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Geneifal Introduction.

Since discovery of the magnetic properties of the lodestone,
those of minerals and rocks have engaged the attention of a number
of investigators, sometimes.in connexion with the origin of the earth’s
permanent magnetic field, sometimes in connexion with the physical -
interpretation of the magnetic field, and at others in connexion with
the physical interpretation of the magnetism of various substances.
However, even after the general aspect of a geomagnetic field, especially
its diurnal variation and its disturbances, such as magnetic storms,
were clarified from the theory of electro-magnetic induction, which was
developed chiefly by B. Stewart,> A. Schuster,” and S. Chapman,®
the problem of the possible relation between the geomagnetic field and
the magnetization of the earth’s crust had been rather neglected, until.
recent years when the need of examining the magnetic properties of
rocks in order to interpret correctly the results of magnetic prospect-
ing of geological structure became pressing. As is well known, the
interpretation of local geomagnetic surveys is based primarily on a
knowledge of the magnetic properties of geological structure. Since
discovery of the marked geomagnetic anomaly in Kursk,” both the
technique of measuring the local geomagnetic anomaly and the know-
ledge of the magnetic behaviour of rocks were advanced by numerous
investigators, especially, the magnetic susceptibility of various minerals,
which was fully examined by H. Reich.” While it was re-discovered
along with the progress in our knowledge of the local magnetic
anomaly and the magnetism of rocks and ores that the local geo-
magnetic anomaly is not uniquely due to the magnetization of sub-
terranean rocks induced by the present geomagnetic field, the necessity
wasg felt of taking into consideration the existence of remanent magnetiza-
tion of rocks, resulting in, for example, H. Haalck’s” calling attention
to the case of the big anomaly in Kursk.

1) B. STEWART, Encyclopaedia Britanica, 9th edition (1882), 36.
2) A. SCHUSTER, Phil. Trans. London. A, 208 (1908), 163. ]
3) S. CHAPMAN, Phil. Trans. London. A, 214 (1914), 295; 218 (1919), 1; and
others. ’
4) A.D. ARCHAGELSKY, Transact. of the Special Comm. for the Study of Kursk
Magne. Anomaly, Vol. 7 (1926). :
- P. LASAREFF, Gerl. Beitr. Geophys., 15 (1926), 71. v
" G. A. GANBURZEFF u. POLIKAEPOFF, Gerl. Beitr. Geophys., 19 (1928), 210,
219. «
H. HAALCK, Gerl. Beitr., Geoplys., 22 (1929), 219, 241.
5) H. ReicH, Handb. Geophy., Bd. VI, pp. 50 Berlin (1919), ZS. Decutsch,
Geol. Gesel., £3 (1931), 502.
6) H. HAALCK, Gerl. Beitr. Geophys., 22 (1929), 241, 385,
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On the other hand, that igneous rock has more or less remanent
magnetism was believed, at any rate, by a circle of geophysicists.
Moreover, G. Folgheraiter,” P. Mercanton,” J. G. Konigsberger,” M.
Matuyama,”® and others,'” have studied the direction of remanent
magnetization of old pottery, igneous rocks, and lava fields, for the
purpose of presuming the direction of the geomagnetic field in the past
under the assumption that these rocks retain the permanent magnetiza-
tion which they had acquired during cooling in a geomagnetic field,
exactly as in the case of a piece of hot steel when it is cooled by being
'plunged into cold water under the mducmg mﬂuence of - the magnetic
field.

Konigsberger'™® was the first to point out that the intensity of
remanent magnetization of igneous rocks is fau'ly large compared with
their induced magnetization in the earth’s magnetic field, and that the
cause of the remanent magnetism is probably owing to a particular
irreversible magnetization of ferro-magnetic minerals during cooling

- from a sufficiently high temperature in the earth’s magnetic field.

~ Although Konigsberger’s conclusion was the result of his comprehen-
sive experimental studies of a number of igneous rocks, his interpreta-
tion of the experimental resuls is based also on a few assumptions
derived from the classical phenomenological theory of ferro-magnetism.
Although the recent extensive studies of R. Chevallier” and E. Thellier®
have advanced our knowledge of the magnetic properties of rocks,
their conclusions-do not always represent correctly the magnetic be-
haviour of rocks in the earth’s magnetic field, for the reason that their
experiments - were made in a magnetic field fairly more intense than
that of the earth.
" In short, the magnetic properties of igneous rocks, especially, their
fairly intense remanent magnetization, is not yet fully understood.
For example, according to S. Chapman and J. Bartels,” in their recent-
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7) G. FOLGHERAITER, Real. Acc. Lincei., 4 (1895), 78, 203, 5 (1897), 64.
; 8) P. MERCANTON, C.R. Acad. Sci., 143 (1906), 138; 182 (1926), 859, 1231.
7 : 9) J. G. K6NIGSBERGER, Geil. Beitr. Geophys., 35 (1932), 51, 204 ; Beztr Angew.
d Geophys., 4 (1934), 385,
¢ - 10) M. MATUYAMA, Proc. Imp. Acad. Japan, 5(1929), 203; Proc. 4th Pacific Sci.
Cong., (Java 1929), 567; and others.
11) CH. MAURAIN, F. Pockers, P. Davip, S. NAKAMURA R. CHEVALLIER, E.
THELLIER and others. See the literatures in the foot-notes in Chapters II and III.
12) J. G. KONIGSBERGER. loc. cit. The results of his studies are summarized in
his paper ‘ Natural Remanent Magnetism of Eruptive Rocks.” (Terr. Mag. 43
(1938), 119, 299.) ' :
13) R. CHEVALLIER, Ann. Physique, 4 (1925), 5
14) E. THELLIER, Ann. Phys. Globe, 16 (1938), 157.
15) S. CHAPMAN and J. BARTELS, *‘ Gemagnetism ”’ 1. pp. 154, Oxford (1940).
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ly published well known book, ¢ Geomagnetism”, ¢ it is certain that .
igneous rocks acquire a remanent magnetization during their cooling
when the temperature passes through the Curie-point ; the magnetic
elementary particle, free to move in the molten lava, align themselves
in the direction of - the magnetizing field, and keep that direction
when rock solidifies.....” That this explanation of the causation of .
the remanent magnetization of rocks does not agree with facts es-
tablished from the results of actual experiments with rocks, will be
clear from the present study. )

On the other hand, we have at present an interesting phenomenon
of geophysics that seems to be closely related to the magnetic proper-
ties of the earth’s crust, especially to the mode of its change with
temperature. It is the local anomalous variation in the geomagnetic
field that follows severe volcanic activities, a number of actual ex-
amples of marked anomalous variation having been observed without
the least doubt, for example, by a few investigators in Japan,'” which
is what accounts for our keen interest in the mode of change in the
maguetism of rocks with temperature, i. e. changes in the susceptibility
and in the development of remanent magnetization, seeing that these -
phenomena can be presumed to occur in the earth’s crust accompany-
ing changes in.temperature due to volcanic activity, with the result
that they cause disturbances of considerable magnitude in the geo-
magnetic field in the nelghbourhood of volcanoes.

If the formulae, in which the magnetic behaviour is influenced by
temperature, external magnetic field and pressure, could be physically
established, we should be able to form some idea of the physical
“conditions and their changes in the earth’s crust by measuring the
anomalous distribution of the geomagnetic field on the earth’s surface
and its changes. In order to do this, it is necessary to examine ex-
perimentally the magnetic properties of various igneous rocks, the
petrological and chemical constitutions of which have been accurately
determined. The physical aspect of the causes that gave rise to the
intense remanent magnetism, especially, will be interesting both from
the geophysical standpoint mentioned above and from the standpoint
of the physics of the magnetism of rock, say an aggregate of various
complex solid solutions and crystals.

]6) S. T. NAhAMURA, Proc. Imp. Acad. Japan, 11 (1935), 102.
H. NAGAOKA and T. IXEBE, Proc. Imp. Acad. Japan, 13 (1937), 62, 251.
R. TakaHAsI and K. HIRANO, Bull. Earthq. Res. Inst., 19 (19411, 82.
T. MINAKAMI, Zisin, 10 (1938), 430.
Y. KaTo, Proc. Imp. Acad. Japan, 16 (1940), 440.
T. NaGATA, Zisin, 19 (1938), 221. Bull. Earthq, Res. Inst., 19 (1941), 335,
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In this report, therefore, the characters of remanent magnetism, the
most interesting problem in rock maguetism, will be the chief topic.
The general magnetic behaviour of volcanic rocks, namely, susceplibi-
lity and its change with temperature, and the hysteresis phenomenon;
are summarized in Chapter I, with a brief description of the pet-
rological and chemical characters of the rocks that were examined.
Although the method of determining the remanent magnetism of rocks,
together with a discussion of the observed results, and the mode of
development of the remanent magnetism with decrease in temperature
in a magnetic field, will be found in Chapters II and III respectively,
in the latter the possible physical mechanism of this phenomenon is
also discussed. In the final Chapter, the relation of the remanent
magnetism of volcanic rocks and its change with temperature to a
number of geophysical phenomena are discussed in connexion with
actual examples obtained by the writer and others. )

CHAPTER 1. GENERAL MAGNETIC BEHAVIOUR OF VOLCANIC ROCKS.

§1. " Brief description of the rock samples examined in
the present investigation.

In order to examine their magnetic properties, many kinds of

volcanic rocks ejected from various volcances in the Kanté District -

" were collected. Of these, 47 rock specimens from volcanoes Huzi,
Taga, Usami, Amagi, Asama, Hakone, and Mihara have already been
studied petrologically by H.. Tsuya,” H. Kuno,” and I. Iwasaki’ the
chemical composition of these samples having been determined also by
them. Here, since about half of the collected sample, each about
10 ¢m in mean diameter, was petrologically and chemically studied,
and the remaining half magnetically examined, it follows that the
chemical composition of that part of the rock that was magnetically
examined is exactly the same as that obtained from the remaining
.half.

The classification of these rocks in the following list, where their
localities and chemical compositions are also given, is the same as that
of the foregoing petrologists.

1) H. Tsuya, Bull. Earthq. Res. Inst., 15 (1937), 215.
2) H. Kuno, *Kazan”, 3 (1936), 53. ' :
3) L. Iwasaxi, Journ, Chem. Soc. Japan, 56 (1935), 1511.
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(1) Ejecta from Asama Volcano.®
No. 5. Bomb ejected in 1929,
Ohvme—bearmg hypersthene-augite andeSIte,
No. 6. Temmei lava ejected in 1783,
Olivine-bearing hypersthene -augite andesite,
No. 8. One of the Kurohuyama lava,
Olivine-bearing two-pyroxene-andesite,
No. 11. Lava flow in Mugen-no-tani,

Hornblende-two-pyroxene-dacite, (obsidian),

Table I-1-I. Chemical composition of ejecta from Volcano Asama.

No. 8 | No. 14 | No. 5 No. 6 | No. 15 | No. 11

Si0; 5839 |  59-67 6024 * | 6237 | 6993 | 7201
ALO; 1789 16-83 1643 15.90 1412 14-37
Fe,0; 2:45 1-44 1-54 114 2:45 6-73
FeO 5-33 551 526 4-79 0-45 1:81
MgO 3:30 3-92 3.92 © 343 0-58 057
CaO 7-23 721 . 7-07 613 242 2:56
Na,0 3-04 2:81 3-00 3-20 4-04 435
K.0 0-71 1-00 116 149 2-25 2:39
H.0+ 0-36 0-28 0-17 0-30 2-00 0-26
- 0-12 013 0-06 012 0-97 0-08
TiO, 071 0-70 0-70 0-66 0-38 0-41
P,0; 015 0-14 0-13 013 tr. 007

MnO 0-14 012 0-11 0-11 0-09 008
Total 99-82 99.76 9979 99.77 9968 99.69
Q 1520 15.92 1598 1784 3177 30-39
Or 4-45 612 668 8-90 13-36 1391
Ab 9569 23.59 25-17 27-26 24-08 36-70
An 32-82 30-22 2809 24-48 119 | - 1279
- Di 1-83 387 502 | 412 - —
c — — - — 071 -
Hy 1419 15-89 14:66 | 1363 124 3-65
Mt 349 2:08 231 | 162 0-23 1,16
Hm — — - - 224 -
Ap 031 0-31 031 | 031 tr. =
1 1-37 1-37 1-37 || 121 0-76 0-61

4) Tsuva, Bull. Earthq. Res. Inst., 11 (1933), 578.
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No. 14. Yunotaira lava, an older lava of the Maekakeyama centre, :
Hypersthene-augite-andesite,

No. 15. Ko-Asama lava forming a small domed hill,
Hornblende-two-pyroxene-dacite.

(ii) Ejecta from Huzi Volcano.”

No. 17. One of the lava flows exposed on the western wall of the
Hoei explosion-crater, .
Olivine-basalt (almost aphyric),

No. 18. One of the lava flows at Makuiwa on the southeastern slope,
Hypersthene-augite-olivine-basalt,

Table I-1-II. Chemical composition of ejecta from Volcano Huzi.

No. 17 | No. 19 | No. 20 | No. 23 | No. 21| No. 18 | No. 22| No. 25 | No. 24

Si0, 49-60 | 49-60 | 50-28 | 5064 | 5066 | 51:05 | 51-09 | 51-30 63-84
ALO; | 1696 | 16%4 | 1830 | 1858 | 18-95 | 1835 | 17:62 | 1874 15-82
Fe.0; 5:40.| 3:67 450 3-04 4-78 2-76 2-64 1-83 | . 095

FeO 665 | 990 | 689 | 729 | 572 | 772 | 842 834| 502
MgO 592 | 479 | 380 | 558 | 494 | 463 | 509 | 480} 167
Ca0 1003 | 88 | 976 | 1000 | 998 | 990 | 968 | 976| 488
Na;0 048 | 290 | <287 | o264 | 278 | 281 | 280 | 255| 388
K0 058 | 093] 094 | o61L| o077 | o081 076| 071 212
H,0+ 050 | o055| 020 02 | 038 | odo| 028} 022| 045
) H,0- o12| o014| oo08| o006 | 013) o011 | 006]| 006
TiO, 140 | 197 | 178 | 115 138 | 141 | 138 143 | 08
P.Os 0-20 0:31 0:34 0-16 0-25 0-24 026 | 029 0:22
MnO 021 | 093] o2 | o17| o017z | o018 | o021 | 028 017
Total | 100-05 | 99-93 | 99-94 | 100-12 | 100-19 | 100-37 | 100-29 | 100-31 | 99-89
. Q 378 | 196 | %96 | 198 | 414 | 234 | 204 282 1814
or 334 | 757 | 557 | 33¢| 445 | 501 | 445| 445 | 1280
Ab ¢ | 2097 | 2464 | 2414 | 2255 | 2359 | 2359 | 2359 | 21-50 | 33:03
An 3333 | 2809 | 34-49 | 3699 | 35-05 | 3505 | 33-38 | 3755 | 1919
Wo 650 | .569 | 511! 48| 534.| 52| 546 | 38| 128
v En 1476 | 11-95 | 943 | 1385 | 1234 | 1154 | 1265 | 11:95 | 411
Fs 580 | 1297 | 647 | 924 | 462 | 989 | 1135 1201 | 725
Mt 787 | 533 | 648 | 440 | 695 | 394 | 394{ 255 | 139
1 073 | 379 | 334, 212| 258 | 273 | 258 273 | 167
Ap 0-33 0-65 065 { 0-33 0-65 065 0-65 065 0-65

5) . Tsuva, Bull. Barthq. Res. Inst., 13 (1935); 645; 15 (1937), 302; 16 (1938),
638. Kazan, 2 (1935), 149.
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No. 19. The lava flow at Tawarano-taki,
Olivine-basalt (almost aphyric),
No..20. One of the lava flows at Makuiwa, |
- , Olivine-basalt,
' No. 21. One of the lava flows at Makuiwa,
' Augite-bearing olivine-basalt, \
No. 22. Scoriaceous lava-block ejected from Héei erater in 1707, -
Augite-bearing olivine-basalt,
No. 23. One of the lava flows at Makuiwa,
. Two-pyroxene-bearing olivine-basalt, - _ .
No. 24. Karasu-isi lava at Nagamine on the southeastern slope,
, Aphanitic andesite,
No. 25. Ackigahara-lava, o
" Two-pyroxene-olivine-basalt.
(iii) Ejecta fr.m Amagi volcano.”
No. 27." Zizddo lava, a lava flow that poured out of Maruno-yama,

Table I-1-III. Chémical composition of ejecta from Voleano Amagi.

No. 27 | No. 28 | No. 34 | No. 29 | No.30 | No.32 | No. 31

Sio, 1 4951 51-48 54-81 59-11 60-09 6260 71-16

ALLO; | 181y 18-25 18-09 16 31 16-64 1598 | 1472 T
Fe,0; 2-89 1-92 154 3.94 3-03 2:66 112

FeO 766 677 700 2-86 330 3-40 215

MgO 7-07 5.93 450 349 3.27 2-84 1-30

Ca0 9-83 10-32 903 602 659 5-84 3-50

Na,0 2-49 3-21 2:92 2-97 360 3-00 361

K,0 0-43 0-34 0-57 1-47 1-40 1-66 2:06

H,0+ 0-45 0-43 . 0-50 148 0-68 0-45 0-27

H.0- 0-27 0-25 0-50 1-00 0:70 0-24 0-10

TiO, 064 103 0-79 076 0-80 0-65 0-36
© P,0; . 0-17 0-12 0-13 017 0-19 017 0-08

MnO 0-28 0-27 0-14 0-13 0-11 0-11 008

Total 99:93 | 100-32 100-18 99-71 100-40 99-60 100-51

Q ) " 733 | 1838 15-44 2162 | . 32-19
-Or 278 | 2-23 3-34 8-90 835 10-02 12:24

Ab 2097 | 279 2464 | 2517 30-41 25-17 30-41

An 3699 | 34-21 34-49 26-70 25-03 25-31 16-41

Wo 453 | 674 3:95 0-93 2-91 116 | C=0-51

En 16-06 : 14-30 11-24 8§73 813 7-02 3-21 )
Fs 10-29 930 10-42 0-92 2-51 317 251 .
Fo 1106 0-39 .

Fa 071 . 0-25 :

Mt 417 . 255 | 9232 579 | 440 3-94 1:59

)] 121 © 197 | 152 152 | 152 121 0-76

‘Ap 0-33 ‘ 035 033 033 | 033 . 033 0-33

6) H. TsuYa, Bull. Earthq. Res. Inst., 15 (1937), 252.
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(iv)
No.

No.

No.

No*

. 28.

. 29,

. 30.

. 3l.

. 33.

. 34.
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parasitic cone on the northerr? flank of Amagi,
Olivine-basalt, * ]
Hatikubo-yama lava, a lava flow.that issued from Hatikubo
yama, a parasitic cone on the north-western flank of
Amagi, )
Olivine-basalt,
Yawatano lava, the lava on the northeastern flank of

- Amagi,

- Qua. ‘z-olivine-bearing two-pyroxene-andesite,
Inatori lava, a lava flow forming a terrace at Inatori,
Olivine-bearing two-proxene-andesite,
Iwano-yama lava, the lava forming the parasﬂzlc lava dome,
(Iwano-yama),
Olivine-bearing two-pyroxene-hornblende-dacite,
Yanagase lava, a lava flow on the northern flank of Amagi,
Two-pyroxene-andesite.
Yahadu-yama lava, the lava forming the twin dome,
Yahadu-yama,
Olivine-bearing two- pyroxene-hornblende-daclte,
Akasawa lava, a lava flow that poured out of a parasitic
volcano, either Togasa or lio-yama,
Olivine-two-pyroxene-bearing andesite.

Ejecta from Mihara Voleano.”

35.
36.

37.

38.

. 39,

Old lava of Oosima exposed on the sea-chff immediately
west of Okata,
Hypersthene-bearing olivine-basalt,
Somma lava of Mihara Voleano, southwestern part of ring-
wall of the somma,
Hypersthene-bearing olivine-basalt,
An’ei lava at the northern foot of the central cone,
Hypersthene-bearing basalt,
Meizi-Taisyo lava ejected during 1911-1914,
' Basalt,
Old lava of Oosima exposed on the sea-cliff 1mmed1ately
west of Okata,
Aphyric basalt.

