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1. Intreduction.

In his previous paper,” the writer described the magnetic properties -
of voleanic rocks ejected from a few of the volcances in Japan, dealing
especially with their magnetization curve, initial susceptibility, natural
remanent magnetism, and thermo-remanent magnetism. There is, how-
ever, another fundamental property of the rock’s magnetism which it
is necessary to examine before we can analyze the magnetic constitution
of igneous rocks and ascertain its possible relation to local geomagnetic
changes. This is the change in susceptibility of rock with temperature
variation, especially in a weak magnetic field.

In the writer’s opinion, the remarkable magnetization of natural
effusive rocks is in most cases due to the presence of permanent magne-
tization, which is usually called ¢ natural remanent magnetization.”
The intensity of this permanent magnetization is generally larger, rela-
tively speaking, than that of magnetization induced by the geomagnetic
field. Sometimes, the former is so large that, compared with it, the
latter is negligible. Hence, so long as we are concerned only with the
magnetization of effusive rocks from the standpoint of its relation to
a conspicuous geomagnetic anomaly, the intensity of magnetization di-
rectly induced by the present geomagnetic field seems to be less important
than that of the permanent component.

It has been proved,” on the other hand, that the natural remanent
magnetization is chiefly due to the residual permanent magnetization
that is produced during cooling in the geomagnetic field, the mode of
its causation being given by
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> -> t':
Jti,n(t)=H'S P(t)dt (ti>1). ’ (1)
: .

Eq. (1) gives the thermo-remanent magnetization caused during cooling
from %; to ¢ in a constant magnetic field of H, while P(t) in the equa-
tion is its characteristic function of temperature, the form of which
depends on the characteristics of the particular rock specimen. It is
believed, however, that the form of P(t) is closely related to or sub-
ject to the mode of change in magnetic susceptibility with temperature.
Putting aside this close relation of form P(t) to thermo-remanent. .
magnetism, the mode of change in magnetic susceptibility with tempera-
ture also seems to show a fundamental characteristic of the magnetic
property of rock, since the Curie-point temperature of a rock is directly
_related to the physical mechanism of causation of its magnetism.

The reason for the necessity of studying the thermal change in
magnetic susceptibility of rocks will now be clear. A number of illu-
minating papers on the problem stated here have already been published
by R. Chevallier,® and others.® Of these, Chevallier’s work gives a.
fairly clear relation between the Curie-point temperature and the cons-
titution of the rock, although his experiments were made by means of
the magnetometric method in a rather strong magnetic field (about 150
Oersteds), which greatly exceeds the intensity of our geomagnetic field.
Here, we shall study the mode of thermal change of magnetic suscep-
tibility of various kinds of rock, especially in a weak magnetic field.
Moreover, the writer’s experiments were conducted under the conception
that the total apparent magnetization of a rock specimen thermally
agitated in a magnetic field is given by linear addition of the thermo-
remanent magnetization to the induced magnetization, that is,

Tty =H-7(t) +Jt.u(t), : (2)

where 7(f) denotes the magnetic susceptibility at temperature ¢. That.
relation (2) holds at ordinary room temperature was experimentally
proved, while the contingency that it holds at any temperature was also-
examined by means of the magnetometric method, the result of the
examination showing that it holds, at any rate, approximately.”

Hence, in the present study, the induced magnetization I-:I -y (t),

3) R. CHEVALLIER et J. PiERE, Ann. de Phys., 18 (1932), 383.
4) Y. Kato, Rep. Col. Sci. Téhokw Imp. Univ., 27 (1938), 91.
5) T. NAGATA, loc. cit.
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from which the susceptibility is derived, is rigidly separated from the

permanent componet jt,.,,,(t), which depends on the history of the
temperature change in the specimen in a magnetic field. Under these
conditions, several typical specimens of Japanese volcanic rocks were
examined. The method used and the results of the experiment will
now be discussed.

2. Measuring Apparatus.

Since the intensity of thermo-remanent magnetization is usally larger
than the induced magnetism in a weak magnetic field, it is difficult to
determine accurately the intensity of the induced part alone by means of
the usual magnetometric method, in which only the intensity of total
magnetization is observable. This is because the induced magnetization,
which is to be given as the residual after subtracting the permanent

component from the observed total magnetization, so far as eq. (2) holds,
is usually accompanied by large errors.

