in every 1000 m.
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Fig. 9. Correlation between heat flow values and the water depth.

than 2,000 m it is 1.96 x10~°cal/cm®sec. The same trend is also shown
in Fig. 8 and Fig. 9. Fig. 8 shows the profile of the heat-flow values
and bottom topography along the lines, A-A4’, B-B’, C-C’" and D-D'.
Fig. 9 shows the correlation between the heat flow values and the water
depth.

There are some dredge haul stations taken on the banks in the Japan
Sea and specimens of igneous rocks indicated some late Mesozoic voleanic
activity in these areas as was described in the former paper (Yasui and
Watanabe, 1965).” Especially in the Yamato bank and Oki bank areas
a large amount of welded tuff accompanied by rhyolite shows that these
areas were once land (Sato and Ono, 19683).%

These volcanic activities are supported by the heat-flow data. In
Fig. 4, values higher than 3.0 are restricted within the area of Yamato
bank and Kitayamato bank and they are highly localized. Both of the
highest values of 4.56 and 3.46 are accompanied with no other extremely
high values even though the authors made a rather detailed survey
around the stations. On land, an area with such a high heat-flow value
is generally a geothermal or volcanically active area.

On the contrary, the general pattern and the grid averages of these

7) M. Yasul and T. WATANABE, loc. cit., 1).
8) T. Satd and K. ONo, J. Geol. Soc. Japan, 70 (1963), 434-445.
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bank areas show that they have a rather depressed heat flow, while in
the deeper part of the Japan Sea, the heat flow is higher. The bottom
topography of the deeper basin is extremely flat and there appears no
sign of voleanic activity.

According to the recent studies of explosion seismology in the Japan
Sea, the crustal structure of the Japan Sea is continental in the bank
area and oceanic in the deeper area (Murauchi et al., 1966). Schematic
profile of the crustal structure is shown in Fig. 10. According to the

YAMATO BANK -
SIKHOTA ALIN. HonsHu PACIFIC OCEAN

T 200 400 600 800 toco 1200 1400 km
Fig. 10. Schematic profile of the crustal structure across Yamato bank, after
Murauchi, 1966.

result of studies of radioactive heat sources contained in rocks, the con-
tinental crust would produce more heat than the oceanic crust, so that
the observed heat flow should be higher in the bank area than in the
deeper part, provided that the mantle is uniform. This simple idea has
been found not to be the case on a worldwide basis, heat flow being
found equal over the land and sea. Now, in the Japan Sea area the
situgtion seems to be even more peculiar: i.e., the observed heat flow
values are lower in the bank area, where they should be higher, and
are higher in the deeper part, where they should be lower.

It may be said that the generally high heat flow values observed in
the Japan Sea and their peculiar distribution are difficult to explain
unless some special ad hoc hypothetical process is assumed underneath
the crust of the Japan Sea area. Igneous activity hidden in the mantle
may be one of the possible processes, but we would leave the discussion
about the processes to another paper.
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