7)

H. Tsuyva, Bull. Earthq. Res. Inst., 15 (1937), 2Y6.
I. IwasaAkl, Journ. Chem. Soc. Japan, 56 (1935), 1511.
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Table I-1-IV. Chemical cgmposition of ejecta from Volcano Mihara.

No. 35 No. 39 No. 36 No. 37 No. 38
Si0, 48-02 51.25 51:23 5245 59:53
AL,0; 20-48 1473 15-24 1348 15:95
Fe;0; 2:13 3-82 418 4-60 269 _
FeO 7-05 10-22 899 10-02 10-57 )
MgO 5-79 5-47 485 4.78 4.54
Ca0 1414 1173 11-14 10-23 | 1076
Na,0 - 128 1-85 2:19 199 1-89 ,
K.0 0-30 . 0:26 0-54 0:52 0-43 M
H,0 n.d. n.d. n.d. n.d. n.d. _
TiO. 0-78 0-81 0-83 139 0-74
P.0; 0-01 - 0413 003 - 0-33 0-41
MnO 0-26 0-28 033 . 0-31 0-24
Total . 100363 100-708 99-68 100-319 100-157
Q 0-24 5-41 535 9:61 7-87
Or 1.67 - 1-67 : 3-34 3-34 . 278
Ab 11-01 1573 18-35 1678 15:73
An 49-23 30-88 30.04 26-15 3199
Wo 871 11-03 1057 9.41 778
"En 14-46 13-65 12-05 1195 . 11-34
Fs 10-42 1477 12-01 12:80 1636 A
Mt 301 5:56 602 " 671 3-91 )
11 1-52 152 152 o258 1:37
Ap tr. 0-32 . tr. 0-65 0-99

(v) Ejecta from Usami Voleano.”

No. 49. The lava flow on the southern and southwestern part of this
volcano, ~ '
} , Olivine-two-pyroxene-andesite, " -
No. 50. The lava flow forming the lower part of the western slope,
(one of the earlier lavas of this volcano),
Aphyric two-pyroxene-andesite, )
No. 51.) The lava flow in a small area immediately north of Isigami-
yama,
Two-pyroxene-andesite,
No. 52.  The lava flow underneath the lava flow of No. 49,
Hypersthene-bearing olivine-augite-andesite,

8) M. TsuvA, Bull. Earthq. Res. Inst. 15 (1937), 264,

i
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No. 53. The lava 57%m northeast of Hiyekawa,
Augite-bearing olivine-hypersthene-andesite,

No. 54. The lava flow on the west slope of 'this volcano,
Olivine-bearing two-pyroxene-andesite,

No. 55. The lava forming the hill that lies between It6 and Kawana,
Olivine-bearing two-pyroxene-andesite, -

No. 56. Massive lava situated between Usami and Kameisi-toge,
Augite-hypersthene-andesite.

‘Table I-1-V. Chemical composition of ejecfa from Volcano Usami.

No. 55 | No. 52 | No. 54 | No. 56 | No. 49 | No. 53 | No. 50 | No. 51
Si0, 50 57 50-59 51-67 53:08 55-96 57.61 59-00 62-70
AlLO; 19-38 19-73 19-88 | .20-01 | 1692 15-88 15-26 1609
Fe;0; 3:81 3-18 3:95 3-48 2:76 279 4:60 2:61
FeO 7-25 6-73 697 | 570 603 5-28 5-90 4+61
MgO 3-89 4-15 3:30 2:80 4-39 5:9% 214 149
Ca0 11-43 10-31 9-46 980 8:06 758 636 5-25
Na,0 1:86 1-94 218 2-29 2:07 2:59 2-83 3:26
K;0 0-16 0-24 0-40 0-31 0-57 0-71 0-58 0-86
H.0+ 0-45 113 1-26 0-47 1:07 0-36 0-90 1-25
H,0- 0-30 0-88 1 1-00 075 1-18 028 | 069 | 085
TiOg 0:76 0-85 092 073 073 0:71 1-04 |- 0-82
P05 0:10 0-10 0-10 0:06 0-08 0-07 0-11 0-17
MnO 013 0-15 0-16 0-17 0-17 015 0-18 0-12
Total | 100-09 | 99-98 1 100-55 99-65 |.99:99 99-93 99-59 | 100-08

Q 7:57 | 775 ' 931 | '11-65 1568 | 1333 2198 24-80
Or - 1-11 1-67 [ 2-23 167 | 3314 | 445 334 5-01
Ab 1573 | 1625 | 1835 | 19440 | 17-30 | 22:02 | 2412 | 2779
An 4395 | 4450 \ 4339 | 43-39 3533 2948 | 27-26 25-31
Wo 499 | 244 | 116 2-21 1-63 3-37 139 [C=0-51
En 964 | 1033 | 823 692 | 1094 | 1476 | 5-32 371
Fs 9-10 858 | 883 | 660 7-91 636 667 528
Mt 556 463 | 463 5:09 3.94 3.94 671 3:70
11 1-52 167 | 1-82 1-37 1-37 173 .| 197 | 152
Ap 0-33 033 ;. 033 0-33 0-33 0-33 0-33 0-33
. |

(vi) Ejecta from Hakone Volcano.” , _
No. 78. The upper part of an old somma lava (near Hakone-toge),

9) H. Kuno, “Kazan” (Volcano), 3 (1936), 53.




12

No. 79.

No. 80.

No. 81.

No. 82.
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quartz- and hornblende- bearing augite-pigeonite-hypers-
thene-labradorite-andesite,
Hutago-yama lava in the central cone,

Olivine-bearing hypersthene-auglte-labradorlte—andes:te,
The upper part of an old somma lava (northwestern foot
of Kurakake-yama),

Augite-hypersthene-labradorite-andesite,

The upper part of an old somma lava, (Iwato-yama north
of Atami),

Augite-hypersthene-bytwonite-andesite, -

The upper part of a new somma lava, (Bunko-yama east of
Hakone-mati),
Hypersthene-augite-andesite.

Table I-1-VI. Chemical composition of ejecta from Volcano Hakone.

No. 80 No. 79 No. 78 No. 81 No. 82

Sio, 55-83 5707 © 57-22 59.77 67+37
Al,0; 17-75 17.53 - 17:46 1700 15-28
Fe.0; 276 259 2-45 2-49 113
FeO 6-01 5-44 615 559 3-86
MgO 3:90 3.87 377 S22 120
Ca0 862 877 793 7:05 4.46
Na,0 2.98 2.80 2.87 3.29 467
K.0 0-55 0-52 0-75 062 0-42
H.,0(+) 0-19 0-27 0-30 0-41 014
H,0(-) 0-17 0-12 0-23 0-51 0-09
TiO, 0-61 0-77 - 073 063 072
P,0; 0-13 0-08 .01l 0-10 0-18
MnO 017 0-14 0-16 0-16 0-15
Total 99.67 99.97 10013 99.86 100-17
Q 10-68 1368 12-96 1794 24-06
Or 3-34 2:78 4-45 " 334 5-56
Ab 2515 23-85 24-10 2777 39:30
An 3364 | 33.92 32-80 3002 18-07
Wo 348 | 3-60 2-44 174 139
‘En 9.80 | 9.70 9.40 5.60 300
Fs 779 . 673 8-32 7-39 . 5.98
Mt 418 ; 371 371 : 371 1-62
n 122 | 152 137 | 122 | 137
Ap- 0-34 ; 0-34 0-34 ; 0-34 0-34
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(vii) Ejecta from Taga Volcano.”

No. 91.

No. 92.

No. 93..

No. 94.

No. 95.

No. 96.

The lava flow on the' southwest slope of this volcano,
Augite-olivine-basalt,

The lava flow on the southwest slope of the above volcano,
Augite-bearing olivine-basalt,

The lava flow on the south slope of do,
Two-pyroxene-olivine-basalt,

One of the earlier lavas exposed on a sea-cliff near Uomi-

- saki, S ;
Two-pyroxene-andesite, .

A lava flow sandwitched between lavas of porphyric augite-

olivine-basalt, 1 km east of Nirayama. '
Aphanitic basalt,

A massive lava, about 15m thick, in the vicinity of Ono,

Kita-Kanomura, ’
Olivine-two-pyroxene-bearing andesite.

- Table I—1’—VH. Chemical composition of ejecta from Volcano Taga

No. 91 No. 92 No. 93 No. 94 . No. 95 .| No. 9%
Si0, 5017 | 5038 50-71 50-94 52:13 - 52:85
ALO; 19-65 20-36 18-84 19-32 1568 18-37
Fe.0; 254 2-86 2-42 414 4-36 348
FeO 7:92 7-26 713 5.52 9:81 7-83
MgO 4.54 4.45 608 4.20 4.08 2:96
Ca0 11-29 11:28 10-05 1062 8-87 10-12
Nag0 1-66 1-95 203 2:15 244 2:07
K:0 0-29 033 | 024 0-32 0-32 3-36
H.O+ 0441 0-36 069 073 0-67 039
H,0 - 0-20 035 0-38 1-04 050 0-16
TiO, 0-87 0-84 0-67 078 0-74 093
P,0s- 0-10 0-10 013 007 tr. tr.
MnO 0-17 0-15 0-15 018 . 032 . 017
Total 99-81 100-57 99-52 100-01 99-92 99-69
Q 577 4-93 4-44 7-87 835 1111
Or 167 223 1-67 1-67 1-67 2:23
Ab . 1416 1625 | 1730 18-35 20-45 1730
An 45-34 45-89 41:44 42-28 3115 3978
Wo 4-06 383 314 | . 430 534 4:30
En 11-35 1t-04 15:16 10-44 10-14 7-33
Fs 11-21 © 977 10-29 5-80 1398 10-16
Mt 3-70 4-17 347 6-02 625 5.09
n 1-67 1-67 1-21 1-52 1-37 1-82
Ap 0-33 0-33 0-33 0-33 tr. | tr.

10) H. Tsuyva, Bull. Earthq. Res. Inst., 15 (1937), 270,
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Although the various magnetic properties “of about 150 rock
samples were examined in the present study, those of 47 rock specimens,
the petrological and chemical characters of which are known at present,
will be chiefly dealt with in the present report. -

On the other hand, some rock specimens from Volcanoes Huzi,
Mihara, Miyake-sima, Asama, Amagi, and Taga were examined for the
particular purpose of ascertaining the possible ‘relation between the
magnetic property of rock and the local geomagnetic anomaly, and to-
determine the direction of residual permanent magnetization of massive
ejecta. The localities and petrological characters of these rock samples
which will be dealt with in the paragraphs to fdllow, are

Nos. 1, 2, 8, Meizi-Taisyé lava ejected from the central cone of
Volcano Mihara during the perxod from 1911 to 1914,
) . Basalt 1 .
Nos. 1/, 2/, 8, 4/, 10/, 11/, and 12" 4
Arn’ei lava ejected from the central one of volcano
Mihara in 1778,
Olivine-basalt,?
Nos. 58, 59. Akabakkyo lava flow eJected from Voleano Mlyake-‘nma
in 1941,
Olivine- hypersthene-pyroxene-basaltjc andesite,'?
Nos. 60, 60, 60”. Yoridai-sawa lava ejected from Volecano Miyake-
sima in 1941, ‘
Olivine-hypersthene-pyroxene-basaltic andesite,'
Nos. 63, 64, 65. Bombs from the crater of Hyédtan-yama, (a new
parasitic cone resulting from the volcanic activity of
Miyake-sima in 1941),
- Pyroxene-olivine-basalt,'”
Nos. 67, 68, 69, 70, 71. Large bombs ejected from the central cone of
volcano Mihara in 1941, (petrologically almost the
\ same as Meizi-Taisyo lava),
Nos. 101-110. Acokigahara lava flow ejected from Nagaoyama (ore
of the parasitic cones of volcano Huzi),
Two-pyroxene-olivine-basalt, :
Nos. 131, 132, 133. Yahatano-lava flow from volcano Amagi, the
" petrological characters are nearly the same as that of
sample No. 29,
Nos. 134, 135. Lava ejected from Omuro-yama,

11) S. Tsusol, Journ. Col. Sci. Tokyo Imp. Univ., 43 (1920), 6
12) H. TsuYA, Bull. Earthq. Res. Inst., (1941), 492. Zisin, 12 (1940), 474.




Part 1.] The Natural Remanent Magnetism of Rocks. ' 15

Basalt,

Nos. 141, 142, 143. Lava ejected from voleano Taga, which was
' exposed at Aziro.

§2. Magnetic susceptibility of igneous rocks in a weak
magnetic field.

(i) For the purpose of describing the magnetic behaviour of various
kinds of igneous rocks in the earth’s magnetic field, we first measured
the extent of magnetic susceptibility of rocks in such a field. The
apparatus used in the present experiment was a modified Stschodro
type” ballistic instrument, a general view of which is glven in Fig.
2-1. The apparatus® in outline is as follows:

The field coil of the apparatus is a circular cylindrical solen01d
100 cm long and 7.0cm in diameter, and the secondary coil also a
. cylindrical solenoid set coaxially with the field coil, 7.5 ¢cm long, 3.23
cm and 4.45c¢m in inner and outer diameters, the number of total
turns of the coil being 31000.

In order to eliminate the effect of the earth’s magnetic field, the
two coaxial soleniods were so set that their axes were perpendicular to
the direction of the earth’s magnetic force in- the laboratory, 'actually
the mtensﬂ;y of component of the earth’s magnetic force in the dlrec-
tion of the axes being less than 0.005 Oersteds.

The sensitivity of the apparatus depends on both the number of
total turns of the secondary coil and the sensitivity of the galvano-
meter. Actually, a ballistic type galvanometer, about 10~" in current
sensitivity and 12 sec. in its free oscillation period, was used in its
state of -critical damping.

Some of the rock samples to be measured had a circular cylindrical
shape, 15 ¢m long and 2.0 cm in diameter. These were cut off from the
rock mass, while others were pulverized into small particles ranging
from 03 mm to 0-5mm. Since, in the latter case, the mean diameter
of the ferro-magnetic minerals, magnetite, hematite, ilmenite, ete.
contained in these rocks were less than those of the particles, judging
from microscopic examinations of these samples, the crystals composing
the minerals were probably unimpaired. Moreover, since the specific
intensity of magnetization of a cylindrical specimen was practically

1) N. SrscHODRO, Gerl. Beitr. Geophys., 17 (1927), 148.
2) The apparatus used in the preliminary study (T. NAGATA, Bull. Earthq. Res.

Inst., 18 (1940), 102) was reconstructed, a number of parts of apparatus being
improved,
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the same as that of the pulverized particles of the same sample, . in
many cases we used the latter form of sample. In this case, a cylin-
drical tube of bakelite was filled with these particles, the length of the
tube being 16 ¢m, which was large enough compared with that of the
secondary solenoid. Here, the demagnetizing factor at the centre of
the tube was 0.250, whereas if the cylindrical tube were replaced by a
rotational ellipsoid of suitable size, the factor was 0.313. Then, since
the magnetic susceptibility of rocks examined in the present experiment
was always less than 3x10~* em.u., the intensity of the effective
magnetic field may be taken to be almost the same as that of the ap-
plied external magnetic field, provided we neglect an error of the order
of 0.1 per cent.

In measuring the intensity of magnetlzatxon of rocks induced by
the applied magnetic field due to the field coil, the specimen to be
measured slides down from position P (in Fig. 2-1) into the secondary
coil within the short time of less than 0.5 sec.

Fig, I-2 1. Electric clrcmt of the apparatus for measuring
the magnetic susceptlblhty of volcanic rocks

Then, the magnetic flux ¢, in the space inside the secondary coil,
in which a sufficiently long spec_imen of « of susceptibility is inserted,
is given by

¢3=A:H+47IICHS . (‘2_1)

where A, S, and H denote respectively the area of effective cross
section of the secondary coil, that of the inserted specimen, and the
intensity of the magnetic field. '

On the other hand, if the specimen is situated at P in Fig. 2-1,
that is, a point on the axis line of the secondary coil as well as of
the field coil, and is outside the secondary coil, the magnetic flux pas-
sing through a cross section of that part of the secondary coil which
is Ar thick and r distant from the centre of the_specimen, is glven
approximated by ~

ZM),

#2A( (2-2)
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where M denotes the total magnetic moment of the specimen in H, ie.
M:=rHSL, where L is the length of specimen.

Then, the change in flux passing through the cross-section of that
part of the secondary coil owing to displacement of the specimen from
P into the secondary coil, is given by

$.—g,=tmHS— 2L a=cHs(1-2LL). ey)

The number of turns of secondary coil per ¢m and the electric
resistance in the secondary cercuit being then expressed by » and R
respectively, the electric charge Aq induced in the part of secondary
coil Ar thick accompanying the change in flux just mentioned is

neH S 2LA
(e

Ag= (2-4)

Integrating the right hand-side of eq. (2-4) from « to b with
respect to 7, where a and b are distances of the two ends of the
secondary coil from P, the electric charge ¢ induced in the whole of
the secondary coil is given by

=2 A -
q 2 (=Y (2-5)

e neHS Sb <47r— 2LA )dr= NmHS( E —2212) )

where N and V denote respectively the number of total turns in the
secondary coil and the volume of the space given by L x A.
Since in the present instrument a=40 c¢m, b=475cm and V=110
cemd, ’
a+b _
Vw/4ﬂf:2 x 10 4,
showing that the second term in\ eq. (2-5) is negligible compared with
the first term.
Thus, the observed deflection of the galvanometer 6 is given by

0=CSJ=CSxH , . (2-6)

in which the intensity of magnetization /J=rtH can be obtained from
6, where C is a constant substituted for the magnitudes of N and R
and for the .characterics of the galvanometer. The actual value of
C was determined experimentally with the aid of the deflection of the

galvanometer 6, accompanying the sudden production of magnetic field
" H, due to the field coil, or to its sudden disappearance, in which case

6,=CAH,. 2-7)

v
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In the actual measurement of J, we adopted not only the method
of measuring by placing the sample from P to the.secondary coil, but
also the reverse operation of suddenly pulling up the specimen, the
galvanometer in this case deflecting in the direction opposite to that
of the first’ operation. The arithmetical mean of the readings of these
two deflections was adopted as the reading of one measurement, three
or five measurements forming a set of observations. Finally, it will
be noted here that the lowest limit of the observable value of intensity
of magnetization of a specimen in the present apparatus is 1x10-5
e.m.u., that is, an error of 10-5 in magnitude seems inevitable.

(ii) Results.

The observed values of the spec1ﬁc susceptlbllltles of various rocks
in a magnetic field of from 0 to 19 Oersteds are given .in Table 2-1
and in Fig. 2-2" As will be clear from these results, the specific
susceptibility of igneous rocks, generally, increases with increase in
magnetic field in the range from zero to 19 Oersteds. For a few
specimens, susceptibility in a magnetic field smaller than one Oersted
was especially examined, the result being given in Table 2-II and in
Fig. 2-3. From this result, it will be seen that the range of initial
susceptibility, where it is constant notwithstanding any change in the
magnetic field and is reversible with respect to the magnetic field, is
relatively small—say less than 0-5 Oersteds. /

For convenience, however, we adopted the value of spemﬁc suscepti-
bility in the special magnetic field of 1:26 Oersteds as representing
the magnetic susceptibility in a weak magnetic field, it being denoted
by %.- ; ‘

The magnitudes of y, of various rock specimens are given in
Table 2-III, where the amounts of Fe,0,, FeO, and Ti0,, and the
normative amounts of magnetite and ilmenite as calculated from the
chemical composition of these rock specimens are also given, both
being in weight percentage. Now, plotting the value of %o of each
rock against the corresponding value of normative magnetite, we get
the result shown in Fig. 2-4, from which it will be seen that, gener-
ally speaking, the more normative magnetite, the larger the specific
susceptibility, although this law does not exactly hold.