Hence, for the measuring apparatus in the present study we adopt-
ed the ballistic method, in which we measured the e.m. f. due to the
electro-magnetic induction between two coils containing a rock specimen
as a core. Since the magnetic susceptibility of rocks is usually small,
(less than 3 x10-* in its specific value), several technical improvements
were required in order to be able to determine the magnitude of sus-
ceptibility in a weak magnetic field with an error smaller than a few
percent. The principle and details of the measuring apparatus now
follow.

(i) General electric circuit.

The general electric circuit in the ballistic method is shown in Fig.
1, where M,, M,, and M,; denote mutual inductance. In the axis line
of "‘M;, which consists of two circular coils, the rock specimen to be
examined is set as a core, while the compensating coils M, is exactly
the same as M, in their forms. M, is the mutual inductance for cali-
brating sensitivity. The ballistic galvanometer G assumes its critical-
damping condition with the aid of resistances 7, and 7,. In measuring,
the electric current I in the primary circuit is turned to —-I with the
aid of a mercury switch C, when the induced charge @ in the secondery
circuit is
Q=2k(MIp:—M,lp), (3)

where k% is a constant value depending on the characteristics of the




582 T. NAGATA. [Vol. XIX,

ballistic galvanometer and the resistance in the secondery electric circuit,
while z and g, are permeabilities in M, and M, respectively, that is,

p=1+4=CS=/A, py=1, (4)

where % and S denote the magnetic susceptibility of the rock specimen
inserted in M, and the area of its cross section respectively, while a
constant, C, results from the condition that the rock specimen having
# had not sufficient length; that is, CSk/A gives the effective suscepti-
bility of the whole space inside the secondary coil M,;. If M, is suitably
adjusted to equal M,, we get from egs, (1) and (2),

Q=8=kM,ICSk/A. (5)

Fig. 1. Electric circuit in the apparatus for measuring susceptlblhty
at high temperature.
My, Ms, mutual inductances,
M;, mutual inductance for sensitivity test,
s, specimen,
f, non-inductive electric furnace.

Since the deflection of the ballistic galvanometer 0 is proportional
to @, that is, Q@=cl, we get.
’ 0=Krl, (6)
where K=_8xkM,CS/Ac.

While, on the other hand, the 1nten51ty of magnetic field H, pro-
duced by the primary coil of M, and M,, is proportional to I, i.e.

8 N
——:aI =J'I, we finally get
575 R y g
0 0
"=K1 T KH’ (")

where K’'=8zkM,CS/Ack.
Thus magnetic susceptibility &, corresponding to magnetic field H,
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-can be determined by the observable quantities 6 and I, and by the
given constants K and C.

(ii). The M, and M, coils.

The primary coil of mutual indugtance M, is a Helmholtz’s coil of
-85 cm radius and 150 turns of wire, the intensity of magnetic field at
“the centre of the coil being 8:85 Oe./amp. corresponding to unit elec-
tric current through the coil. The magnetic field inside the co-axial
-cylindrical space, 25 cm long and 20 cm in diameter (410 cm along the
-the axis lire and 10 cm in radial direction from the centre of the coil),
is uniform with an error of less than 0'1 percent —an error sufficiently
-small for the present purpose of measurement. The secondary coil of
-M;, which is a cylindrical solenoid, set coaxially with Helmholtz’s coil,
is 9'0cm long and 6'7Tcm in diameter, fine wire being wound on the
--outside of a double pyrex glass tube. The total number of turns and
the electrie resistance of the secondary coil are about 43000 and 45 K@
‘respectively. Through the gap between.the outer and inner glass tubes,
water was always made to flow in order to absorb the heat from the
furnace, as also to maintain the secondery solenoid at constant ordinary
:room temperature (10°C in winter and 25°C in summer).

As already mentioned, the primary and secondery coils of M, were
-constructed exactly like those of M;. Since the turns of the secondery
-solenoid of M,, however, can be varied
from 40000 to 46000 with every two turns
-with the aid of four lever switches, mutu-
.al inductance M, can be equalized to M,
“with an error of only 2/43000~5x 10, 7o Manometer H o Pump
These two coil system M, andaM2 were :ch
-set perpendicular to and 15 m apart from
-each other.

Thrmo Junction

-(iii). The rock specimen and the heater.