If, then, we assume that y, is approximately proportional to the
‘normative amount of magnetite ¢q,,, it is possible to establish the
relation

3) Before measuring the magnetization curve, the rock specimen was always
femagnetized by means of alternating magnetic field,
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Table I-2-1, a.
Susceptibility of ejecta from Volcano Asama-

}N" No. 5 No. 6 No. 8 No.11 | No. 14 No. 15
1-89 Oe. | 0-84x10=% | 0-58%X10~3 | 1-18 X10~3 [ 0-169X 103 | 0-57 X 10~3 0-064 % 10~
3.77 088 7 | o059 7 121 ” |o182 7 {057 7 | 0068 7
6-28 092 7 | 059  |124  loaze M | 057 M 0070 7
8:79 095 ” 060 7 |12 7 o176 .7 0-58 o070 7
11-30 095 ” |06 7 |12 -~/ |e175 7 | 059 /7 |0:069
13-82 097 | 063 ¥ |1.27 7 |0183 | 058 7 |0-068

© 16-33 100 ” |o06a 7 |128 # |o0a83 | 059 7 |o0-070 7
18-84 103 7 |03 7 | 129 ” |o18s 7 |o059 7 |oo071 V

Table I-2-1, b.
Susceptibility of ejecta from Volecano Huzi.
- No. | 37 | 18 19 .20 21 22 23 2 25
19 Oe. | 225X | 131x | 1:80x | 1-28x | 1-55% | 0-70x | 1-29x | 0-402%]| 0-90%
ed e 10-3 107 10-3I 10-7 103 107 10-° 10-° 10~?
2:51 226 | 146 |197 129 | 163 | 0719 | 1:30 | 0394 | 104
377 399 1154 .| 205 130 | 166 | 0728 | 1-30 | 0397 | 114
5-02 231 | 163 | 217 131 | 169 | 0776 | 1-31 0412 | 123
6-28 233 (168 | 2923 131 (172 | 079 | 133 | 0413 | 130
7-54 236 |172 |231 132 [173 o081 | — — 1-33
879 236 | 175 234. . 133 174 | 0833 @ 1-37 | 0411 | 137

11-30 238 | 182  240. 134 177 0855 139 ; 0-418 | 143

13-82 241 | 187 | 246 134 | 1-78 | 0859 , 1-41 | 0-422 | 1-49

16-33 243 | 191 | 252 135 | 180 | 085 | 144 | 0427 | 154

18-84 244 | 195 | 256 136 | 182 | 079 | 145 | 0431 | 158
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Table I-2-1, e.
‘ Susceptibility of ejecta from Volcano Amagi.
e g 28 29 ) 30 ' 31 32 33 34
12 Oe. | 12X | 0775% | 078X | 094x | 056X | 0-65x | 0-82% | 0-62x
: 10-% 107§ 1073 C10-% 2073 103  10-3 103
251 130 | 0-837 0-81 097 0575 | 066 | 0-84 0-68
3.77 133 | 0-8% 080 098 0575 | 066 084 070
5:02 1:38 0-922 0-82 098 | 059 067 | 085 0-73
6-28 142 | 0969 0-82 099 0595 | 067 | 085 075
7-54 143 | 0980 | 082 0-99 060 067 | 085 076
879 145 | 1-005 083 099 061" | 067 | 085 077
11-30 150 | 1-035 0-84 099 0-61 0-67 086 079
13-82 153 | 1-058 085 0-99 0-61 068 | 086 0-81
16+33 156 | 1:082 0-86 1-00 0615 | 068 0-86 083
18-84 159 | 1-106 086 1-0L 0615 | 069 0-86 0-84
Table I-2-1, d.
Susceptibility of ejecta from Volcano Mihara.
H\‘% 35 36 37 38 39
126 Oc. | 040x10-% | 1:86X10-% | 146x10~% | 1-01x10-% | 0.34x10-*
2-51 04 1-92 1:60 111 © 038
3.77 04 . 197 172 1-14 0-39
5:02 039 2:02 181 119 042
628 0-39 2:03 1-88 1-21 043
754 0-40 2:05 1-92 1-24 0-45
879" 0-40 2:08 197 1:26 0.47
1130 0-40 2:12 2:05 1:30 0-49
13-82 0-40 215 - 21 1-34 051
16:33 040 217 216 1-37 0-53
1884 0-41 2:19 291 1-39 0-56
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Table I-2-1, e.
Susceptibility of ejecta from Volcano Usami.
gy 50 51 52 53 54 55 56
12 Oe. | 0835% | 095X | 0:37X | 1-09% | 0-566X | 0-847% | 114X | 0-677%
. © 108 103 103 103 10-3 103 1073 10
2-51 0-97 1-07 043 | 1:09 .. | 0-583 0877 117 0-688
377 1-00 0-99 0-46 1-09 0-580 0-877 118 0-727
5-02 103 100 0-47 1-10 0-594 0-899 118 0-729
6-28 1-06 1-02 0-49 111 0-597 0-902 119 0-726
7-54 1-08 1-02 051 112 0-607 0-914 1-20 0720
879 110 1-03 0-52 1-13 0-612 0920, 121 | 0718
11-30 112 1-04 0-55 115 0-621 | 0-932 1-24 0-723
.13-82 114 . 1-05 0-57 1-16 | 0-629 0-944 1-26 0-730
16-33 116 1-06 0-59 118 0-637 0-955 1-28 0-743
18-84 118 1-08 0-61 118 0-641 0-968° 1-29 0-749
Table 1-2-1, f.
Susceptibility of ejecta from Volcano Hakone.
\H\{ o 79 80 81 82
1:26 Oe. | 0:76X10-° 1-65X103 | 1:36X10-% | .0-698x10-% | 0-423X10—* '
2+51 0-84 17 158 0791 0-452
377 0-87 1-83 161 0-817 0-449
502 0-89 1-87 1-64 0-839 0-465
6-28 0-91 189 167 0845 0473
' 7:54 0-926 191 163 0-841 0-490
879 0-930 1-93 1-70 0-853 0500
11-30 0-940 195 1.7 0-869 0.516
13-82 0-94 197 171" 0-874 . .0-527
.16:33 0-95 1-99 174 0-888 0-538
18-84 0-958 ©2:01 1-76 0903 0-549
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Table I-2-1, g. .
Susceptibility of ejecta from Volcano Taga.

q No oL 2 9% 91 95 96
1:26 Oe. | 0 88x10~% 0»955x10~3§ 0-54X10-3 | 078X 1073 | 1:37%107% | 0-.29% 143
o251 0-42 096¢ | 067 080 - 1446 0-75
377 0 Y6 0970 1 064 0-80 1-49 0-81
5.02 101 0975 C06s 083 ' 1-54 088
628 - 105 0995 | 065 | 084 1-58 092
7.54 108 0995 067 0383 164 | 095
879 110 0| 068 083 165 098
11-30 1-18 ror | 070 0-84 1-69 102
1382 195 1032 071 0-83 1-75 1:07
16-33 1-98. 104 073 0-84 177 1-09
18-84 3 | 14 on4 0:85 179 110
Zo= (243 +0'75%) x 102 Qiss (2-8)

as shown in Fig. 24, the frequency curve of ¥,/¢,. being shown in
Fig. 2-5. : ,

Thus, we may presume that the largest part of the magnetic
behaviour of igneous rock is due to the presence of ferro-mangetic
minerals, especially to that of the magnetite contained in the rock.
The actual ferro-magnetic minerals in the rock, however, are believed
to consist not only of pure magnetite, but also of titano-magnetite, or
a more complex solid solution of magnetite and i'menite, hematite,
and sometimes pyrrhotite, etc., so that the magnitude of normative
magnetite calculated from the chemical composition of a rock cannot
be expected to give the true actual amount of ferro-magnetic minerals
contained in the rock. Moreover, the magnetic behaviour of igneous
rocks will be influenced by internal stress and the demagnetizing
factor, namely, the shape of the mineral particles.

It is, therefore, natural that the law expressed by eq. (2-8) does
not exactly hold in practice. It is possible, however, to take the
normative amount of magnetite as'a measure of the order of magnetic
susceptibility of igneous rocks, at any rate, as a first approximation.

By imagining such a condition in the magnetic behaviour of igne-
ous rock as that in which a large number of microcrystals of ferro-
magnetic minerals are uniformly distributed in almost non-magnetic

* Mean deviation.
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space, we can calculate theoreti-

, _ : N0 §0 ' cally the apparent magnetic sus-
W ceptibility of rock, given the
5127 magnitude of susceptibility and

the demanetizing factor of the
ferro-magnetic minerals, With the

: aid of the analogy of the electro--
10 —. W78, o . static polarization of the medium,

W - the effective magnetic field I;L in

a hollow cavity in the magnetic

05t o gt medium, the susceptibility of which

is &, is given by

H=H+vI, I=cH, (2-9)

oa 5 ,'o ,:; 2:,0, where v denotes the demagnetizing

Fig. I-9-2, f. Susceptibility of cjecta factor depending on the geometrical .
from Volcano Hakone.' : . shape of the cavity.
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) ~ Table I-2-1I. » .
Susceptibility_ of volcanic rocks in weak magnelic field.

q 3 . No 20 No2t | No2s | No2z | Noas No 30
013 Oe.| 120 119 0-94 101 — 0-81
0-25 1-20 1-28 0-94 099 . | 073 0-81
038 123 1-38 1:05 107 — 0-88
0-50 1:20 1.45 1:08 113 0-74 0-88
063 1-22 1:50 1:09 1-20 — 0-90
0-75 1-23 1:50 1-12 123 0-74 0-91

- 100 1-23 1-54 117 1:2% 076 0-92

12 195 | 155 1-20 1-28 078 0-94
157 1 128 1-61 121 — L= —
188 129 162 1-23 "199 1 080 095
251 131 1-63 197 130. | 084 097
314 1-35 1-64 1-29 132 088 097
376 1-35 1-66 130, 133 . 089 7 098

If H, I,, %,, and 2 denote respectively the effective magnetic field,
intensity of magnetization, susceptibility, and the demagnetizing factor,
each being the respective mean value of the microcrystals of the
ferro-magnetic mineral that is present in the hollow cavity, as shown
in Fig. 2-6, we get the relation

-> -

H=H,-,, I=rH,. | (2-10)

The effective magnetic field in the ferro-magnetic mineral is then
given by

> 14+vE = \ -
H=1_7H- (2-11)
And, since
I=pl, | L @12)

where p denotes the volume content of ferro-magnetic mlnerals in the
rock, we get from eqs. (2—9) and (2—10)

- pk’nz )
=1+ d—opysy,” (2-13)

The special case of this formula wherein v=2 exactly agrees with
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Ollendorf’s formula® for the per: neability of dust core, well known in
the field of electric engineering.”

xx10° No21 AR frequency
sl o 10 ]
——<No27 ]
ol T a0 . 5 —
‘ f”.—_"d’—_‘—_‘
M ¢
' ‘ Xﬁm
o5t . ) 0 I_ — ~2
) 0 2 4 6x10
Fig. I-2-5. Frequency of
distibilition of /g
H
0 0 ] 2 K} 4 0e

Fig. I-2-3. Dblaznetic susceptibility of
volcanic rocks in weak magnetic field.

[ Kor 10’

ol / Fig. 1-2-6.

The apparent specific

Dol susceptibility of rock, that

. omgl  of a ferro-magnetic min-

° o ' l//;aakn;;? eral and the weight con-

o, ¥ « Taga | tent of the ferro-magnetic

u' ' '( : o mineral in rock being

00 2 4 -~ 6’ 5 Y denoted by ¥ 7., and ¢

) . respectively, we get, in

1My T 244, The relation between sgpecific

susce ibility of rocks and the amount of plac;e O’f eq. (2-13), the
no r a!ive magnetite contained in them. relation

PV v . S (2-11)

-_1 + ()‘x”m'— Vf)) A ’

wiere » and g, denote respectively the density of rock and that of

4) F. OLLENDORF; Arch. Elek. Tech., 25 (1931), 436
5) The Ollendorf’s formula was already applied for interpreting magnetlzatlc R
of rock by J. G. KONIGSBERGER, (Deitr. Angew. Geophys., 4 (1932), 385.)
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" the ferro-magnétic mineral. In many. actual rocks, however, q is
fairly small, amounting at most to only 3~4 per cent, Whence we can
put, approximately,

. . q m i

ST (2-14)

Now, we assume an ideal igneous rock, where the ferro-magnetic

mineral contained in it is only pure magnetite, the amount of which
agrees with the normative

X Xx10°
amount of magnetite calcu- m : g
lated from its chemical - . .

D sps . 051 - 5
composition, and the mean / .
magnitude of the demagnet- Magnetite
izing factor of the mineral 04 o 4

- is always constant regardless

of the kind of rock. Then, o3
eq. (2-14’) shows that there

is a linear relation between ,,|™
the specific suseeptibility of
rocks and their normative

Theoretical Cu;ve tA:315) 3

nnnnn o o

Mixture of gquartz sapd and maghehre 12

magnetite. That this rela- o .y 1!
tion approximately holds - . 0o
wag already shown in eq. 7, 5 o 5 AN
2-3). Fig. I—ZFf . Susceptibility’ of magnetite and

In order to prové direct- that of quartz-sand contamg a few percent
1y the validity of eq. (2-14), of the magnetite. - -

polycrystalic magnetite of 043 spec1ﬁc susceptibility was. pulverized
into small grains, 010 mm mean diameter, mixed with almost pure
silica of like size, and the susceptibility of magnetite and the apparent
susceptibility of the mixture were measured in’ various magnetic fields,
an example of the measurement being given in Table 2-IV and in
Fig. 2-7, where p in eq. (2-13) was 0'0124 and 00250, while p, was
4-8. From this result, we find that eq. (2-14), or at any rate, eq.
(2—14’), holds in the present case, so long as-we choose a suitable
‘value for the demagnetizing factor of the mean ‘value .of the demag-
_netizing factor of a large number of grams, 2, -although the magmtude
~of v was not. obtained from the present‘experiment. ° Actually, the
magnitude of 4 suitable for the present case was 8:15. Since, on the
other hand, the magnitude of 2 determined by XKonigsberger® was

6) -J. G. KONIGSBERGER, Bcitr. Angew. Geophys., 4 (1932), 385.
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3:0~4-9, and since, further, in the special case that the mean effect of
demagnetization due fo the shape of the magnetite particle is assumed
4z

to be the same as that of a sphere, 2 ought to be 3 =42, it may be

presumed that the 2 of the ferro-riagnetic minerals in the actual rock

is about 3~-4.
Taking, then, 4=4-0, p,=52 in eq. (2-14'), we get from eq.
(2-8)

Table I-2-1I1.

No. | : ~ Locality : ' 7o Mt !Fegas ‘FeO Ti0: | Yolgae
5 ©| Asama, Bomb O.R?éisl 2-31% 1-54%‘ 5-3(,% n~70% 3.6;522
) Asama, Temmei lava 0-49 1-62 1-14 479 6-66 | 3-58
8 Asama, Kurohuyama lava | 118 3-49 249 5-38 071 | 3:38
[} Asama, Mugeno tani 0-17 116 0.73 181 041 | 1-47
14 Asama, Yunotaira lava 057 2:08 144 551 0-70 | 3-01
15 Asama, Ko-Asama lava 0-064 0-23 245 0-45 0-38 2:78
17 ® | Huzi, Hoei crater 2:95 7-87 5-40 665 1-40 286
18- | Huzi, Makuiwa 1 1-31 394 2:76 772 1-41 3-33
19 Huzi, Tawaranotaki 1-82 5-33 367 999 197 | 341
20 Huzi, Makuiwa 2 1-28 648 |, 4:50 689 1-78 1-98
21 Huzi, Makuiwa 3 1-55 6+95 4-78 572 1-38 2:23
22 | Huzi, Héei bomb fo70 | 394 | 264 | 842 | 138 | 178
23 Huzi, Makuiwa 4 1-29 4-40 3-04 7:29 115 | 293
24 Huzi, Karasuiwa 0-40 1-39 0-95 5:02 0-87 2:88
25 | Huzi, Aokigahara 0-90 255 | 183 | 834 | 143 | 353
27 © | Amagi, Ziz6dd 1-28 417 | 2:89° | 7-66 064 | 3-07
28 Amagi, Hatikubo-yama = | 0-78 2-55 1-92 6-77 1-03 306
29 Amagi, Yahatano 0-78 579 3-94 2:86 076 1-35
30 Amagi, Inatori 0-94 4-40 3-03 3-30 0-80 2:04
31 | Amagi, Iwano-yama 0-56 152 | 112 | 215 036 | 3-68
32 Amagi, Yanagase 065 394 2:66 3:40 065 | 1-65
33 ° | Amagi, Yahazu-yama 0-85 1-85 1.95 2:32 0-40 457
34 | Amagi, Akazawa - 062 232 | 154 | 700 | 079 | 266
35 @| Oosima, Okata 0-40 300 | 213 | 7405 078 | 1-33
36 Oosima, Somma of Mihara | 1-86 6-02 418 8:99 0-83 | 3:09
37 .| Oosima, Aniei lava 1:46' 6:71 4:60 | 10-02 1-39 | 2-18
38 Oosima,Meizi-Taisyo lava | 1:01 391 2:69 10-57 0:74 2:58
39 Oosima, Okata 0-34 556 | 382 |10-22 0-81 0-61

(to be continued.)




Part 1.] The Natural Remanent Magnetism of Rocks. 29

Table I-2-111. (Continued.)

No. Locality %o Mt | Fe:O3 | FeO Ti02 | Xo/qu:
49 ©| Usami OBXS 500 2167 603 N e
50 | Usami " lo095 | 671 | 460 | 590 | 1.04 | 142
51 | Usami 0-37 370 | 261 | 461 | 082 | 1:00
52 | Usami 109 | 463 | 318 | 673 | 085 | 236 .
53 | Usami . 057 | 394 | 279 | 598 | 071 | 144
54 | Usami 085 | 463 | 3925 | 697 | 092 | 183
55 | Usami B 107 556 [ 338 | 7-25 | 076 | 192
56 Usami 0-68 5-09 3-48 5:70 0-73 1-34
78 & | Hakone, Hakone-tége 076 371 | 245 | 615 | 073 | 205
79 | Hakone, Hutago-yama 165 | 371 259 5-44 077 | 4.45

80 Hakone, Kurakake-yama 1-56 418 2:76 6-01 0-61 373
81 Hakone, Atami, Iwatoyama| 0-70 371 2:49 | 559 063 | 232

82 Hakone, new-somma 0-42 1-62 113 386 072 2:61
91 4| Taga 088 | 370 | 258 | 792 | 087 | 2:38
92 | Taga 09 | 417 | 28 | 726 | 084 | 2:30
93 | Taga 0-54 347 | 242 | 713 | 067 | 156
94 | Taga 078 | 602 | 414 | 552 | 098 | 1-30
95 | Taga 137 | 625 | 436 | 981 | 074 | 219
96 | Taga 0-73 509 | 348 | 7-83 | 093 | 1.43

_Table I-2-IV.

‘ £ (obs.) p=0-0124 x (calc.) ;.1(5’_%52‘5)0‘
H Kin 01<5<02] 033006 | 07010 | Pyl 19.3<5<06
mm mm mm mm
1-26 Oe. 0431 . | 212x107% | 2:23X10~% | 2.10Xx10~3 | 2-27X10~° | 0-448 X103
2:52 0-435 230 7 |228 7 214 7 2:27 7 0460
377 0-437 2:29 "/ 2:29 210 7 222 7 [0462 7
5-02 1 0-444 230 7 |22 7 |2a8 7 |22 7 0463 7
628 0-455 230 ” (230 7 217 7 |2:28 7 10462 7
7-54 0:469 2:30 7 |230 7 |219 7 |228  |0460 7
8:59 0-475 2:29 7 2307 221 7 228 7 lo462 7
11-30 0-490 e:30 229 7 2:20 7 229 ¥ —
13-82 0-505 230 // |230 7 (22 7 |23 7 —
- 16-33 0-518 2:30 7 231 7 221 Y 231 7 —_
18-84 0533 | 231 7 |23t 7 |a222 ¥ |23 / -

(0: the diameter of magnetite grains)
71.=0049, - or K,=p,Yn=026.

This value of r,, seems tn agree with the mean initial susceptibility
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of polyerystalline magnetite,” which ranges from' 01 to 3 according to
the amount of impurity contained in it. :

We may thus conclude that the magnetic susceptibility of voleanic
rock is intérpreted, in the first approx1matlon, as the apparent sus-
ceptibility of such a substance as consmts largely of non-magnetic
material plus small partlcleq of ferro-magnetic minerals scattered. al-
most uniformly in that non-magnetic material, where the ferro-magnetic
minerals are presumed to be nearly magnetite or its solid solution with
FeO, Fe,0,, FeTiO;, ete '

Supplementary note to § 2 .

In order to determine the approximate magnetic susceptibility of
rock in a comparatively short time, we constructed” an apparatus in
which the magnetic susceptibility of rock specimen in an alternating
magnetic field was measured. The electric circuit of this apparatus
is shown in Fig. 2-8. The frequency of the alternating magnetic

Table 1-2-V. Magnetic susceptibility of voleanic rocks in
weak alternating magnetic field.

%X 10° .
H . . -
No. 36 No.37 |  No. 38 . No. 39
0:060e. | 165 110 } 078 C 02
013 1-65 114 : 0-83 0-26
019 170 1-21 f 0-86 0-26
025 171 1-29 ! 0-88 0-26
031 - 173 1-27 ' 091 0-27
0-38 1:75 L7 res ' 08y L 028
044 BT 1-35 040 0-28
0y 183 1-36 ‘ 091" 0-29
057 1-84 1-35 ! 099 0-29
063 ’ 1-85 1-37 ; 092 0-30
0-69 — - ! — 031
0-75 185 138 092 0-33
0-88 185 139 0-94 R—
oL 1-89 142 ‘ 0:92 —
1-2 - 143 0-98 —

7) H. ReicH, Handb. Geophys., Bd. VI, pp. 62.
8) See §4, this Chapter, §3 and § 4 of Chapter III.
9) T. NAGATA, Bull. Earthq. Res. Inst., 18 (1940), 102.
The similar apparatus was made by Y Kato, a number of igneous rocl\s
being examined with the aid of it.
(Y. KarTo, Journ, Fac. Scz Tohoku Imp. Univ., 27 (1938) 9'&)

»
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field was kept at 50 cycles/sec., because the magnifying ratio of the
amplifier is nearly constant in the range of frequency around this

Oscillator

L5 =

Amplifier : %B
o . o

=

Fig. I-2-8. Apparatus measuring magnetic
susceptibility of rocks in alternating mag-
netic field. .

value. A few examples of the observed results are shown in Fig.
2-9. ' ‘ o . v ,

Although this apparatus seemed to be suitable for determining the
approximate magnetic susceptibility of rock in a weak magnetic field,
20,)( 1703

No 36 -

No37 - e

I

10 ’ No 38
05 .
No 39
M
H.
0 . -
[) 05 10 0

Fig. I-2-9. Susceptibility of voleanic rocks
in a weak alternating magnetic field.

there was difficulty in measuring the true susceptibility, probably oWing .
to dielectric loss in various parts of the whole measuring apparatus,
espgcially in C;, Cy, C3 and C,, and to the core loss of S shown in
Fig- 2“'8!
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§3. The hysteresis phenomenon in the magnetization
curve of volcanic rocks.

In the preceding paragraph, we concluded that the magnetic sus-
ceptibility of rock seems to be largely due to the micro-crystals of
ferro-magnetic ‘minerals in the rock. Here, the magnetization curve
of voleanic rocks will be examined.

(i) First, we have the intensity of magnetization of rock specimen
J during the processes of increase of magnetic field H from zero to
188 Oe, decreasing from + 1898 to —1898 Oe, and increasing from
—188 to +18'8 Oe. with the aid of the same apparatus as that used
in §2. The observed result of the experiment just mentioned shows
that all the rock specimens examined showed the hysteresis phonomenon
in J-H relation. ‘Here, only the typical examples of observed results
will be given Figs. 3-1.° From these results, we find that the hys-
teresis loop corresdonding ‘to the range of change in magnetic field of
from —188 to +188 Oe shows the particular form of magnetic be-
haviour of each rock specimen, that is, some rocks are magnetically
“hard”, while others are “soft”, This fact may show that the
internal stress in the ferro-magnetic minerals is not uniquely given.
Since, however, the hysteresis curves shown in Fig. 3-1 are not com-
plete, they being only hysteresis loops in the range of magnetic field
of from about —20 to +20 Oe.,, where the magnetization of rock is
far below its saturation, quantitative examination of the magnetization -
curve cannot be attempted.

Here, we shall adopt a measure of ‘hardness” of the rock’s
magnetism merely for the sake of convenience, that is, the coersive
force H, and the ratio of remanent magnetization J, to initial sus-
ceptibility, where J, and H, are defined in the above-mentioned hys-
teresis loop analogously in the case of a complete hysteresis curve.
The actual values of these various rocks are given in Table 3-1, where
J,/JHy (H=126 Oe.) and H, are given.

(ii) Next, .{the magnetization curves of some rock specimen were
obtained in a magnetic field of from zero to 220 Oe. In this measure-
ment, the ballistic method, exactly the same in principle as that men-
tioned in the foregoing paragraph, was used. It consists of two
cylindrical  solenoids, the field coil, 60 cm long and 5:0em in its

1) A number of other examples were given in the writer’s previous paper.
(T. NAGATA, Bull. Earthq. Res. Inst., 18 (1941), 112.)
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' Tab]el I-8-1.
No. Jrfdis He No. JIrldis He
5 0-98 113 Oe. 39 276 2:00 Oe.

0-87 1-01 49 1:80 1-76

058 075 50 079 1-00
1 0-68 0-88 51 3-44 251
14 036 0-50 59 094 1-16
17 058 0-78 53 1-23 144
18 2:50 2:05 54 1-41 1:55
19 2:23 1.97 55 103 1.02
20 0-61 © 068 56 0-94 - 113
21 111 113 58 215 191
22 1:85 1-88 73 0-81 1-01
23 117 1-%6 74 266 2:51
L2 1-06 1-13 75 1-94 191
25 4-08 3-03 76 1-61 1:63
2 076 103 77 261 2:07
27 1-94 L2401 78 - 112 114
28 213 1-93 79 0-91 0-88
29 086 1-04 80 0-40 953
30 0-41 © 048 81 078 079
31 0-43 0-50 82 1-47 1-48
32 081 0-98 91 1-82 1:63
33 < 049 065 92 157 188
34 . 199 1-88 93 2-33 1:95
35 074 121 94 0-47 0-59
35 1-60 1-76 95 2.29 2-24
37 285 242 96 313 2-51
38 2:29 214

inner diameter and 360/cm in turn of solenoid, and the secondery coil,
6:0 cm long, 20 ¢m in its inner diameter and 10000 total turns. In the
- present apparatus, however, the water cooling equipment was set be-
tween the field and the secondary coils in order that the heat produced
by the electric current through the field coil shall be absorbed. The
specimens examined were circular cylinders 10 ¢m long and 1'6¢m in
diameter. o : _
, The observed hysteresis curves in the range of the applied
magnetic field of from —220 Oe. to +220 Oe. are given in Fig.
3-2. As will be seen from these results, ‘although the magnetization
and demagnetization curves of the examined rock specimens show a
marked hysteresis phenomenon, magnetization of the r8ck is not yet:

’
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Fig. I-3-1. (a) Specimen No 17.
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saturated even at the largest value of applied magnetic field, say
220 Oe.?

T o8}

) H
/100 200 0,

-200  -100 200 -10g

_04 o
=06+
-06 L
-08 -
Fig. I-3-2. (a) Specimen No 19, Fig. 1-3-2. (b) Specimen No 21.
0417
03} ’ J
03 r
02+t
o1t
H ‘ ‘ / ’ 4
200 O -200 " 100 200 o
L]
-03
Fig. I-3-2. (¢) Specimen No 22. Fig. 1-3-2 (d) Speciinen No 28.
2) If we assume that the ferro-magnetic mineral in the rock is magnetite alone, .

we may expect the intensity of applied magnetic field, where the magnetization of
rock is saturated, to be 3000 Oe, for since

e=H—il:, . (2-107)
the intensity of saturated magnetization of magnetite=590 Gauss, the value of H in
which the magnetization of magnetite is almost saturated =600 Oe. and

A =4,
. so that the amount of H in which the magnetization of the rock is saturated must
exceed 2800 Oe.
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Comparing now the hysteresis curves given in Fig. 3-2 with the
corresponding curves given in Fig. 38-1, we find that the amount of
hysteresis loss in the —220~ +220
Oe. magnetization curve is not al- J
ways proportional to that in the ‘ 08+ -
—19~ +19 Oe. magnetization curve, ‘
whence it may be said that the
magnetic hardness given by Figs.
3-1, 3-2, and the quantities J,/Hy,
H_ given in Table 3-1 is not neces- / 02
sarily trustworthy. It has a definite
physical meaning, showing only the
general approximate tendency of the
hysteresis phenomenon of rock in a
relatively weak magnetic field. Fur-
ther, hardly any successful result
was obtained in the search for a
definite relation between the chemical
composition and the measures of
magnetic hardness defined in the
present paragraph, for which reason
it will be presumed that the mag-
netization and hysteresis curves in
the ,ré.nge of magnetic field up to the saturation of the rock’s- mag-
netization alone can give indicators for the magnetic behaviour of
ferro-magnetic minerals in rocks,” the results obtained in this para-
graph merely supporting the conclusion obtained in the foregoing
paragraph ‘thatA the magnetic behaviour of voleanic rocks is largely
due to the ferro-magnetic minerals contained in them.

04 |

100 200 0s

Fig. I-3-2. (e) Specimen No 75.

§4. Change in magnetic susceptibility with temperature.

(i) The change in magnetic susceptibility of various rocks with
temperature in a weak magnetic field were measured by means of a

3) Hence, it will be most required to determine the complete hysteresis curve of
voleanic rocks. Until the present, we have nothing of complete hysteresis curves of
volcanic rocks, although the magnetization curve in the magnetic field less than 700
Oe. have been fuquently reported. (For example, Tzu-CHANG-WANG, ZS. Geophys.,
- 16 (1940) 160.)

However, an apparatus for measuring the magnetization of rock in the field of
from zero to 5000 Oc¢ is now being constructed in the writer’s latoratory. The writer
hopes that some fruitful results are obtained in future by means of this apparatus

Adding note.” (Dec. 20, 1942). The magnetization curve of various voleanic
rocks in 0~5000 Oe. has recently been obtained. According to the experimental result,
the rocks magnetization is almost ‘saturated at the magnetic field of 3000~4000 Oc.
The details of this study will shortly be published.




38 T. NAGATA.

[Vol. XXI.
ballistic method. Since the. magnetic susceptibility is usually very

- small (less than 8 x 107 in specific value), several technical improve-
ments were required in order to determine the magnetic susceptibility
in a weak magnetic field with an error of less than a few per cent,

Fig. I-4=1. Electric circuit in the apparatus for
measuring the magnetic susceptibility of rock
at any temperature.

Details of the measuring apparatus having already been given by the
‘writer in another paper,” only an outline of it will follow here. The
general electric circuit in the ballistic method is shown in Fig. 4-1,
and a schematic view of the main part of the apparatus shown in

. - Fig. 4->. The primary coils of mutual

inductance M; and M, are Helmholtz

f Phorme coils of 385cm radius, the intensity of
"i .

! . the magnetic field at the centre of
To Manometer H_ ToPump  the coil being 8:85 Oe. corresponding to
:’Eﬁ unit electric current through the coil.
The secondary coils in M, and M, are
cylindrical solenoids set coaxially with
the Helmholtz coil, 9‘0cm long and ~
67 cm in inner diameter, the total num-
ber of turns of wire in coil M, being
43000, while that in M, may be varied
- from 40000 to 46000 with every two 2
ToAC Source turns, so that the mutual inductance of
Fig. I-4-2. The schematic view 3, can be made equal to that of M,
of main part of apparatus (.4 5 deviation of about only 2/43000
for measuring the magmetic . .45 A vacuum electric furnace
susceptibility of rock at any C y
temperature. which was set coaxially with M,, was

i

.
Water

NG

1 T N_AGATA,I Bull. Eqrthq. Res, I'n.st.‘,‘ 19 (1941), 579,
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made of fuzed silica and platinum wire, which last was wound non-
inductively on a silica tube. The rock specimen to be examined was
pulverized into small particles of 0'1mm, mean diameter, and poured
into a tube of fuzed silica which was set as shown in Fig. 4-2, where’
the temperature at the centre of the specimen was determined by
means of Pt-Pt.Rh thermo-junction. In short, every part of the
apparatus was sufficiently non-magnetic, bearing a small error of the
order of 10-% e.m.u. . o '

The electric current I through the primary coils of M, and M,
being turned to —I, the electric charge Q due to electro-magnetic
induction between the two coils of M;, containg a rock specimen as a
core, and between those of M, could be measured by means of a
ballistic galvanometer, where Q is given by

Q=2kI(M¢ szl‘o) v
p=1+4nCscf{A,  p=1, 4-1)

where k, S, ¥, A and C denote respectively a constant, depending on
the resistance of the secondary circuit, a cross section of the inserted
specimen, its magnetic susceptibility, effective cross section of the
secondary coil of M,, and a constant depending on the dimension of
the specimen with respect to that of the secondary coil, that is, Csc/A "
gives the effective susceptibility of the entire space inside the secondary
~ coil of M;. '
' Since M,~M,, we finally get

‘ o 0
KI~°"KH
w\here 6, K, K', H, and ¢ denote the deflection of the ballistic galvano-
meter, the constants depending on the dimensions of the instrument
as well as of the specimen, the intensity of the magnetic field cor-
responding to I through the primary coils, and a constant due to the
inequality when M, is compared with M.

In practice, the values of constants K and ¢ were determined ex-
perimentally. for each specimen at room temperature, where the ¢~ of
these specimens at room temperature was accurately determined by
another instrument. - v o

The largest source of observational error was the fluctuation in
the value of 6, which was probably due to a slight leakage from the
alternating current in the electric furnace or from some other source
“to the secondary circuit. This fluctuation depends on the temperature
in the furnace, the higher the temperature the greater the fluctuation,

k= c, (4-2)
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" The mean of the observed values of
where p=y,, are

temperature = 0~350°C, £=(06+16) x10-5,
400~700°C,  £=(0:0+£27) x 105,

where H=2:2 Oersteds, while in determining & from the values of Q@ and
H, K’ was assumed to be the average value of its magnitude deter-
mined for a number of rock specimens. Thus, the observational error
in determining r in a magnetic field of about 2 Oersteds at various
temperatures of from 0°C to 700°C would always be less than
3x1075 e.m.u. . .

Since, on the other hand, the mean deviation of temperature in
the specimen from its mean value during heating or cooling at the
rate of 100 degrees per hour are such as shown in the following table,

0 .
7 B at various temperatures,

Mean value of temp. 110-°6C } 240-°9 495.% 5853

Mean deviation +0:°6 ’ +3.°1 +5-99 +6-°5

we may say that the temperature of a specimen was uniform with an
error of less than 10° in a temperature range of from 0°C to 650°C.

(ii) Several typical specimens of basaltic and andesitic rocks
were examined with the aid of the present apparatus. The observed
magnetic susceptibilities of these rocks are various temperatures from
20°C to 660°C are given in Table 4-1, and in Figs. 4-3~4-14, where
the scale of the ordinate gives the specific susceptibility, (I) and (II)
denote the heating and cooling processes respectively, while (IIT) and
(IV) in Fig. 4-5 show the second heating and cooling processes
respectively. " ‘ ' ‘

As will be seen from these figures, the susceptibility of all rock
specimens examined becomes zero when the temperature exceeds 580°C
or 600°C, provided we neglect small quantities less than the obser- -
vational error——say 3x10-5e.m.u. The fact that the magnetism of
a rock disappeared when its temperature exceeded a certain critical -
value is the most positive proof for concluding that almost the whole
of the magnetism of rock is of ferro-magnetic character, whence the
critical temperature at 580°C~600°C in the case of rock seems to be
the magnetic transition point (Curie-temperature) in usual ferro-
magnetic meterial.®

2) Actua]iy, the intensity of magnetization at temperature higher than the criti-
cal point cannot be estimated, from the reason that its magnitude would be much
smaller than the observational error.
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Table I-4-I a.

No. 17 No. 18 No. 19 No. 20 (1) | No. 20 (2) No. 21
H| Cc|H| C H]c HllC, H,

Temp.

C, H C

90°~95°C 2:25x| 2:25%|-1-42%| 1-41%| 1-86x 1-77><| 1-29x 1-27><1 1-28x| 1-27%| 1-62x%| 1-63%
10-% 10-% 10-3 1¢=% 10-% 10-% 10-% 10-% 10-% 10°% 10~% 103

40 | 228 | 295|144 | 145 | 197 | 183 | 1-29 1-28 162 | 164
60 2.98 | 2:26 | 1448 | 148 | 217 | 1.93 | 1-29 130 | 1926 | 168 165
80 231 | 298 | 157 | 1-50 | 232 | 2:05 | 1-31 1-33 1 166 | 166
100 231 230 | 163 | 159 | 253 | 2:13 | 1-32 1-31 170 | 1-67
120 2:34 | 232 | 179 | 1-76 | 269 | 225 | 1-32 | 132 | 127 | 171 | 169
140 | 238 | 235 | 1-87 | 1:83 | 2:86 | 240 | 1-36 131 174 | 170
160 244 | 236 | 194 | 1-88 | 292 | 254 | 1-36 L 1-30 175 | 17
180 2:47 | 2:39 | 2:03 | 1-93 , 295 | 2:53 | 1-37 i 1-31 4§ 1-29 | 177 | 1-72
200 | 251 ] 241 | 216 197 | 269 | 241 | 137 131 178 | 173
220 252 | 242 | 216 | 1-89 | 238 | 211 | 142 | 1321 1-33 | 129 | 182 | 175
240 257 | 246 | 198 | 174 . 2:00 | 1-79 | 141 131 D184 | 176
20 | 260 | 244 | 179 | 146 | 1-63 | 1-51 | 1-43 | L 1-31 1 1-87 | 177

280 262 | 247 143 | 115 | 1-38 | 1-20 | 141
300 | 264 | 247 [ 098 | 079 127 | 101 | 144 | 1-34 '
320 | 263 | 242 | 057 | 058, 1-19 | 0-99 | 147 | 1:35 | 130 | 130 | 193 | 178
340 2:48 | 2-32 | 054 | 049 i 1-14 | 093 | 1-44 | 1-35 i 1-29 | 130 | 1-95 | 179
360 | 232 | 225 | 051 | 0-46 | L-11| 0-86 | 147 | 135 | 1-29 | 1-31 | 1-98 | 1-80
380 | 222 '2:10 | 050 | 0-42 © 1-05 | 0-83 | 1.47 | 134 ;| 1-27 | 1-28 | 2-02 | 1-82
400 | 214 | 1-93 | 050 | 041 0:9 | 0-78 | 1-49 | 1-30 ' 1-28 | 129 | 2:03 | 1-82
420 | 196 | 157 | 046 | 0-39 | 0-89 | 0:70 | 1.47 | 1-29 | 1-26 | 1-27 | 2:04 | 1-77
440 | 1440 | 1-18 | 0440 | 0-39 ' 0-79 | 0-63 | 1:37 | 1-20 | 1-19 | 1-23 | 2:03 | 1:62
460 090 | 0-80 | 0-38 | 0-36 l 0:70 | 060 | 1-20 | 1-03 ! 106 | 1-06 | 1-89 | 1-51
430 | 0-57 ] 053] 035 033 [ 0-57 | 0-48 | 0-99 | 0-85 | 0-65 | 0-79 | 1-61 | 1-25
500 | 036 | 031 | 030 | 028 | 0-48 | 0-4L | 0-60 | 0-60 | 0-41 | 0-57 | 1-21 | 0-92
590 | 0-15 | 017 | 4-22 | 0418 | 0-38 | 030 | 0-41 | 0-39 | 0-30 | 0-38 | 0-78 | 0-58
540 | 011|013 | 013 | 015| 019 | 0-16 | 0-23 | 022 | 016 | 0-20 | 0-37 |.0-34
560 | 0-05| 004 | 005 | 0-06| 0-10 | 0-08 { 0-11 | 0-11 | 007 | 0-08 | 0-21 | 0-19
580 | 0-00 [~0-01 |-0-01 | 0-01 | 0-01 | 0:00 | 0-00 | 0-01 | 0-01 | 0-0L | 0-05 | 007
600 | 0-00 | 0-00 | 0-00 | 0:00 | 0-00 | 0-00 | 0-01 | 0-02 {-0 Ot | 0-00 | 0:00 | 0-02
620 | 0-01 |-0-01 | 0-00 |-0-01 | 0-00 | 0-00 | 0-00 | 0-00 | 0-00 | 0-00 | 0-00 | 0-09
610 | 0-00 | 0-00 | 0-00 [-0-01 | 0-00 | 0°D0 {-0-02 |~0-01 |-0-01 |-0-01 | 0-00 | 0-01.
660 | 0-00 | 0-00 |~0-01 | 0-00 |-0 01 —0-01 [~0-01 |~0-01 |-0-01 | 0-06 | 0-00

1-30 i'1-87 | 178
130 129 191 | 148

It will be noticed, however, that the y(t)~% curves of the rock
specimens are not always so simple as those of the usual ferro-
magnetic material, the susceptibility, sometimes, changing stepwise with
temperature as shown in Fig. 4-7T~4-14, for example. In some of the
specimens, the. thermal change in susceptibility has a fairly simple




42 ' T. NAGATA. [Vol. XXI, -

Table 1-4-I b.