The rock specimen to be examined-
was pulverized into small grains of 0-1mm,
-mean diameter, and poured into a tube of
fuzed silica, 1:62 ¢m in its inner diameter To A.C. Source
‘and 100 ¢m long. The temperature at the Fig. 9. Non-magnetic and non-
-centre of the specimen was determined by inductive vacuum furnace in
means of a P¢~Pt+ Rh thermo-junction, the apparatus.
which was shielded in a thin silica tube, as shown in Fig. 2. A vacuum
-electric furnace was also made with a fuzed silica tube and platinum

Ill“IHIIIIIHIHIIIHIHI|H|
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wire, which last was wound non-inductively on the silica tube, while
the air in the furnace was pumped out with the aid of a rotary pump,
the air pressure being always kept at few mm of mercury. The:
furnace was held in the secondery coil, the gap between them being-
filled with pure asbestos. Needless to say, the materials inserted in
the secondary coil of M; were almost non-magnetic (#<<107°). The:
rotary pump was placed more than 2:-5m away from the coil systems.
M, and M, in order to avoid heterogeneity of and variations in the
magnetic field in M, and M, dué to the pump and the electric motor.
The axes of the specimen, furnace, and secondary coil were set coaxial-
ly with that of the Helmholtz’s coil, the magnetic field produced by
which was sufficiently uniform in that space occupied by the secondary
coil as well as by the specimen. -

It may be worth noting here that all the parts mentioned above-
were sufficiently isolated, electrically, and that every part was shielded
perfectly from the other by means of plates of conducters connected to-
earth. ’

(iv). Sensitivity and its stability against temperature change.

The sensitivity of the apparatus depends first on the dimensions.
of the specimen, that is, S and C in eq. (2), and next on the electric
arrangement of the secondary circuit. Although it is desirable that.
the length of the specimen shall exceed three times that of the secondary
solenoid, and that the diameter of the latter shall be the nearest possible:
to that of the former, for the purpose of determining absolutely the-
magnitude of the true susceptibility of the specimen, these conditions.
could hardly be satisfied in our apparatus, since the presence of the
heater surrounding the specimen and the requirements in regard to uni--
formity of temperature in it prevented these conditions from being:
filled. In our case, moreover, a theoretical determination of the mag-
nitudes of S and C seems to be difficult, and not accurate even if it
could be done, seeing that the shapes of the specimens were rather
irregular, for which reason the sensitivity of the whole measuring:
system was calibrated experimentally by testing the various specimens,.
the susceptibilities of which at ordinary room temperature have already
been determined. The constants K and K’ were thus determined ex-
perimentally. Strictly speaking, however, C is not a constant quantity,.
since it varies with various values of susceptibility # of the inserted:
specimen, although the amount of change should be small, negligible-
in the present case, where the susceptibility itself is very small, usually;
of the order of 10~° c.g.s.e.m.u., or less.
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On the other hand, the sensitivity and stability of the secondary
«circuit, including the galvanometer, was checked by means of mutual
inductance M,. Since ¢/k usually varies slightly with weather conditions,
especially with temperature and humidity, the check by means of M,
was made both before and after every observation. The amount of

variation, however, was always smaller than 65 percent throughout the
the four seasons.

(v). Errors in measurment.

Uniformity in temperature of the specimen was examined at various
temperatures. Actually, the distribution of temperature along the axis
line was examined, an example of it being shown in Fig. 4, from which
it may be said that the temperature of a specimen was uniform with

f

L/>

600 ¢—
5653165
400+ 4256152

200L 2409431

1106406

|

0

0 2 4 6 § I
Fig. 4. Temperature distribution in the furnace. L denotes
the length of specimen. (Heating velocity =2 degree/min.)
an error less than 10° in a temperature range of from 0°C to 650°C.
Since it was not possible to make M, exactly equal to M, in our
apparatus, the former being adjustable only with a finite interval of
5x107* in dM,/M,, equation (6) does not quite hold, but we have the
relation '

0=KlIr + “=KrI+0,,

2Ty dM,
| e
where, as will be seen from the above equation, 0, is a constant value,
50 long as I is constant, so that in the actual measurement, substitu-
ting 0-0, for @ in eq. (6), it was possible to determine © with the aid
of the relation
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k== ) (9)

Compared with 0, 6, was usually very small, the magnitude of the-
former corresponding to about 10~ of the susceptibility of the inserted:
specimen. Although it would be very desirable to measure the change in
susceptibility with temperature variation in a weak magnetic field nearly
‘the same as the geomagnetic field, say 05 Oersteds, this was not possible:
in our case, seeing that we required an observational accuracy of 10~*
c.g.s.e.m.u. in the value of susceptibility, with the result that the:
intensity of the applied magnetic field, which is produced by the pri-
mary coils of M, and M,, was always about 2 Oersteds, except the case-
in which the susceptibility of magnetite was examined.