T . . No. o0/

Temp No. 22 No.23 | No. 24 No. 25 (H=2-09 Oe.)
H ] c H | c | H c H c H c

oemgso| 072%] 070x | 130x | 1-28x | 0-40x | 640x | 0-9ax| 0-95x | 112 113

10°%  107%  10~%  10%  10~% 103 1073 107 10-%  10-?
40 075 | 074 | 1-30 129 | 043 | 043 | 1415 | 110" 115 | 117
60 | 080 | 078 | 1-28 | 1.9 | 046 | 047 | 142 | 139 | 117 | 1-20

80 0 &7 081 1-32 1-30 0-19 0-19 166 1:63 1-22 1-25
100 0-91 0-41 1-32 1-31 0-52 0-53 193 1-77 1-25 1-29 ‘ L
120 0-96 0-96 135 1-31 0-55 0-57 2-06 1-91 1-29 | 1-34
140 0-01 1-01 1-37 1-32 0-60 0-62 2:14 1-96 1-34 1-39 ' *

160 109 | 1-03 | 1-37 | 1-32 | 063 | 065 | 211 | 1-89 | 1:39 | 1-43
180 110 ;105 | 138 | 1:32 | 067 | 666 | 172 | 1-66 | 145 | 1-49
200 1L | 1-03 | 140 | 134 .| 069 | 0-67 | 129 | 1-26 | 1-51 | 155
220 |T102 | 102 | 141 | 136 | 056 | 056 | 097 | 108 | 153 | 1.c0
240 093 | 0-93 | 1-42 | 137 | 0-36 | 037 | 0-8L | 0-82 | 1-56 | 163
260 080 | 077 | 144 | 1:39 | 28 | 025 | 068 | 062 | 1-57 | 1-63
280 063 | 0-64 | 1446 | 139 | 0201 | 0-18 | 061 | 047 | 153 | 1-59
300 055 1 052 | 1149 | 1:38 | 015 | 013 | 053 | 044 | 147 | 152
320 0-49 | 045 | 1-51 | 1:39 [ 013 | 013 | 050 | 0-43 | 1-39 | 1-45
340 041 | 0-38 | 150 | 137 | 012 | 012 | 049 | 042 | 130 | 134
360 040 | 035 | 152 | 1:38 | 012 | 013 | 048 | 042 | 115 | 119
380 0-37 {033 | 152 | 138 | 013 | 012 | 048 | 040 | 1-03 | 1-06
400 035 ;030 [ 154 | 134 | 011 | 012 | 048 | 040 | 0-94 | 692
420 033 098 | 149 | 128 | 0-12 012 | 047 | 0-39 | 0-83 | 0-79
440 030 | 025 | 134 | 1113 | 012 | 012 | 046 | 039 | 0-68 | 0-64
460 0-23 | 021 1105 |09 |012 | 012 | 043 | 038 | 0-53 | 0-52

480 021 ;018 | 0-83 071 | 011 | 012 | 039 | 036 | 041 | 0-39
500 018 | 015 | 0~4 | 042 | 011 | 010 | 03¢ | 034 .| 031 | 031
520 0-14 | 011 | 0:34 | 025 | 009 | 010 | 031 ! 0-28 | 0-21 | 0-20
540 0-06 ' 007 | 021 | 015 | 006 | 006 {021 {048 | 012 | 012
560 0-02 | 003 | 0-09 | 007 | 003 | 003 | 010 | 0-09 | 005 | 0-06 *

580 0-0L |~0-u1 0-03 0-03 0-01 0-00 0-01 001 0-02 004
600 . 0-00 0-01 0-00 1-0-01 0-00 0-00 0-09 0:00 |-0-01 0

626 0-09 0-00 0-00 0-00 0-00 i—0-01 0-00 [-0-01 0. 0-01
640 |-001 0-00 0-00 |-0-01 E-O‘Ol | 0:0L |-0-01 0-00 0-01 {-0-01 .
660 001 000 [-0-00L |-001 I’ 0-0) | 0-00 0

i

character, like those given in Fig. 4-3~4-8, in which #(¢) slowly
increases with temperature from 0°C to about 400°C, whence it
decreases rather abruptly. Further, comparing the y(f)~t relations
of these specimens in the heating processes, they are nearly similar,
excepting a slight difference of that the susceptibility in cooling is
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usually a little less than that in the heating, that is to say, the change
in susceptibility of these rocks is nearly reversible with respzct to
temperature. This type of change in susceptibility, as just mentioned,
we shall call “the standard type” of rock magnetism, so that in the
¥ (t) ~t relation of the standard type rock specimen, the critical tem-
perature at which the ferro-magnetism of a rock specimen is believed
to disappear almost agrees with the Curie-temperature of pure mag-
netite, namely, 585°C. This critical temperature will be called here
the apparent Curie-point, 6,. However, since the temperature at which
the rate of change in susceptibility with respect to temperature ig
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maximum does not agree with the crltlcal point, the former usually
being slightly lower than the latter, by taking into consideration that
the ferro-magnetic minerals in the rocks are composed not only of
-pure-magnetite, but also of solid solutions of Fe,0;, FeO, 10, and
other elements in various phases, it may be presumed that the mag-
netic transition (FerroZ>Para) of the rock will not be unique, but,
instead, a superposition of many transitions at various different tem-
peratures that are distributed, macroscopically qpeakmg, almost con-
tinuously in a finite range of temperature.

In other wordx, by ]ettmg z and f(x) respectively denote a measure

xtt)xio®

0 200 400 500 800
Fig. I-4-9. Specimen No. 18.
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of the chemical composition of the ferro-magnetic minerals and the
distribution function of the mineral that has x, the apparent mode of
change .in susceptibility with temerature is given by

xr2

1® = @10z, (4-3)

where y(x,t) denotes the susceptibility of an elemental micro-crystal
of a ferro-magnetic mineral, being a function of = as well as of ¢,
while #,, x, are the limiting values of possible distribution of =.
Here, the Curie-point corresponding to y(, t) is assumed to.be uniquely
determined as a function of z.” ‘ .

~ We then take here the temperature at which

)
TR (t) =maximum, -4

as the mean Curie-point of a rock specimen, denoting it by 6,,, though
the value of 6, thus defined must, in general cases, differ slightly from

0 (x) f (x)de.®

£1

the true mean value of the Curie-points given by %S

3) Needless to say, the total amount of ferro-magnetic mineral S in unit volume
of rock is given by ’

S=Smj(w)dx )

4). Since §=0(x), inversely x=x(0).
Then, putting

feyde=g(@dl, . 2@ =200,
we get .

02 .
X(U=S g, vdy, where @i=0(x), i=1,2. @3,
(%

Assuming that the distribution function g(#) has such a parabolic form ‘with respect
to temperature as :

. (000
9(0)_"; a: ’

‘where ka=0z—0o=00—01,
and further taking the special form of 1(f,t) as that
{20 (constant), 0=t<0,

A, t)=
we get 0 0<t,

4 .
'E‘Aoksa s 0§t<01 ’

- x{t) = ].ok:[%ka“ =00 {1—%} ] , =t<06s,

‘0, . 0:.st.
* . (to be continued.)
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The apparent Curie-point 0, may then be interpreted as the upper limit
of ¢ (), which point will corresponds to the Curie-point temperature of
that part in all the ferro-magnetic minerals that has the composition .
of pure magnetite. The actual ¢, and 6, of various rock specimens are
givin in Table 4-II. As will be seen from Table 4-II and from Fig.

Table I-4-11I.

" No of Specimen Ooms Ome’ Ocs fae
17 460°C (350°C) 580°C (390°C)

18 520 285 580 320

19 530 ' 235 580 300

20 500 — 580 —

21 515 - 590 -

22 520 © 260 : 580 310

23 495 - 580 -

24 530 230 585 300

25 530 _ 195 585 290

N {heating 500 290 580 360

cooling 360 — 580 —

60/ 420 — 600 -

4-3~1-8, the 0,, of standard type rocks is always 40-80 degrees lower
than 0,, which fact is interpreted as showing that the chemical com-
position of every micro-crystal of the ferro-magnetic minerals does not
differ much from that of pure magnetite, although there may be slight
differences the one from the other.

In contrast to this, the X(t)~t relations in some rock specimens
are not simple, their susceptibilities changing stepwise with tem-
perature, as shown in Fig. 4-9~4-14. As to these curves of the

(continued.)
Then, from these relations we obtain
P Zols"z{l" (t,;,‘o‘._’)- } y 0hSE<0s
2t
ot 0 » t<0: and =0,

with the result that —-a—z(t) =maximum at ¢t=¢,.

ot

On the other hand, the mean Curie-point in this special case is given by

1 e 0007,
=§jnf(x)0(a‘)dav— SL,{’” 100 =0,.

0

Thus, in this special case, § agrees exactly with the temperature at which -7;7((1‘)
is maximum, Generally speaking, however, they are not always identical.
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y(t) ~t relations, they may be regarded as the result of superposition
of two fundamental modes of y(f), one of which is the standard type
mode, while the other, called here the extraordinary mode, is shown
by a curve, the mode of which is similar to the standard type curve,
having only one mean Curie-point, although its 6, does not agree with
the Curie-point of pure-magnetite which, as a rule, differs considerably
from the last named. The mean and apparent Curie-points of these

two fundamental curves, ie. the standard and extraordinary ones, being

denoted by ,., 0., and 0,., 0. respectively, the observed values of
these four quantities are given also in Table 4-II, where it will be
‘seen that, in most cases, 0,, and 6,, are about 200°~280°C and 290~
320°C respectively, while 6,, and 0,, almost agree with 6,, and 0, res-
pectively in the standard type rock. Expressing this conclusion by
formula, we get

2(E) =2:(8) + 1. (£

where
Xs(tzﬂm) =0, XLe (tgoaz) =0.

As the most reliable explanation of the stepwise change in suscepti-
bility with temperature, we may presume that the ferro-magnetic
minerals in the rock consist of two mineral groups of different chemi-
cal composition. One of them, which corresponds to -the standard,
will have nearly the same composition as magnetite, while that cor-
responding to the extraordinary mode will differ greatly from that of
magnetite. , : '

Generally speaking, however, it is possible that a y(f)~¢ curve is
composed of more than two fundamental curves, the mean Curie-point
of which are not alike. Thus, generally, ' ‘

21O =1:(0) - @)

Further, a more complex mode of y(tf) may be possible provided we
take an arbitrary functional form, such as f(z) in eq. (4-3) or g(0)
in eq. (4-3"). So far as the present experimental results go, however,
_the y(t)~t curve shows either the standard mode or one to be se-
perated into two fundamental modes.

In order to see the relation between mode of y(¢) and the chemical
composition of the rock, if any, the amount of normative magnetite and

ilmenite calculated from the chemical composition of the particular rock

and the relative content of ilmenite, ilmenite/(magnetite+ilmenite),
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Table I-4-III.

No. 1O | 20 bi”xe Mg } n f m’%{

17 295X 103 0x10-3 (I 7-87% 2:73% 0-26

18 072 0-70 0-49 294 273 0-41

19 130 7 0-56 030 5:33 379 0-42

2 129 0 0 6-48 3-34 0-34 R
21 162 U 0 0 6:95 2:58 0-27

2 [ 040 7 0-32 0-46 3.94 258 040

23 130 7 0 0 440 212 - 0-33

24 12 0-26 065 139 167 0-55

25 042 0-52 . 055 255 |- 273 0-52 °

are given in Table 4-1III. Comparing each of these values with the
respective corresponding y(t) curve, it will be seen that the extraor-
dinary mode in y(t) begins to appear when the relative content of
ilmenite just exceeds 0'34——a fact probably showing that the ex-

traordinary mode in y(%).
is closely related to the
Ao

relative proportion of il- 2
ferro-magnetic  minerals l 05 ‘./

10

Kot Xe

menite or 790, in the
contained in the rock.” ;
It should be noted, how-
ever, that this effect of / .
ilmenite on the magnetic 9% 02 05 o4 05 05
behaviour of rocks ma'y‘ — _,#
not be due to the propor-
tion of pure ilmenite in Fig. I-4-15. Relation between
the rock, but to the pre- 11
sence of solid solutions of Mi+11 » Cejecta from Voleano Huzi). d
ilmenite and magnetite, . $ '
seeing that the appearance of the extraordinary mode depends on the
ratio Il/(Il+Mt), and not on the proportion of ilmenite itself, which
is nearly the same in all specimens as shown in Table 4-IIL.® ) _

In all these examples just mentioned, the susceptibility of rocks
is almost reversible with respect to temperature, regardless of Whethler

Y and

5) See, for comparison, §3 of Chapter III. » :
6) Since the equilibrium condition between magnetite and ilmenite, or between
Fe;03, F'eO and Ti0, has not yet been cleared, more detailed analysis of this phenome-
non seems to be impossible at present. (However, see Fig. III-4-9 in Chapter III). °
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it is of the standard mode or not. On the other hand, we have an
example in which the change in susceptibility is irrevers ble with res-
pect to temperature. It is shown in Fig. 4-14, that the susceptibility
changes stepwise with temperature in the initial heating process, 9...,
6,., 0. and 6, being 270°C, 500°C, 360°C, and 580°C respectively,
while in cooling it changes rather monotonously, 6, being 360°C,
though 6, is 580°C in this case also. In such rock, the chemical
composition of ferro-magnetic minerals would be unstable in the case
of thermal agitation, whence it is presumed that, owing to heat treat-
ment, ilmenite separates out from the magnetite-ilmenite solid solution,
the chemical composition of the remaining ferro-magnetic minerals be-
coming rich in magnetite. v ‘

Lastly, it may be noted here that the susceptibility of rock in a
weak magnetic field, say, about 2 Oersteds, increases with temperature
in a certain initial temperature range from 0°C, the rate of increase
being marked especially in the case of the"y(t) containing the extraor-
dinary mode, in which case that rate is from 02 to 05 percent/degree.
Since this phenomenon of increase of magnitude in magnetic suscepti-
bility with temperature would not be seen in the y(¢)~¢ relations in
a magnetic field of about 150 Oersteds,” it is believed that the pheno-
menon® is peculiar to the yock in a weak field. ‘

Summarizing the results obtained in the present paragraph, we
may say that the rock composing the earth’s crust is-generally a kind
of ferro-magnetic material, although its apparent magnetization is not
so intense as in the usual ferro-magnetic material, and further that
the ferro-magnetic behaviour is largely due to the presence of a large
number of micro-crystals, the chemical composition of which is not
always uniquely known, although a part of these micro-crystals seems
to have the same composition as magnetite.

7) R. CHEVALLIER et J. PIERE, Ann. Physique, 18 (1932), 353.

8) A few possible causes of this phenomenon may be considered, one of which
is that the susceptibility itself increases with temperature just as is in the Hopkinson
effect of iron in a weak magnetic field, while another cause may be that the demag-
netizing factor of micro-crystals of a ferro-magnetic mineral decreases with increases
in temperature, where the mean susceptibility of rock according to the reésult discussed
PAm (L) .

jn §2 is assumed to be given by x(t)zl-f_p).(t)xm(t) .

£
o
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CHAPTER II. NATURAL REMANENT MAGNETISM OF
VYoLcANIC RocKs.

§1. Historical remarks and the definition of natural remanent
magnetism of igneous rocks.

‘ That igneous rocks, .especially the effusive ones, probably have-
permanent magnetization was known in Italy s»ince' the middle of the
XIX Century; it was certainly known to G. Folgheraiter® in 1897,
‘whence a number of investigators attempted to measure the intensity
and direction of the residual permanent magnetization of igneous
rocks collected from various volcanic regions scattered over the earth’s
surface. Of these investigators mention will be made of G. Fol-
gheraiter,” Ch. Maurain,” P. Mercanton,” F. Pockels,” P. David,” J. G.
Konigsberger,” R. Chevallier,” B. Brunlies,” and E. Thellier."

But since a specimen cut off from a large mass of rocks is usually of
an arbitrary complex shape, it would be difficult to determine accurately
the intensity and direction of magnetization of such a rock specimen.. To
overcome this difficulty, S. Nakamura and S. Kikuchi'” first attempted
to apply the method of spherical harmonic analysis in determining the
direction and mean intensity of magnetization of any form of rock
specimen, exactly as in the case of analysis of the earth’s magnetic
field; that is, they assumed that the direction and intensity of the
magnetic moment of a centred dipole obtained from an analysis of
the observed values correspond respectively to the direction and total
magnetic moment of the residual permanent magnetization of the
specimen. This method of analysis was adopted by M. Matuyama'?

1) G. FOLGHERAITER, Real. Accad. Lincei., Vol. 5, 1 sem., serie., 5 (1897), 64.
2) G. FOLGHERAITER, Journ. Phys., 8 (1899), 660; Intensita orizzontale del Mag-
netisms Terrestre, Rome (1899).
3) CH. MAURAIN, Journ. Phys., 10 (1901), 123.
4) P. MERCANTON, Comp. Rend., 143 (1906), 138; 182 (1926), 859, 1231.
5) F. PoCKELS, Phys. ZS., 2 (1901), 306.
- 6) P. Davip, Comp. Rend., 138 (1904), 41.
7) J. G. KONIGSBERGER, Gerl. Beitr. Geophys., 35 (1932) 51, 204; Beitr. Angw.
Geophys., 4 (1934), 385; ZS. Geophys., 8 (1932), 322; Phys. ZS. 33 (1932), 468. _
8) R. CHEVALLIER, Ann. Physique, 4 (1925), 5.
9) B. BRUNLIES, Journ. Physique, 5 (1906), 705.
10) E. THELLIER, Comp. Rend., 197 (1933), 232, 1399. Ann. Phys. Globe, 10
(1932), 112; 16 (1938), 157.
11) S. NAkKAMURA and S. KIKUCHI, Proc. Tokyo Math. Phys. Soc., 6 (1912), 268.
12) M. MATUYAMA, Proc. Imp. Acad. Japan, 5 (1929), 203; Proc. 4th Pacific
Sci. Cong., (Java 1929), 567; Nippon Gakuzyutu Kyokai Hokoku, 3 (1927), 252.
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in his comprehensive study on the direction of residual permanent
magnetization of basalt in both Japan and Manchoukuo.