While on the other hand, variation in 6 usually fluctuated, pro--
bably due to a slight leakage current from the A. C. in the electric:
furnace, or from other sources, to the secondary circuit, which fluctuation
depends on the temperature in the furnace, the higher the temperature-
the greater was the fluctuation. The observed values of 0-f, at various.
temperatures, when p=p,, that is, when the specimen vessel is empty,.
are as follows.

Temperature ‘ Vil ! Temperature I Ak

0
0~350°C l (0:0£1-6) x10-3 400~700°C ’ (0-0%£2:7)x10°5

The quantities on the right-hand side in the Table are given in-
terms of magnitude of susceptibility of the specimen corresponding to-
the observed value of 0-f,. '

Since this fluctuation was the largest source of observational errors,.
the error in our experiment throughout the whole temperature range:
from 0°C to 700°C in the term 4r was less than 3x107° This obser--
vational error, however, is independent of the magnitude of the sus-
ceptibility of the inserted specimen, so that if the susceptibility of the-
specimen is larger, the error is relatively smaller. For example, an
observed value of susceptibility of about 10-® is expected to contain an.
error of 3 percent.

3. The results of experiment.

Several typical specimens of basaltic and andesitic rocks were exa-
mined with the aid of the present instrument, namely, six from the
ejecta of Huzi (Fuji) Volcano, three from those of Miyake-sima Volcano,
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and a magnetite from Manchuria. According to H. Tsuya, these rocks

are®

No. 1 (S-N-17), Huzi, the lava of Hdei explosion crater, olivine-

basalt,

No. 2 (S-N-20), Huzi, Makuiwa lava, olivine-basalt, _
No. 8 (S-N-23), Huzi, Makuiwa lava, two-pyroxene-bealjing olivine-

basalt,

No. 4 (S-N-21), Huzi, Makuiwa lava, augite-bearing olivine-basalt,
No. 5 (S-N-18), Huzi, Makuiwa lava, hypersthene-augite-olivine-

basalt,

No, 6 (5-N-22), Huzi, ejecta from Hoei crater, augite-bearing olivine-

basalt,

No. 7 (5-N-59), Miyake-sima, Akabakkyo lava, olivine-hypersthene-

pyroxene-basaltic-andesite,

No. 8 (8-N-60), Miyake-sima, Yoridaisawa lava, olivine-hypersthene-

pyroxene-basaltic-andesite,

No. 9 (S8-N-75), Miyake-sima, ejecta of the central cone, olivine-two-

No. 10

pyroxene-basaltic andesite,
magnetite.

6) The chemical composition of specimens Nos. (1), (2), (3), (4), (5), and (6) are

as shown in the following .table.

(1937), 307)

Chemical composition of Huzi ejecta.

(Due to H. Tsuyva, Bull. Earthq. Res. Inst., 15

No. 1. No. 2. No. 3. No. 4. No. 5. No. 6.
Si0 49-60 50-28 5064 5066 51-05 51-09
Al:O; 1696 18-30 1858 1825 1835 1762
Fe,05 5-40 4-50 3-04 4-78 276 2-64
TFeO; . 665 6-89 7-29 572 7-72 8-42
MgO 5:92 3-80 5-58 4:94 4-63 5-09
Cal 10-03 9:76 10-00 9:98 9:90 968
Na,0 2-48 2-87 2:64 2:78 281 2-80
K.0 0-58 0-94 0-61 0-77 0-81 0-76
H.0+ 0-50 0-20 0-20 0-38 0-40 0-28
H.,Q0~ 0-12 0-08 0-06 0-13 0-11 0-06
TiO, 1-49 1-78 115 1-38 1-41 1-38
P.0; 0-20 0-34 016 025 0-24 0-26
MnO 0-21 0-20 0-17 0-17 0-18 - 021
Total 100-05 99-94 100-12 100-19 100-37 100-29
Q 3-78 3-96 1-98 414 234 2-04
Or 3-34 5-57 3-34 4-45 5-01 4-45
Ab 20-97 24-14 22:55 23-59 23:59 23-59
An 33-38 34-49 36-99 35-05 35-05 33-38
Wo 650 5-11 4-88 5-34 5-23 5-46
En 1476 9-43 13-85 12-34 1154 1265
Fs 5-80 6-47 9.22 4-62 9:89 11-35
Mt 7:87 6-48 4-40 693 394 394
11 273 3-34 2:19 . .58 2:73 2-58
Ap 0-33 0-65 0-33 0-65 0-65 065
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Of the results of measuring susceptibility of these specimens, those of
the ejecta from Miyake-sima were already described in the writer’s
previous paper,” so that we shall here deal with the other rock specimens.
The observed values of magnetic susceptibility of these rocks at various
temperatures from 20°C to 700°C are given in Table I and in Figs. 5
~12. 1In these figures, the scale of the ordinate gives the specific value
of magnetic susceptibility, (I) and (II) denote the heating and cooling
processes respectively, while (III) and (IV) in Fig. 6 show the second
heating and cooling processes respectively. As will be clearly seen from

X x10°
251
2ol
1.5

10

0.5 |

P D-00®

0 200 400 600 . 800

Fig. 5. Change in susceptibility with temperature, No. 1.
(S—N 17) H=1-54 Oe.

.0

these results, the y(¢)~t curves of the rock specimens are not always
monotonic. Sometimes, the susceptibility changes stepwise with tempera-
ture, for example, those shown in Fig. 9~11. In some of the specimens,
however, the thermal changes in magnetization have a fairly simple
character, like those given in Fig. 6~8, in which the mode of change in
susceptibility with temperature is nearly the same as those of ordinary
ferromagnetic materials; that is, the susceptibility gradually decreases
with temperature, the ferromagnetism disappearing at a critical tempera-
ture. Actually, the intensity of magnetization at temperature higher
than the critical point could not be estimated by the present instrument,
since its magnitude was much smaller than the observational error, with

7) T. NAGATA, Bull. Earthq. Res. Inst., 19 (1941), 304.
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the result that, practically speaking, the magnitude of susceptibility in
the temperature range above the critical point is taken as zero.

It will be noticed that the susceptibility of these specimens slowly
increases with temperature from 0°C, at any rate in the process of

3
Xrtix10
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e
0 L L 0Go-e0
0 200 400 600
Fig. 6. (a) Change in susceptibility with
temperature. ’
No. 2. (S—N 20) H=1-93 Oe.
3
X(tix10
15
10
05
tc
0 L . d-0-0-e
0 200 400 600
Fig. 6. (b) Change in susceptibility with

temperature.
No. 2. (S—N 20) H=1-93 Oe.

initial heating, to about
400°C in specimen No. 1,
while it decreases rather
abruptly from that point.
Comparing the y(t) ~t re-
lations in the heating (I)
and cooling (II) processes,
it will be said that they
are nearly similar, excep-
ting the slight difference
that the susceptibility in
the cooling process is
usually slightly less than
that in the heating process.
While those in processes
(IITI) and (IV) are nearly
the same, they also nearly
agree in process (II).
This type of mode of
change in susceptibility
with temperature, as just
mentioned, we - shall call
“the standard type” of
rock. In the y(t)~t re-
lation of the standard type
rock specimen, its suscep-
tibility becomes approxi-
mately zero at -critical
temperature, at which the
ferro magnetism of the
rock specimen is believed
to disappear. If we take
this critical temperature

as the apparent Curie-point of the rock specimen, the value of the
standard ‘type rock almost agrees with that of pure magnetite, namely,
from 580°C to 600°C. However, since the temperature at which the
rate of change in susceptibility with respect to temperature is maximum
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does not agree with the citical point, the former usually being slightly
lower than the latter, by taking into consideration that the ferromag-
netic minerals in the rocks

must be composed not of 3
pure magnetite alone, but 25p X (t)x10
also of solid solutions of

Fe,0;, FeO, TiO,, and 20
other elements in various

phases, it may be presu- 15
med that the Curie-point '
temperature of the rock
will not be given uniquely,
but instead, as a band of
finite width with respect 0.5
to temperature. For these

10

reasons, we take here the 0 L ,

temperature at which 9y/9¢ 0 200 00 6 Z,b”
is maximum as the mean Fig. 7. Change in susceptibility with
Curie-point of a rock spe- temperature.

cimen, denoting it by 6. No. 3. (S—N 23) H=2:13 Qe.