As this measuring method proposed by Nakamura and Kikuchi
seemed the most reliable one at present, virtually the same method
was adopted in our investigations. In the present study, however, the
order of magnitude of possible errors was first estimated, after which the
uniformity of magnetization of pieces of rock specimen was examined
with the aid of sphefical harmonic analysis. In this way, it should be
possible to obtain a reliable value of the direction and intensity of
residual permanent magnetization of a piece of rock specimen. -

Generally speaking, the residual permanent magnetization that a
rock mass has in its natural state in the field can be called its natural
remanent magnetization. Then, there is the contingency that a rock
mass very near the earth’s surface has rather intense residual mag-
netization as the result of sudden occurrence of a strong magnetic field
caused by a thunderbolt falling near that rock mass. F. Pockels,'®
who made a special experimental study of this problem, found that
pieces of basalt lying around the lightning-conductor were permanently
. magnetized after lightning passed through this. conductor. According
to him, the direction of magnetic force around the lightning-rod pro-
duced by the lightning through it, is circular with respect to the
axis line coinciding with the rod, the intensity of the magnetic force
estimated from the magnitude of residual magnetization of pieces of
basalt not being so very intense, that is, the mean current intensity
corresponding to a lightning passing through the rod amounts to
10000-20000 Amperes.

J. G. Konigsberger® and A. F. Hallimond'™ also pointed out that
the residual magnetization of igneous rocks lying very close to the
earth’s surface was sometimes due to the falling of thunderbolt, while
a few examples of the same phenomenon have also been described by
the writer.®

In these cases, needless to say, the direction of residual magneti-
zation is not uniform, varying from point to point in a very small
limited region—a few meters in linear dimensions—of the earth’s
surface, its intensity, moreover, changing also from point to point.

On the other hand, however, there are many cases in which a
widely distributed rock mass, such as a lava flow, is permanently

13) F. PockeL, Ann. Chem. Phys., 63 (1897), 63; Phys. ZS., 2 (1901), 334.
14) J. G. KONIGSBERGER, Gerl. Beitr. Geophys., 35 (1932), 204.

15) A. F. HALLIMOND, Proc. Roy. Soe. London, 141 (1933), 302.

16) T, NAGATA, Zisin, 13 (194D), 243,
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magnetized in almost uniform direction. For example, any rock speci-
men collected from any part of the An’ei lava flow in the Mihara
Volcano,"”” which covers an area of about 5%m?2, has residual perma-
nent magnetization of nearly the same direction, say, 42°~50° in dip
and 2°W~14°E in declination from the present geomagnetic meridian.
In this latter case, the magnetic field around the rock mass would not
change much during the period from the time .of its ejection to the
present, except the various kinds of periodic and secular variations in
geomagnetic field and magnetic storms. Briefly speaking, the external
magnetic field in connexion with residual magnetization seems to be
limited to the earth’s magnetic field.

In the present report, only the residual permanent magnetization .
of rock in the latier case will be called natural remanent magneti-
zation.™ Here, the extraordinary residual magnetization which is due
to lightning can easily be distinguished from the newly defined natural
remanent magnetization by examining its heterogeneous d1str1but1on in
direction and intensity.

- § 2. Measurement of natural remanent
magnetization.

The instrument for measuring the natural
o remanent magnetization of rocks used in the
: present study was an astatic magnetometer,?
[':I'_M in Whi‘ch the vertical distance between two
: magnets was 700mm. The sensitivity of the
astatic magnetometer could be varied from 0-3
to 3mm/r in scale value by using suspension
wires of various diameters. In actual mea-
surements, the sensitivity of the magneto-
meter was calibrated by means of Helmbholtz
—  coil before and after each measurement. A
general schematic view of the instrument is
~———, shown in Fig. 2-1, where S is the test sample
Fig. 11-2-1. Schematic view ©Of -Tock. [From the figure, it will be seen
of astatic magnetometer.  that the sample is held on a brass universal

=Tt

17) see §4, this Chaptur

18) As is given in Chapter III of this report, th natural remanent magnetlzatlon
of rocks is reproducible in the laboratory experiment, in which the rock specimen is
slowly cooled from a sufficiently high temperature in a magnetic field of 0-45 Oersteds.

1) The apparatus used in the preliminary study, (T. NAGATA, -Bull. Earthq
Res. Inst., 18 (1942), 231), was reproduced and improved.
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stage, on Whlch the sample could be rotated around both its horizontal
" and vertical axes. Since the axes of magne's M and M’ nearly coin-
cide with the geomagnetic meridian, and the position of sample S is
either magnetic east or west of M, the deflection of M is, approxi-
matelly speaking, proportional to the S$-M cirection component of the
magnetic force at point M, which is due to the magnetization of S.
- Hence, the magnetic intensity at M of the component in the direction
through the centre and any point on the surface of the sample could
be measured by rotating the sample around the vertical axis from 0
to m, and around the horizontal axis from 0 to 27, where the distance
‘between S and M has always been kept constant (). In other- words,
the operation just mentioned is nothing else but measuring the radial
magnetic force at various points (7,4, ¢) around the sample, where
the spherical coordinates (r, 8, ¢) are fixed to the sample, the 6=0
axis, especially, being taken as the horizontal axis of the sample.

Since magnets M and M’ were sufficiently small, say, about 2cm
long, compared with » (16 ¢cm~20cm), magnets M and M’ can be
assumed to be almost a magnetic dipole. While, since the distance
between the compensating magnet M’ and sample S was much larger
than that between M and S, the effect of the magnetic field due to
magnetization of S upon M’ can be neglected, as the first approxi-
mation, compared with.that upon 2.

Then, since the magnetic potential due to the magnetization of a
rock sample is taken as being '

W=R31S: —)’”P::(cosa) {A;:cosm¢+,B;rsinm¢1, @-1)

n=1 m=0
=R)

where R is the radiusi of the sphere'that envelopes the rock specimen,
the radial component of magnetic force at a point (r, 0, ¢) is given by

F= -———Z‘ Z‘, (n +1)( ) ‘—P,;' (cosd) {'A,L cosm¢+B;’;sinm¢} . (2-2)
n=1m=0 .
On the other hand, the deflection of the magnet system d observed

at various points (0, ¢), where r is constant, can also be expressed by
a series of surface spherical harmonics. Putting

0=KF, F= 2 }“_ P (cosl) loc"cosmgﬁJr B:sin m¢} , |

n=1m=0

we get



54 T. NAGATA. [Vol. XXI,

A (TN B
A"=(f> no-ckl’ B (R\ n+l” @-3)

Thus, we .can determine the magnetic potential due to the magnetlzatlon
of a rock sample from 4 (1, ¢). :

Before dealing with the results of actual observation, we shall
examine here the extent of possible errors in our measurements.

o (i) Effect of the magnetic field of the
sample upon compensating magnet M’.

The magnet system MM’ is subjected to
the rotational moment C, which is due to
the couples acting on M and M owing to
the magnetic field expressed by eq. (2-1), it »
being given by

C=MF-MF", (2-4)
where F' and F’ denote the components of the
magnetic field in the direction of SM through
M and M’ respectively. Taking for simplicity,

the #=0 axis and the ¢=0 plane as the SM
and SMM' plane respectively, we get

-

M

r=—(20) =33 (—) P4z,

n=lm=0

W sint’ oW
or YT/ -

0=0’
=)

_._” iy +“I 4 " (}l( dPn ] m
_2 ( ) (n+1)cost P,L-I-sm 70 )t}:ﬂ,JA,,,

leo o R sl e
=55(5) /G 1) P (cost) A (2-5)

Since M ~M’, we get
C=MI'1(1'—€)

o0 R na?
22(—> 1/ (n+1) _m P71+1(COS(},)A”‘

4
et m0\ T

- (;) ‘w+1)Pr() A ' o

Ma

n=1 nal
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Because, in fhe actual case, the higher degree terms (ngZ) of A" s

alway negligible compared with the first degree terms, as shown in the
latter paragraph,® we can put A7=0 for n=>2, whence we get

3 1
e:(—%) {PS(cos!/’) + 1/ 3 ~—P! (cos(}’) A“’} . (2-7)

1
Since '/r is 3'T~4'5, € has a magnitude less than 5x 10‘4, provided
AYAS is not much larger than unity. In the special case that
Al/A?>1, however, C is not zero when F'=0, that is, the position on

the spheri cal coordinate where C=0 slightly differs from that cor-
_ responding to the case F'=0. Here from egs. (2-6) and -7, .

C::M[Z(%)SA?—(g)S{ZA?P‘;(cos o)+ /T AP} (cos 0')}] . (2-8)
And if Aj=4, and 4}=0, |
CM=F= 2M(~§)3Al ,
whereas if Al=A and A{=0,
C=—MF'=—3 MA(R) P! (cosﬁ')

Then, the angular distance of the line C=0 from that of F=0 bemg
taken as r, we get

. RN\ ,
—/'3 MA(F) Pi(cos®) /3Pl (eos )
== 73 ‘
2MA(—1§>3 Z

sin 7=

2-9)

. /
Since, in the actual case, (%)3:50~90'; Pi(cos(’) =0-38~0-46, we obtain
r=001==30". (2-10)

- This augular distance t is negliglble in the present studies.

(ii) Dimensions of magnet.

The length, 2:0 cm, of a suspended magnet is not very small com-
pared with its distance, 16~20 ¢, from the centre of the sample. If,

2) Moreover, the contribution to ¢ from higher degree terms is, as already given
in eq. (2-6), much smaller than that from the first degree terms.
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however, we assume that the magnet is a schematic magnet (mathemati-
cal magnet), we get, according to calculation by Ad. Schmidt® and
G. Angenheister,” the ratio of the moment of such magnet due to the
magnetic field of another schematic magnet of the same dimensions as
that of the magnetic dipole due to the same field is (1+¢):1, where
¢ is of the order of (I/r)2, l denoting the half-length of the schematic
magnet. Since in the present case (1/7)2=0:0025~0-004, the correction
term ¢ is negliglble. v

(iii) Effect of magnetization of rock specimen induced by the

* earth’s magnetic field. : _

In the present method of measurement, the rock sample has not
only a permanent magnetization, called natural remanent magnetism,
but also a magnetization induced by the earth’s magnetic field. If,
however, we take into consideration that induced magnetization, such
as that just mentioned, is always nearly uniform in the direction of
the earth’s magnetic force, most of it does not affect the suspended
magnet, the axis of which coincides with the magnetic meridian plane
at a point magnetic east or west of the rock sample, which will now
be proved. Take centre O of the spherical coordinate (r,0,9) at the
centre of sample, where the ¢/=0 axis agrees with the direction of
geomagnetic force through O. Then, gravitational potential V, due to
the mass of the sample, is given by

V= —R'Z‘o '2;'0( ) *pr (cost) {c;f cosmg+drsin m¢} . @11
(r=R) |

By assuming that the rock specimen is umform]y magnetized by
the earth’s magnetic field, we get, with the aid of Poisson’s law, the

‘magnetic potential due to that magnetization, namaly, , »
sH 3 gind 9
W= %T(COS[}B—T—Tw>V

H “ n n+2
kz() e o(*) 1/(n+1)2—m2P,I‘+l(cos(l)

X {c:." cosme+d;sin msﬂ} , (2-12)

3) Ap. ScaMIDT, Terr. Mag., 17 (1912), 181; 18 (1913), 653 20 (1924), 109.
4) G. ANGENHEISTER, Handb. Exp. Phys. XXV. 1 Teil, (1928), 562.
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where &, p, k%, and H are respectively the magnetic susceptibility,
mean density of rock specimen, gravitational constant, and thé total

geomagnetic force, consequently, the magnetic moment of the suspended
magnet M, owing to W, is given by '

N m=10

aW HM n4s,
(G ) ,;%kz 22(n+2>w/<n+1>2—m2(f #a(0)

x (¢ycosme +drsinmg) . (2-13)
In the case of an actual rock sample, there holds always the
relation, ‘
- averdr
where RZc is nothing but the total mass of rock specimen. While on
the other hand, since

Pi(0)=P5(0) =" =P2,,:(0)=0,
‘and '
™' (0) =0 when #'+m’'=o0dd number,

W WHM [/R
—ni( gaf‘——ze%z;‘[?’ﬂf o

_6-93<§)5{c§cos¢+d;sin¢} oenens ] : @-14)

Fortunately, since the intensity of natural remanent magnetization
always exceeds that of induced magnetization & x H(H=0450Oe.), the
former being from 2 to 100 times the latter (that is, the magnitude
of /(A)Z%+ (ADZ+ (BY)? in eq. (2) is from twice to one hundred times

%oﬁ), it may safely be said that the effect of magnetization of a
0

rock sample induced by the earth’s magnetic field given by eq. (2-14) -
is quite negligible compared with its natural remanent magnetization.

(iv) Error in determining the distance between the magnet and
the centre of the sample.

As will be seen from eq.. (2-2), the mtens1ty of ‘magnetic field due
to the rock’s magnetization depends directly upon the distance between
the magnet and the centre of sample, .. Taking the first degree terms
alone in the right-hand side of eq. (2-2), which outstands most in
actual cases, we can estimate the relative observational error as the
result of error in determining the distance », as

5) v}% was 4~6 in the actual case.
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AR dr :
T"F';*——37, (2-15)
where r was defined for the practical case as the distance between
the centre of magnet M and the centre of the rock holder. In an
actual experiment, determination of natural remanent magnetization
of a rock sample consists of two sets of measurements, the one in
which the sample is mounted at a point P magnetic east of the
magnet, and the other mounted at a point P’ nearly symmetric with
P with respect to the magnet, that is, at almost the same distance
but magnetic west of the magnet.

Then' the distance between P and P’ being taken as.2r, the mean
value of the corresponding readings of ¢ in these two sets of measure-
ment was taken as the true value of 6. It will be worth-while to
note here that the above mentioned procedure which eliminates the
largest part of error in determining. », should also eliminate other
possible errors resulting from the assymmetry of the magnet with
respect to the sample, consisting of the non-uniformity in magnetization
of the magnet, deviation of the magnet from the geomagnetic meridian
in its initial state, etc., whence the chances of error in F owing to the
uncertainty in r is estimated to be less than 0'1 percent, seeing that

- dr[r<0°0002.

This error is quite negligible compared with that due to other causes.

(v) Disturbance due to fluctuation in the external magnetic field.

Owing to disturbance in the magnetic field (its space gradient as
well as its force at a point) due to external sources, such as tram-cars,
etc., the equilibrium position of a magnet freely suspended moves fluctu-

zatively. In order to eliminate as much as possible the short period
fluctuation, the suspended magnet system was over-damped by means
of an oil-damper. With this damper, much of the fluctuation was
eliminated, the amplitude .of residual fluctuation. being smaller than
017 in the scale of magnetm intensity.

Finally, we get the residual magnetic intensity F (0,4) from the
observed values of d(0,$) by means of the relation F=4/K with an
error of few per cent, where ¢ was observed every 20 or 30 degrees
in angle of both of ¢ and ¢.

Several typical examples of observed data are shown in Figs.
2-3~2-6. As will be seen from these figures, the natural remanent
magnetization of a piece of volcanic rock, generally speaking, seems
to be fairly uniform, the dipole field being markedly prominent.
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§ 3. Uniformity of natural remanent magneti-
zation of rocks.

The observed values of F'(0,¢) of rock specimens were subjected
“to spherical harmonic analysis, F (0, ¢) being assumed to be given by

F(,9) :ﬁ 31 P2 (cost) (et cosmg+ Brsinmg) . 8-1)
If, further, the magnetic potential at =7 (from which eq. (3-1) ought

to be derived) is expressed by

4

(W), =73} 31 Pi (cost) (g cosmp+ ki sinmg) , (3-2)

N={) m=
then between o, 87 and g, h» we have the relations

n4+1’ " n+l’

=

These spherical harmonic coefficients g;r, kP of the magnetic potential
of a number of typical rock specimens are shown in Table 3-I~3-1V,
from which it will be seen that the higher degree terms in g7, A
are so small compared with the first degree terms, g}, gi and ki,

l92] Table II-3-1. Specimen No. 23.
T~ m , i
no T~ 0 | ! ’ i
0 - 0-08 : .
1 —18+65 P +4-04
2 + 0-04 ; —0-68 —0:07 ‘
3 4 064 —0-03 —0-13 +0-13
’ Unit=7
(hz
m
T s :
T i
1 © =356
) +0-18 =001
3 o007 +0:03 007
Unit=7

1) The normalized spherical harmonic function is a'ways used throughout the
calculation in this Chapter. Ap. ScHMIDT. (Tafeln der Normierten Kugelfunktionen
(1935)) '

s
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lom Table II-3-II. Specimen No. 73.
N 0 1 2 3
0 + 3.2
1 ! +52:58 © =499 _
2 - 010 +2-44 ~0-53
3 + 0-04 ~0-38 +0-24 —0-23
 Unit=7
(h:]
1 2 3
- \‘\\
C 1 ~0-21
2 +0-13 +0-18
3 +0-20 +0-23 —0-02
" Unit=7

giving the dipole maghetic field, that, in the first approximation, they

may be neglected.

It must be remembered, however, that the higher degree terms
in the magnetic potential W at points near the rock sample ought to
reach to considerable values compared with the first degree terms at
these points. These. higher degree terms may chiefly be due to the
lack of uniformity in both intensity and direction of natural remanent

7] Table II-3-1II.' Specimen No. 69.
T~ m | L
n \\; 0 1 i 2 3
0 +156:9
1 —2:80 ~109-88 ' ‘
2 ~0-09 -288 | —497
3 | —044 194 L 4029 —-022 " °
Unit=7
(3]
= = T -
n \ . )
1 +6516 ‘
/ 2 + 070 ~4-47
3 [ - 067 +1:61 ] —0-04

a

Unit=¢
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[om Table 1I-3-1IV. Specimen No. 66.
0 © o+ 490
1 — 3849 -79-91
2 ~ 0:03 —0:60 +1-21
3 — 185 +4-18 +1-20 © 4157
< .
Unit=7
[7)
S = -
T , B )
1 +90-32
+ 1-09 +0-54
— 118 —2:55 +3-63
Unit=7

magnetization of rock as well as to the particular form-of the examined
rock piece. The pieces of rock specimens examined in the present .
study were of a variety of complex arbitrary forms, although they
did not deviate markedly from the sphere. So long as it is required
that the physical condition of the rock sample shall, as near as possible,
be that of its natural state in the field, the arbitrary form of the
sample to be examined seems inevitable, whence it behooves us to
examine here the effect of shape of rock specimen on the magnetic
potential W of -its natural remanent magnetization.

Let the shape of the rock sample be arbitrary, although differing
but little from the sphere. The equation of surface of the sample
will be Co

10, ¢) =§1 20P,’;‘ (cos ) {pK cos mg + g sin m¢} , (3-3)
where [ denotes the distance of the surface from the apparent centre
of the sample: Let,” further, the radius of the mean sphere, which

has the same volume as the sample, the centre of the former agreeing
with that of the latter, be ¢, and the difference I-a be d. Then

a(h,$) =U(t, $) —a= i S P2 (cost) {p?:' cosmg + gz'sin m¢} . 3-4)

a=p;.
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Provided d/a is small, the effect of mass distribution of the sample
responsible for its gravitational potential in the external space of the
sample is almost equal to that of surface mass o (4, ¢) dxstrlbuted on
the spherical surface of r=a, where :

o(l, ) =—o—+pd(0, # B (3-5)

and where ¢ is the mean density of the sample.
On the other hand, the gravitational potential V at r>a due to
_the mass of the sample is expressed by

) a nel " [ . s }
V=—=a31 (7> P (cost) |4 cos m@+ v} sin myﬂj . (3-6)

=0 e -0

Then, from egs. (3-4), (3-5), (3-6) we get, with the aid of the usual
boundary condition of the single charge layer,

o_ A7k%pa
0= 3
Ark?om drk2un g .
e o S L -
R R o N Gl

If the magnetlvatlon of the sample is uniform®, the potential W due
to its magnetization is derived from V by means of the well known
Pmssons relation

J 9V ‘

W=7z, s (3-8)
where J and v denote respectively the intensity and direction of
magnetization.