The critical temperature

at which the ferromagne- }((f))( 703

tism of a rock specimen
disappears may then be

interpreted as the upper 201
limit of the band of Curie-

point temperatures, which 15
point will correspond to

the Curie-point tempera- 10

ture of that part of the
total ferromagnetic mine-
rals in the rock that has
the composition of pure

05}

magnetite, which point is 0 . . Llc
denoted here by 6. The o 200 400 600 '
actual values of 6 and 0 Fig. 8. Change in susceptibility with
are given in Table. II. temperature.

In contrast to this, No. 4. (S—N 21) H=2.14 Oe.

those rock specimens of no standard type of character change in sus-
ceptibility with temperature in various ways. As to the curves of
rock samples whose susceptibilities change stepwise with temperature,
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they may be regarded as the result of superposition of two fundamental
curves of y(t¢), the mean Curie-point temperatures of which are ¢, and

J
X(tix10
2.0
.
15
10
05
0 0
-0 200 400 600
Fig. 9. Change in susceptibility with
temperature.

No. 5. (S-N 18) H=2-14 Oe.

3
X(tlx10
5+
10 ¢t
a5
0 : .
0 200 £00 600
Fig.-10. Change in susceptibility with
temperature.

No.

6. (S—N 22) H=2-19 Qe.

02, while the upper limits
of the band of Curie-point
temperatures of each of
the two curves separated
from y(t) are 0, and 4,
respectively.  Here, the
fundamental curve of y(t)
is defined as the curve, the
mode of which is similar
to the standard curve, that
is, it changes monotonically
with temperature, having
only one mean Curie-point
temperature, but its 6 does
not necessarily agree with
the Curie-point of magne-
tite, namely, 0,,. The ob-
served valuesof 4,, 0,, 6,,
and 0, are given in Table
II, where it will be seen
that their 0, agrees well
with the ¢ of the standard
type curve, as with 4,.
Hence, it may be said that
one of the elemental curves
composing the y(£) curve
of stepwise change type is
of standard type,
Generally speaking, it
may be possible that a
7(t) curve is composed of
two or more fundamental
curves, the mean Curie-

~point temperatures of which are not alike.” Thus, generally,

2@ =233, ().

In 2ll these examples mentioned above, the suséeptibility at any tempera-
ture in the process of heating and cooling is nearly the same, there




Part 4.1 Changes in Susceptibility of Rocks with Temperature. 593

Table II.
Specimen | Locality Rock l (o) e=0 J 0 Coat
No. 1. . . _ o °
(S—N17) Huzi olivine-basalt | 2:25X10-3| 460°C 575 7-87 %
No. 2. . - B
(S=N20). Huzi olivine-basalt 1-28 X103 500 580 6-48
No. 3 - btwo-pyrolxene- . :
. 3. . - i . _ ]
(S—N'23) uzi earllt;gsglévme 1‘a9x10 495 590 4-40
No. 4. . augite-bearing ) - ‘
(S—N 21) Huzi olivine-basalt 1:55%10=° 520 590 6-95
No. 5. Huzi hyngrstlbepe- " . {731=270 (01=320
(S—N 18) uzi augi)g-sgll:me- 1-31x10 52=520 10, =580 3-94.
No. 6. . augite-bearing owanes | (1=280 0,=310 | .
(S—N 22) Huzi olivine-basalt 0-70x10 {5":510 {0o=580 394

- 0,=320| 0,=380

. _ | olivine-hypers- N H gl “1 U
(Sl\iol.\I-lS“)) Mg&l;e thene-pyroxene- | 1-31x10-3 {0z=520 0>=580
basaltic-andesite lC § =360 0 =580

being slight differences between them, as already described in the case-
of the standard type specimen. In other words, the susceptibilities of
rock specimens, Nos. 1 to 6, are almost reversible with respect to-
temperature, regardless of whether it belongs to the standard type or-
not.

On the other hand, we have an example in which the change in
susceptibility is irreversible with respect to temperature. It is shown:
in Fig. 11, where the susceptibility changes stepwise with temperature,.
b,, 0,, 0,, and 6, being 270°C, 500°C, 360°C, and 580° C respectively
during heating, while in cooling it changes rather monotonically, ¢ being-
360°C, although ¢ is 580°C in this case also.