Taking direction v as being parallel to the ¢ =0 axis, that is,

R U
cy °z or r 20’
we get
W=ji‘s(£\“w[sin()dp + n+1)Pr ”u,cosm¢+fv”'smm¢}
novmoo\ 7/ l d0 “!l !
47Jﬁ2 £>Mm1/(n+1) z—m{P’" !p’""cosrn¢+q”’;sinm¢l 3-9)
=47 = 2=\ 5 2n+1 n+ll () . }.

9) Since the specific intensity of natural remanent magnetization is always less -
than 0-03, the effect of demagnetizing factor due to the shape of rock sample will be
negligibly small, whence ‘in seems that the Poisson’s relation holds approximately,

\

N
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. Substituting n in eq. (3-9) by n-1, we obtain

e n=-17@q\*! n—1
W=t 5 (L) S v =P
X {p,’;‘_,cos me+ q:’:_,sin'msé} . (3-10)

Comparing term by term the right-hand side of eq. (3-2) with that
of eq. (8-10), we get

n g n
TR S

=1, n—1=m>0) , ©-11)

and | ' R

| ga=h=0. , O=119

Whereupon, provided the shape of the sample, 1(#,¢), is given, and
its magnetization is uniform in the direction parallel with the =0
axis, the magnetic potential is uniquely given by the relations (3-3),
(3-10), and (3-11), where ¢! and k! must always be zero.

Conversely, if the magnetic potential W at r=r is given, where
9> and F: in its spherical harmonic expansion are zero, then p; and
. q» are given by .

o) r 2n+1 r ) (G
) = . 2 1 ,
qpl 4ndJ ("+1)V(n+1)2-—m2( P WA, (n2l) ,
a 7 7\% , ~
3T 4n] (7{) 9 - (3-12)

with the result that d(#,¢) is given by putting these terms p? and
gr in eq. (3-4)

A few samples were examined by the present method. For ex-
ample, since the direction of magnetization of samples No. 23 and No.
73 nearly agrees with the ¢ =0 axis, as shown in Tables 3-I and 3-II,
where ¢?>g9!, h} although the magnitudes of ¢, h? are not exactly
zero, the present method ¢an be applied to them. '

The coefficients of spherical harmonic expansion of d(#, ¢), i.e.
pr and ¢, which were calculated with the aid of eq. (8-12), are given
in Tables 8-V and 3-VI, where a was about 3:5c¢m in both cases, the
d(#,¢) of these two samples obtained with the synthesis of p7 and
.¢? by means of eq. (3-4) is graphically shown in Figs. 3-1 and 3-2.
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[p7] Table IIT-3-V. Specimen No. 23.
m i
n i ’ | oo "2
0 +37:1 |
- 06 - +11-8 .
2 —53-2 + 25 +14-4
[qm] ‘ |
m
\ . 1 2
1 —-31
2 60 © =80
(7] Table III-3-VI. Specimen No. 73.
\ m 7
0 +66+99
—~ 076 +21-56
2 4+ 143 —~13-65 . +11-01
(a7] : ,
m
n\\ 1 2
T— '
1 +1-02 :
2 +673 ’ +10-39

From these results, the figures of cross section of the calculated shape
of the rock sample along the planes 0:% and ¢=0(or ¢==) are shown

in Figs. 3-3 and 3-4,” where, for comparison, thelr actual shape which
was directly measured, are also shown.

As clearly seen from these results, the calculated values of I(0, ¢)
are in good agreement_with the directly observed values, which agree-
ment leads to the conclusion that the magnetization of rock specimen
is almost uniform throughout all examples, where the higher degree

3) The magnitude of J, which is necessary for calculatmg p;, and ¢} by means
of eq. (3 12), can be obtained by the equation

=3 ¥
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’

terms in the observed magnetic potential W are largely due to arbi-
trariness in the shape of the rock specimen. That is to say, the
conclusion from this result is' that the centred dipole which can be
calculated from the first degree terms, g', g!, and k!, represents almost
exactly the direction and intensity of natural remanent magnetization
of a rock specimen, regardless of the higher degree terms in W.

It is worth while noting here that the first degree terms of the
spherical harmonic series is invariant with respect to its (parallel)
translation of the coordinate.” That is, if

=x—2x,, Y=y—Yy, z’=z-—z0,'
and ‘
z=rcosfl, =~ x=rsinfcos¢, y=rsinfdsing,
2'=7r"cosl’,  @'=1’sint’ cos¢’, Yy =7'sint’sin¢’,
and .

W (2, v,7) =fL2{ 9%e0s0 + (glcos g+ hising) sinzﬂ + 0(%;) , (3-13)

the spherical harmonic expansion of W with Jespect to the (o, ¥, 2')
coordinates becomes

W@, y,2)=— A{g,cos 0 + (glcosqﬂ’ + h!sing’)sin ¢’ } + O\‘)

Hence, the first degree terms in. W are always constant, regardless of
any small deviation in the true centre of the rock sample from that
of the holder, which coincides with the centre of coordinate.

For this reason, in many cases of practical analysis of the ob-
served values of F, we calculated the first degree terms alone, from
which we derived the intensity and direction of magnetization.

§4. The direction of the natural renanent magneti-
zation of volcanic rocks.

For determining the dire}ction of natural remanent magnetization
of rocks in their natural condition in the field the direction of a piece
of rock must be determined in the field wiih respect to its geographic
coordinates. In practice, the geomagnetic meridian through the piece
of rock and the horizontal plane that it occupied in the field. was
measured and noted. This was measured with magnetic compass and

4) Ap. ScuMIDT, Gerl. Beitr. Geophys., 41 (1934), 316.
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level, the observational error being less than one degree. Since, how-
ever, the rock samples to be examined were cut off from a large lava
sheet, some difficulty was experienced in determining the direction of
the geomagnetic meridian at that spot from which the sample was
taken, for the reason that the magnetic dcclination directly on the
surface of a lava block usually deviated a few degrees from the nor-
mal value obtaining in its neighbourhood owing to the presence of
the magnetized lava block.

In order to estimate the magnitude of this-deviation, the distri-
bution of the declination along a normal from the surface of the lava
sheet was observed on the spot. Several typical examples of these
observations at the An’ei lava flow in Mihara Volcano and the Aoki-
gahara lava flow in Huzi Volcano are shown in Figs. 4-1 and 4-2,

20w 10 0 10 206 20w 10 0 10 20f

50cm
$——100cm ; ¢e—100cm
Fig. I1-4-1. Anomalous deviation of Fig. 1I-4-2. Anomalous deviation of
geomagngztic meridian near the sur- geomagnetic meridian near the sur-
face of An’ei lava. face of Aokigahara lava. -

where the ordinate respresents the distance from the surface of the
" lava sheet. As will be clear from these examples, sometimes the
declination at a point a few e¢m from the surface of a large lava
block differed as much as 20 degrees from the normal value. This
anomalous deviation, however, vanishes rapidly with increasing dis-
tance from the surface of the lava sheet, the local deviation in
declination dropping to less than one degree at a point 40~80 cm
distant from the surface. Hence, in our case, we adopted the mag-
netic mefidian at a point 100cm distant from the surface of the
lava as the present magnetic meridian at the place where the rock
sample . was laken. In the case of the rock from Mihara, however,
the direction of the magnetic compass at a point 50 ¢m distant from
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the rock surface was adopted as that of the normal geomagnetic
meridian, seeing that the- distance seemed sufficient, as will be seen
from Fig. 4-1. 4

The direction of the natural remanent magnetization. which was
determined by the method discussed in previous paragraphs, was com-

pared with the present magnetic meridian aud the horizontal plane.
The observed results will now be dealt with as follows:
(i) Direction of natural remanent magnetization of new ejecta.”
(2) Volcano Mihara, Meizi-Taisyo lava (ejected 1911~1914).

That the volcanic bombs ejected in the severe eruptions of Voleano
Mibara during 1911~1914 were permanently magnetized in the direc-
tion of the geomagnetic field has already been pointed out by S. Naka-
mura .and S. Kikuchi.® In our case, three specimens from the sheet
of lava in the bottom of the crater which flowed out also in the vol-
canic activity during 1911~1914®, will be examined. This rock is
basalt (Miharite).”

The angle of deviation Jé in the horizontal plane of the natural
remanent magnetization from the geomagnetic meridian and the dip
angle 0 of the former with respect to the horizontal plane are given
in Table 4-1, while 46 and ¢ are graphically shown in Figs. 4-3, and
4-4, These figures give the projection on horizontal and N- S geo-
magnetic vertical planes ‘of the natural remanent magnetlzatlon, which
is expressed in the form of a vector.

(b) Ejecta from Volcano Mlyake -sima in July, 1940.

Volcano Miyake-sima erupted violently in July 1940, a full report
of this volcanic activity and the results of geophysical observations
were published in detail by the members of the expedition party from

Table II-4-I. Natural remanent magnetization of
Meizi-Taisyo lava of Volcano Mihara.

Specimen Zo . 40 0 JIa Q.
No. 1 0:34%x10-3 0° 48° 1-62X10=2 | 106
No. 2 031 3°W ‘507 189 135
No. 3 — 2°E 47 162 —

1) The natural remanent magnetization of the rock samples examined in the
preliminary works, (T. NAGATA, Bull. Earthq. Res. Inst., 18 (1940), 281, 19 (1941),
304.) was again measured by means of the new apparatus.

2) S. NAKAMURA and S. KIKUCHI, loc. cit.

3) F. OMoRI, Sinsai-Yobo Tyosakai Hokoku, No. 81 (1915).

4) 8. Tsusol, Journ. Col. Sci. T'okyo Imp. Univ., 43 (1920) [6].

I, IwasaAki, Journ. Chem. Soc. Japan, 56 (1935), 1511.
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Fig. 11-4-3. Projection of the vectors of
natural remanent magnetization on a : .
harizontal plane. Fig. 1I-4-7. Voleano Mihara, new ejecta.

Mihara, Meizi-Taisy> lava. (1940)

\

S
\\\\ :
) )
7

! \\_—/

Down . Down
Fig. 1I-4-4. Projection of the vectors of Fig. 1I-4-8. Volcano Mihara, new ejecta.
natural remanent magnetization on a (1940)
vertical plane containing their mean :

vector.
Mihara, Meizi-Taisyo lava.

Fig. II-4 5. Miyake-sima, new ejecta. (1940) " Fig. II-4-9. Volcano Mihara, An’ei lava.

Down Down .

Fig. 11-4-6. Miyake-sima, néew ejecta. (1940) Fig. 11-4-10. Volcano Mihara, An’ei lava,
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Fig. II4-11. Volcano Huzi, Aokigahara lava. Fig. I1-4-15. Omur;)-yama la\;a.

w
n \ ‘
\
Fig. 1I-4-12. Volcano Huzi, Ackigahara lava. Fig. II4 16. Omuro-yama lava.
Fig. 11-4-13. Voleano Amagi, Yahatano lava. Fig. 11-4-17. Aziro lava.
L
-

Fig. II-4-14. Voleano Amagi, Yahrtane lava. Fig. II-4-18. Aziro lava.
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the Earthquake Research Institute” The natural remanent magneti-
zation of five specimens, two from the lava flow and three from large
volcanic-bombs, were examined, where the lava flow and the large
bombs appeared to be in the same position and direction that they
occupied when the lava cooled and solidified, and when the bombs
rained down on the earth’s surface.” The values of 46 and ¢ of
these samples are given in Table 4-1I, while they are -graphically
shown in Figs. 4-5, and 4-6.

Table 1I-4-II. Natural remanent magnetization of
" new ejecta from Miyake-sima. (1940)

Specimen % @ | s | o | 7 0
No. 58 | 0-76X10-3 42 { w1 s 140%10-% | 2:29
No. 59 | 131 7 39 S 5\ 48° 224 7 257
No. 63 | 063 /* 17 |  2°E - 48° 047 1-50
No. 64 | 080 20 l 1°E 47° 071 1-38
No., 65 | 074 -7 16 ISt . 50° 051 1-38

(c) Ejecta from Volcano Mihara, in August, 1940.

Thirty-eight days after the beginning of the severe eruption of
Miyake-sima, Volcano Mihara in Oosima Island also began to show
activity.” In' this activity, however, lava did not flow, only a number
of large bombs being ejected. Five speceimens from these ejected
bombs that were believed to have been in the same position and di-
rection as when they fell on the earth’s- surface, were examined.®
Their 46 and @ are given in Table 4-II1 and in Figs. 4-7 and 4-8.

Table 1I-4-1I1. Natural renianent magnetization of
new ejecta from Volcano Mihara. (1940)

i !

Specimen l . %o 46 ‘ ] j J. E Q.

" No. 67 0-34x10-3 i 1-5°W ¢ 52:0° 1-79x10~? ! 115
No. 68 0-80 7 | 30°W 48-0° 1447 7 40
No. 69 097 7 | . 20°E ©.47-5° 11z 7 : 7

. ‘ .
No. 70 037 1:0'W 470" 163 7! 99
I ' : |
| 46

No. 72 | 068 7 . 35°E 47.5° | 141 7

5) H. TsuvA and other, Bull. Eartiq. Res. Inst., 19 (1941), 260.

6) According to H. TSUYA, these rocks are olivine-hypersthene-pyroxene-busaltic
andesite (the lava flow) and pyroxene-olivine-basalt, (the bombs).

7) .T. NAGATA, Bull. Earthq. Res. Inst., 19 (1941), 402.

8) According to H. Tsuva, these rocks are, roughly speaking, olivinc-basalt
nearly the same as Meizi-Taisyo lava ejected 1911~1914.
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As will be seen from Figs. 4-3~4-8, the horizontal direction of
the natural remanent magnetization of newly ejected rocks almost
agrees in every case with the present geomagnetic meridian, namely,
40==0, while the dip angle of the former also nearly agrees with the
inclination of the geomagnetic force. _

The mean values.of 460 and ¢ in the three cases of Mihara 1911~
1914, Miyake-sima 1940, and Mihara 1940 are respectively .

43=0°3W£1-°1, 0=49°0+2°1, (Mihara, 1911~1914),
46=0"2W £0-°6, 0=48°2+0°5, (Miyake-sima, 1940),
46=0°0W+1:°2, f=48°4x1°4, (Mihara, 1940),

where the error represents the mean error in each case.

It may be said from this result that the direction of natural
remanent magnetization agrees almost exactly with the present geo-
magnetic meridian plane, provided the observational error of about
one degree in angle is disregarded. ;

“Although it is not possible at present to go into the detaﬂs of
the magnitude of dip angle 0, since the precise inclination angles of
the geomagnetic force at the spots where the rock samples were taken
are unknown, according to the magnetic survey in Oosima Island made
by R. Takahasi and the writer,” the geomagnetic dip at Oosima in
1936 was from 46° 40’ to 51° 25’, the mean dip observed at 12 points
being 48:°8+ 0-°5.

Comparing this mean geomagnetic dip with that of the natural
remanent magnetization of ejecta from volcano Mihara in 1911~1914,
and 1941, we can say that, within the limits of observatlonal error,
the latter almost agrees with the former.

‘Similarly, for the geomagnetic dip in Miyake-sima, the results of
dip survey made by T. Minakami,” in 1941, will be used. According
to him, the mean geomagnetic dip observed at 43 points in Miyake-sima
was 48:°0+0'°4, the individual values at each of the 42 points varying
from 44° 42’ to 54° 38, except one point situated at the summit of
this volcano where the dip amounted to 58° 19'. In this case of
Miyake-sima, the ¢ of the natural remanent magnetization also agrees
with the geomagnetic dip.

Finally, we can conclude that, generally speakmg, the dlrectlon
of natural remanent magnetism of newly ejected rock agrees almost

9> R. TAkaHAsI and T. NAGATA, Bull. Farthq. Res. Inst., 15 (1937), 441.
10 = T. MINAKAMI, Bull. Earthg. Res. Inst., 19 (1941), 356.
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exactly with the direction of the present geomagnetic force in dip as
well as in declination, in the field of which the rock cooled from a
‘high temperature and solidified—seeming to point to an important fact
in connexion with the natural character of the so-called natural re-
manent magnetization of igneous rocks. ‘

(ii) Direction of natural remanent magnetism of effusive rocks
ejected during historic times.

- a) An'ei lava ejected from Mihara Volcano in 1778.

The northern and north-eastern parts of the caldera of Volcano
Mihara are at present covered with a Iarge lava flow. According: to
old records relating to Oosima Island,’ this lava which was ejected
from the north-western part of the central cone in March 1778, flowed
down through the northern and north-eastern parts of the caldera to
the eastern coast of this island, whence it has been usually called the
An’ei lava flow of Volcano Mihara. It is also recorded in the archives
that this lava flow was red hot until about November 1778 since its
ejection. Four rock samples were taken from this lava flow, and the
characters of their natural remanent magnetism examined.

On the other hand, since another lava flow, ejected also in Sep-
tember 1778 from the crater, flowed down over the southern slope of
this volcano, the southern part of the central cone at present is
covered with this lava flow, which also goes by the name of An’ei
lava flow. Three specimens from this lava flow were also. examined.
These rocks are, according to petrographical studies by S. Tsuboi*®
and H. Tsuya'™, hypersthene-bearing basalt.

The 46 and ¢ of these seven specimens .are given in Table 4-IV

Table II-4-1V. Natural remanent magnetization of
An’ei lava, Volcano’ Mihara.

Specimen %o 40 (] I Qu
No. ¥V — 5°E - 45° 2:00%10~* b -
No. ¢ 0-52x10~2 $°E 42° 231 7, 99
No. ¥ 048 9°E 46° 250 . 116
No. & 056 2°W 48° 3.23 118
No. 10/ 221 7 3°E 46° 363 7 37
No. 1V — . 8°E 42° 214 : -
No. 12 | 076 7 . 14°E oA 172 7 . 50

11) F. OMoRI, Sinsai-Yobo Tyosakai Hokoku, No. 81 (1915), pp. 19.
12) S. Tsusol, loc. cit.
13) H. Tsuya, Bull. Earthq. Res. Inst., 15 (1937), 296.
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and shown in Figs. 4-9 and 4-10, while the mean 46.and ¢ are
respectively . ' ‘
40 =6°4F +1-°9 , 0=44°31+1:°6.

Comparing 46 and ¢ with those of the ejecta at the present time,
we find that the declination of natural remanent magnetism of the old
lava deviates considerably from that &f the present geomagnetic force,
while the dip of the former does not differ so much from the present
value as does the declination. Since we have already seen that the
effusive rock recently ejected was permanently magnetized in the di-
rection of its external magnetic field in which that rock cooled and
solidified, we can believe that the direction of natural remanent mag-
netization of the An’ei lava indicates the direction of geomagnenc
force at the time this lawa cooled—say 1778 —, provided there has been
no movement of the lava flow since the time it solidified. Then, the
40 of the An’ei lava must show the amount of secular change in
gecmagnetic declination during the period from 1778 to the present
day, while ¢ represents the geomagnetic dip there in 1778.

(b) Aokigahara lava ejected from volcano Huzi in 864.

The Aokigahara lava flow, which is widely distributed on the
northern slope of volcano Huzi, was ejected in 864 from Nagaoyama,™’
one of the parasitic cones of this volcano. According to Tsuya,™ this
lava is generally two-pyroxene olivine-basalt. Ten samples were ob-
tained from various points in the north-western part of this lava flow,
and their natural remanent magnetlsm was examined.

Table II—4—V Natural remanent magnetization of
" Aokigahara lava, Voleano Huzi.

Specimen 46 [/ ! I

No. 102 4°W 42° [ 1-53%10-°
No. 103 7 " a1:5° | 126 7
No. 104 9 7 44° 1-08
No. 105 10 7 45:5° 148 7
No. 106 4 39-5° 162 Y
No. 107 0 7 45° ' 197
No. 108 12 7 ) 45-5° | 153
No. 109 s 47° T
No. 110 7.5 . 41" | 139 1

14) F. OMOPI Nippon-Hunl:a-Si (1), Sinsai-Y obo Tyosalkai Iiokoku, No. 86 (1918),

90.
15) H. Tsuya, Bull. Earthq. Res. Inst., 13 (1937), 302; 16 (1938), 638.
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The values of 40 and # of these ten r(;ck specimens are given in
Table 4-V, and graphically shown in Figs. 4-11, 4-12. The mean
values of 46 and ¢ are respectively

£6=T9W+£0°9, §=43-°3+06.