In all these examples, where the lower mean Curie-point tempera--
ture ﬁllis fairly smaller than that of pure magnetite, it is a common
character that the rate of increase of susgeptibility with temperature-
in a certain initial range from 0°C is much larger than that of the-
standard type rock, amounting to from 02 to 05 percent/degree. In.
such samples, the susceptibility at that temperature where it takes the-
largest value amounts to from 15 to 1'8 times that at oridinary room.
temperature. Since this phenomenon of increase of magnetic susceptibi--
lity with temperature could not be seen in the y(¢)~{ relations in a.
magnetic field of from about 120 to 150 Oersteds, in the result of study-

8) Specimen No. 1, (shown in Fig. 5) seems to be intermediate in type between.
standard and stepwise change.
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by Chevallier and Piere, it is believed that this phenomenon is peculiar
to 'the rock in a weak magnetic field.

Xct)x10’
2.5

20
1.5
1.0

05

tc

0 200 400 600 800

Fig. 11. Change in magnetic susceptibility with tempera-
ture (irreversible type). No. 7 (S—N 59) H=2-20 gauss.

0Q

Next, the fact that the susceptibilities of some rock specimens change
stepwise with temperature shows that the ferromagnetic minerals con-
tained in them consists of a few groups of different mineralogical charaec-
ters, the number of these groups corresponding to that of 4,.

For example, specimen No. 5, shown in Fig. 9, contains two dif-
ferent groups of forromagnetic minerals, one of which is nearly the
same as pure magnetite, corresponding to the part of ¥,({), (component
of standard type), while the other differs greatly from pure magnetite,
since #,, which corresponds to 7,(f), is clearly much lower than 0.
Further details of the relation between the mode of thermal change in
the susceptibility of rocks and their petrological composition, as well
as its relation to the mode of causation of thermo-remanent magnetism
in a weak magnetic field, will be discussed in future papers. It may
however be worth while to note here the fact that, according to micro-
scopic observations of the Huzi ejecta by Tsuya, the groundmasses of
specimens Nos. 1, 8, and 5 are clearly more crystalline than those of
Nos. 2 and 4, which fact may correspond to our result in which the
‘mode of change in susceptibility with temperature of the former speci-
mens is of the standard type, while that of the latter is not.

Lastly, for comparison, the result of the same examination of a
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specimen of magnetite is given in Fig. 12. That its mode of change
differs slightly from that of pure magnetite must be chiefly because it
contains impurities-

025

220

o8

aro

005

0 200 %00 ' 500 °C

Fig. 12. Magnetite grains. H=1-54 Oe.

4. Conclusion.

In this paper, the writer describes the method of measuring the
change in magnetic susceptibility of rocks with temperature in a weak
magnetic field, and gives several typical examples of the result alone,
without any physical and petrological interpretation of these results. It
is evident from the results of the present examination that the magnetiza-
tion of these rocks, which is chiefly due to the ferromagnetic minerals
present in them, changes markedly with temperature, exactly in the
same manner as the usual ferromagnetic materials, although the mode
of change in the former is usually much more complex than that of
the latter. This phenomenon would be a contributive cause in the
change in magnetization of the earth’s crust, provided there were a
a certain temperaturc change. There is, however, no stch conspicuous
increase of susceptibility in a weak magnetic field as that in the case
of iron, usually known as “ Hopkinson effect,” so far as our experiment
went. It is believed that the Hopkinson effect will not appear in a
rock, even if the applied magnetic field were as small as 01 to 05
Qersteds, a field much weaker than that in the present case, since the
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demagnetizing factor of the ferromagnetic minerals in the rock is usually
very large, namely, 8 or 4, regardless of the smallness of the apparent
demagnetizing factor of the whole specimen as a rock. Hence, the
mode of change in susceptibility with temperature shown in Figs. 4
~11 is believed to be general with all igneous rocks.

In conclusion, the writer wishes to express his sincere thanks to
Prof. H. Tsuya for his interest and kind advices from the petrological
point of view, and to Prof. C. Tsuboi for his continued encouragement
in the writer’s geomagnetic study of the earth’s crust. His hearty
thanks are also due, for grants received, to the Department of Education
and to the Hattori Hoko Kai.
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Fig. 3a. Apparatus for measuring the magnetic susceptibility
at high temperature.
C,, primary coil, ., secondary coil,
H, plutinum heater, M, manometer,
T, thermo-junction.

s e
Fig. 3b. Compensating equipment.
C,, primary coil, C., wvariable secondary coil.
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