As will be clear from this result, although the mean value of ¢ of
Aokigahara lava ejected in 864 does not differ much from that of the
An’ei lava ejected in 1778, the mean value of 46 of the former differs
considerably from that of the latter.

(iii) Direction of natural remanent magnetization of volcanic
rocks ejected in remote geologic times. ’ :

_ The direction of natural remanent magnetization of some basalt
ejected in remote geologic times in Japan has already” been measured
by M. Matuyama,'® who from experiments found that the directions
of natural remanent magnetism of some basalt nearly agree with
that of the present geomagnetic force (within the limit of deviation
of about 30 degrees), while those of other rocks are almost opposite
to those of the latter. The writer and S. Murauti also measured
the 40 and ¢ of a few volcanic rocks in Izu Peninsula, which rocks
were ejected in the beginning of the Quarternary Age.’

The rock samples examined were three from Yahatano lava ejected
from volcano Amagi in Pleistocene ages, three from the lava ejeted
from Omuro Yama, a parasitic volcano of Amagi, ejected also during
the Pleistocene, and three from lava exposed at Aziro, probably ejected
from volcano Taga during latest Tertiary Age.”

The observed values of 46 and ¢ of these nine samples are
given in Table 4-VI, while they are graphically shown in Figs. 4-13
~4-18, their mean values of 46 and / being

Yahatano lava, 46 =12-°TE +1-°5, 0 =47°3+1:°6,
Omuroyama lava, 40=8°E+4°, #=45°43°,
Aziro lava, 40=26°TW+2°0, (=49-°T+1-°5.

It is clear from these results that the declination of natural
remanent magnetism of those old ejecta fairly ‘differ from that of
the present geomagnetic field, while the dip of the former nearly
agrees with that of the latter, though the values of 40 and ¢ of
Omuroyama lava seem to con‘ain a fairly large error.

16) M. MATUYAMA, loc. cit.
17) H. Tsuya, Bull Earthq. Res. Inst, 15 (1937), 243,




78 T. NAGATA. ’ [Vol. XXI,

Table II-4-VI. Natural remanent magnetization of
some- Quarternary ejecta.

Specimen é 40 ) l 0 Ju
(Yahatano) . ‘

No. 131 | 15°E : 52° " 1-86x10-*
No. 132 ! 15°E ‘ 46° 246
No. 133 | 8°E 44° ‘ 376 !
(Omuro-Yama) I

No. 134 i 0° 52° 1-24x10-°
No. 135 | 7°E a° 304
No. 136 ! 15°E 40° 3

(Aziro) ‘

No. 141 : 21°W 53° 1:17x10-3
No. 142 | 31°W " 49° 1:90 - 7
No. 143 28°W 47° 067

Thus, it is established in all the examples mentioned above that
the difference between the directions of natural remanent magneti-
zation of any two rock samples taken from the same mascive ejecta
is less than 10 degrees, the mean values of 43 and ¢ of a number of
these rock samples having been determined with an error of a few
degrees. \ \ , ,

These mean values of 40 and ¢, then, must have a certain definite
physical meaning, such as discussed with those of new ejecta and
Arn’ei lava. The observed values of 45 and # of rocks ejected during
both historic and geologi¢ times will be dealt with again in Chapter
IV in connexion with secular variation in the geomagnetic field. '

§5. Intensity of natural remanent magnetism
of volcanic rocks.

The most interesting character of natural-remanent magnetism of
voleanic rock is that its intensity is fairly large compared with its
induced magnetism in the earth’s magnetic field. That is to say, letting
J. denote the specific intensity of natural remanent magnetization, we
found that the J, of a volcanic rock is usually larger than its induced
magnetization yF, where F is the total intensity of the earth’s mag-
netic field. In Table 5-I, the magnitude of J, of various rock speci-
mens are given, where the y, of the corresponding rock specimens
are also given for comparison. In order to show more clearly the
ratio of J, to the intensity of induced magnetization of the corres-
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ponding rock in the earth’s magnetic field, we introduce here the
quantity

Jo. »
Yo% 045 °’

- where the numeral 0-45 represents the mean value of total intensity
of the geomagnetic field in central Japan.

The amount of Q, of various rocks are also given in Table 5—I
The values of J,, ad @, of some rock samples of ejecta from Volcanoes
- Mihara, Miyake, and Huzi, the 46 and ¢ of which were determined
in the preceding paragraph, are already given in Tables 4-I~4-VI.

As will be seen from this result, Q," amounts to 2~10 in general
cases, while it amounts to more than 26 in basaltic effusive rocks,
although there are few cases in which @, is slightly less than one.

This fact may show that more than half the magnetization of a
piece of voleanic rock placed in the earth’s magnetic field is residual
permanent magnetization, the magnetization induced in the rock by
the earth’s magnetic field being only a half or less.

Here, we must take into consideration that, according to the
definition of natural remanent magnetism of rock mentioned in §1 of
this Chapter, the magnelic force that has affected the rock through-
out the whole period from the time of its formation to the present is
only the earth’s magnetic force. While, the total intensity of the

earth’s magnetic force in the neighbourhood of Japan is about 045
* Oersteds, its change due to a severe magnetic storm usually does not
exceed a few thousauds 7y, whence we can say that the external
magnetic force in connexion with the development of natural remanent
magnetism of rock was about 05 Oersteds or less.

Then, even if the coersive force of rock is infinite, the intensity
of residual magnetization after it has once been magnetized by the
earth’s magnetic field cannot exceed the amount Hy, where H is the
total intensity of the earth’s magnetic force. We must remember,
however, that the susceptibility of rock, generally, increases with
increase in temperature over a fairly wide range from 0°C. Hence,
we assume the most extreme case in which the net amount of in-
duced magnetization Hy,.. at temperature T, where y is maximum,
remains as it is, as the residual permanent magnetism after the rock
is cooled to atmospheric temperature, where the coersive force also
is infinite. The result of our experiment determining y(f) shows

QnE

1) This quantity had been already introduced by J. G. KﬁansBERGEri. J. G,
K 'NIGSBERGER, Terr. Mag., 42 (1938), 119, and others), .
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Table 11-5-1. Intensity of natural remanent magnetization
of volcanic recks.

Spe&i:len Iu Xo Qu
17 4-20%10-3 2:55%10-3 3.7
18 369 131 Y 63
19 451 ‘ 182 ¥ 5.5
a 551 7 Ttoass M 790
23 2-08 ” 1-29 14 36
25’ 220 7 090 5-4

97 058 128 7 10
29 1 0-86 078 ‘ 25
30 056 094 13
31 { 039 056 16
50 \ 055 095 13
51 ‘ 075 037 7 a5
59 5 072 V- 109 ¥ . 15
53 ! (1) 057 0-8
54 T N 085 69
55 i 198 107 7 2.7
73 j 4.89 050 7 217
91 y 238 088 60
.92 i 623 v ‘ 096 " 145
93 ? 048 054 ¥ 2:0
94 173 7 o787 4.9
95 | 151 7 137 7 2.5
96 165 073 7 51

that #,... is, at most, twice or less compared with y(t=almospheric
temperature). Therefore, not even this hypothesis of development of
natural remanent magnetism can explain a. permanent magnetization
larger than twice Hy. Next, we further assume that in the above-
mentioned hypothetical process, the intensity of magnetization Hy,,,,
increases with decrease in temperature, following the Curie-Weiss
law of ferro-magnetism. Since, however, according to our experiment
t,... is less than 420°C, the ratio-of intensity of saturation magneti-
zation of rock at 0°C to that at ¢,.,, ie. I(0)/I(¢,.) is, at the most,
2 or less, where the Curie-temperature is 585°C. The residual perma-
nent magnetization then in this hypothetical case does not exceed
four or five times Hy. ‘ .

Notwithstanding these circumstances, the @Q.=J./Hy of rccks in
nature is frequently larger than 10, sometimes exceeding 100, Hence,
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it is inevitable that we assume that there is a prcecess for developing
the permanent magnetization that may be peculiar to the rock, which
process regarding the ferro-magnetism of metals and their alloys is
yet unknown. .

Lastly, we shall deal briefly with the amount @, of various rocks.
Comparing the values of Q, given in Tables 4-1~4-IV and 5-1 with
the petrographic descriptions of corresponding rccks given in §1,
Chapter I, we find that, generally speaking, the @, of basalt is

fairly larger than that of andesite, and that the @, of such basaltic

rocks that seem to cool fairly rapidly is larger than that of the
other basaltic rocks. In other words, the amount of ferro-magnetic '
minerals (magnetite) in a rock scaftered as micro-crystals in the
ground-mass is greater (consequently the phenocrysts of magnetite
. are less) the larger the @, of that rock.

Summarizing the facts obtained in this paragraph, we can say,
at any rate, that the most marked peculiarity of natural remanent
magnetism of volcanic rocks is that its intensity is anomalously large.
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CHAPTER I1I. lTHE MECHANISM OF DEVELOPMENT OF NATURAL-
REMANENT MAGNETISM IN IGNEOUS ROCKS.

§1. Thermo-remanent magnetism of igneous rocks.

It has been discovered that the natural-remanent magnetization
of igneous rocks is generally: the residual magnetization after the
rock was cooled from a certain hlgh temperature in the earth’s
‘magnetic field.

Since G. Folgheraiter” experimented in first reproducing the
natural-remanent magnetization of igneous rocks by cooling a rock
specimen from a certain high temperature to room temperature in
the earth’s magnetic field in the laboratory, a number of investigators®
have repeated the experiment.

J. G. Konigsberger,® however, was the first to point out that usual-
ly the intensity of natural-remanent magnetization far exceeds the
magnitude of the residual magnetization that remains in the rock
after a magnetic field of 0°45 Oersteds (say, the total intensity of
geomagnetic field in middle latitude regions) has been applied and
then removed at room temperature,® the former amounting to 1000~
10000 times the latters. From experiments with a number of various
igneous rocks, Konigsberger concluded that the relatively intense
magnetization as natural-remanent magnetism can be reproduced in
the laboratory only by cooling the rock specimen from a certein high
temperature to room temperature, so long as the intensity of the
external magnetic field is limited to less than 045 Oersteds, which

magnetization he called thermo-remanent magnetism, presuming that
there would be a certain effect of thermal agitation upon development
" of this relatively intense magnetization in rocks.

1)° G. FOLGHERAITER, Recle Accademia dei Lincei, 4 [I] (1895), 203.

2 G. E. ALLAN, Phil. Mag., 7 (1904), 45; 17 (1909), 572.
G. E. ALLAN and J. BROWN, Proc. ROJ Soc. Edinburgh, 23 (1912), 69.
E. THELLIER, Comp. Rend., 197 (1933), 1390.
F. LOWINSON-LESSING, Comp. Rend. Aca. Sci. U.S.S. R., (1930), 239.
S. NAKAMURA and S. KIKUCHI, Proc. Tokyo Math. Phys. Soec., 6 (1912), 268.
E. THELLIER, Thése (L’université de Paris), 1938.

'3) J. G. KONIGSBERGER, ZS. Geophys., 6 (1930), 190, Terr. Mag., 35 (1930), 145.
Gerl. Beitr. Geophys., 35 (1932), 51, 204; 38 (1933), 47.

" Beitr. Angew. Geophys., 5 (1935), 193. '

Phys. ZS., 33 (1932), 468. Terr. Mag., 43 (1938), 119, 299,

4) As memioned in Chapter I of this report, since the range.of initial suscepti-
bilitv of voleanic rock is usually smaller than 0-45 Oe., there remains a residual
magnetization after the rock is once magnetized by a small magnetic field of only
0 47 Oe.
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As to the mechanism of development of thermo-remanent magneti-
zation, he assumed that the magnitude of susceptibility of the ferro-
magnetic minerals in the rock, the magnitude of their demagnetizing
factor, and their coersive force depend on their temperature, and that,
at a certain high temperature near the Curie-point of ferro-magnetic
minerals, the intensity of magnetization induced by the external mag-
netic field reaches a large value, owing to the increase in susceptibility
and to decrease in the demagnetizing and coersive forces, whereas
by cooling, the coersive force increases, the relatively intense magneti-
zation that is obtained at high temperature remaining after the rock
has been cooled down to room temperature and the external magnetm
field has been removed.”

‘This assumption was founded on the results of experimental mea-
surements of the remanent magnetization of rock specimens that were

produced by cooling from various temperatures in a magnetic field of
045 Oersteds. :

According to our experimental study, however, the magmtude of
apparent susceptibility of igneous rock at any temperature lower than
its apparent Curie-point never exceeds twice that at room temperature,
notwithstanding that the intensity of natural remanent magnetization
amounts to more than a few times, sometimes more than one hundred -
times, that of its induced magnetization in a magnetic field of 045 Oe.
at room temperature, i.e. the product of the intensity of the magnetlc
field and susceptibility at room temperature.

Moreover, our experimental study on the general magnetlc be-
haviour of igneous rock shows that most of its ferro-magnetism re-
sults from a few groups of a large number of ferro-magnetic micro-
crystals, the chemical composition of which is not uniquely determined.
For this reason, we shall examine the mode of development of thermo-
remanent magnetism in igneous rocks from our viewpoint on the
magnetic behaviour of igneous rocks found in our experiments, and
then investigate the physical mechanism of its development as far as
the present state of our knowledge permits.”

(i) Apparatus

© The apparatus for measuring the thermo-remanent magnetlzatmn
produced by cooling from various temperatures in a magnetic field of
" various intensities is, in outline, as follows. '

- 5) J. G. KONIGSBERGER, Terr. Mag., 43 (1938), 119, 299.
6) The preliminary works of this study were given in the following papers.

T. NAGATA, Bull. Earthq. Res. Inst., 19 (1941), 49; <ibid., 20 (1942), 192;

Zisin, 12 (1940), 285 545; 13 (1941), 55,
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A non-inductive, non-magnetic electric furnace, 22 em Iong and
2’5 ¢cm inner diameter, is set coaxially with a Helmholtz-Gaugain Coil
of 25 c¢m radius, the resistance wire in the furnace of which is pure
nichrom wire of magnetic susceptibility less than 10~* e.m.u., the
axes of the furnace and of the coil, obviously, being exactly perpen- -
dicular to the geomagnetic meridian.

A few of the rock specimens examined were circular cylinders
10c¢m long and 2:0cm in diameter, while the others were pulverized
into small particles, 0-5~1'0mm in their mean diameter. In the
latter case, these particles were poured into a silica tube 11 ¢m long
and 1'8 cm inner diameter, the tube being shielded by fuzing after it
was evacuated. .

The rock specimen of cylindrical shape or the tube containing the
rock partlcles were placed in the centre of the furnace coaxially as

‘ shown Fig. 1-1. In the space occupied by the

E] ¢ E'—r] rock piece or by the tube, the magnetic field
' Pl supplied by the Helmholtz-Gaugain coil was
nearly uniform, with an error of less than 0-1
per cent. The temperature of the specimen
was measured at its centre in the case of pul-
verized rock, and at the surface nearest its
centre in the case of a cylindrical specimen,
both by P{~Pt-Rh thermo-junction, the tem-
= perature throughout the sample being uniform

- with an error of less than 5 degrees, provided
“The :ﬁ;paratlu_sl'for the heating or cooling velocity did not exceed
developing 100 degrees/hour.
thermo-remanent The. intensity of the thermo-remanent mag-
magnetism, . . .
C. Helmhortz coil; netism produced in this apparatus was measured
F. furnace; with the aid of another instrument by a bal-

S. specimen;

J. thermo-junction. listic method, exactly the same in principle as

that described in §2, Chapter I. For measur-
~ing the intensity of magnetization of the pulverized rock in the silica
tube, the method of relative measurement was adopted exactly as in
the case of measuring.susceptibility at high temperature (§4 in Chap-
ter I), seeing that a slight error is unavoidable in the absolute deter-
mination of the constant that depends on the shape of the tube.

We now define the residual permanent magnetization at 0°C which
remains after the rock specimen is cooled from temperature ¢ to 0°C
in a uniform magnetic field of H, after which the magnetic field is
removed at 0°C, as the thermo-remanent magnetism of temperature ¢
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and of magnetic field H, indicated here by J, , for unit mass of
sample.”
~ In measuring the J, , of various values of t, successively, the J,

obtained in the first experiment was purposely nullified by heating
the specimen to a temperature higher than ¢ and cooling it in non-
magnetic space before proceeding with the next experiment. In this
way, the intensity of the thermo-remanent magnetism of various val-
ues of ¢ in a constant magnetic field H was measured. '

(ii) «The relation between intensity of thermo-remanent magneti-
zation and the initial temperature. ,

The direction of the thermo-remanent magnetism always agreed
with the direction of the external magnetic field applied, that is

> > . ’
Jo nll H. (1-1)
Several typical examples of the observed data are given in Table 1-1
Table III-1-1. Thermo-remanent magnetization i.f;
' of various volcanic rocks.
= No. of = [ 1 0 7777277
SPECImen | No. 20 { No. 21| No. 24 | No. 28 | No. 60 | No. 60/| No. 75 | No. 76
Temperature ) e
20°C 0~0%<_3 0-001;;_-3 0~0(;(>)<_3 0~001i)<_3 0-001?;_3 0-0(;:;_3 0'0%(_3 0'023(.3
100 ¢-10 14 0-36 14 0-12 144 0-13 14 —_— 9-11 "1 0.06 71 0-08 7/
150 0-14 14 — 0-95 14 0'28 144 — —_— 0-32 ” 0-17 ”
200 0-23 77} 039 /7| 1:87 /7| 1-40 | 0-65 /| 0-3¢ /7| 0-70 /| 0-50 7/
250 026 7| — 488 /7| 2.90 /| — —  |1-20 7| 300 "
300 1 0-51 4 0-83 7| 5-86 14 3:70 ” 1-02 ” 097 71 7.24 17110-41 14
350 063 | 0-84 | 596 7| 400 | — 151 ”[12:04 "7)13-74 7
400 0-96 n 1-48 ” 6-19 144 4-16 ” 2:65 14 3-96 174 1370 14 14-06 174
- 450 129 " 261 7| 627 | 433 7| 864 | 7-07 "[14-06 7’ [14-43
500 3-38 /| 595 /| 644 ”| 451 ”[18:65 /[14-12 "[14-44 71470 7
550 . 756 7| 9.80 | 697 *| 591 358 /i98-5 //[14-82 /7|14-92 7
600 10-37 {1256 ’| 7-80 ’’| 7-29 ’’|46-1 ’’|38-0 ’/|15-18 //|14-98 //
650 10-49 /|12-40 /| 7-85 | 7-38 (48-0 /(381 ~ "[15-22 7{15-04 *
700 10-53 /{12:48 7| 7-80. 7| 740 "\47-7 7380 7[15-20 //|15-02

as also in Figs. 1-2~1-5.

7) Since the intensitiy of the remanent magnetism that is produced by cooling
from ¢ to ordinary room temperature (less than 20°C) and that to 0°C are practically
the same, the remanent magnetism produced in the former case will frequently be
taken as J:, i
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As will be seen from these results, J, , in a constant magnetic
field H increases with increase of temperature ¢, where some of the
J, y~t curves increase
monotonously, while the
others do so stepwise,
similarly as in the y(t) ~t
relations of the rock speci-
mens. In the standard
type mode of the J, ,~t
relation, which means
the mode J, ;,~t that in-
creases monotonously with
t temperature, the magni-

200 400 600 "¢ tude of J, , reaches its
Fig. III-1-2. Thermo-remanent magnetization highest value at ¢, J
of specimen Nos. 20 and 21. : 0y 4

.;%.x 10°

2t
10}

of } higher temperature
7',’—:;0’ than ¢, being nearly al-

¢ ways constant and equal
to J¢, 1, whence we may .

6r say that the thermo-

remanent - magnetization

4t J,, nr develops during cool-

ing through range of

2t temperature from the

‘ critical temperature to

0 ) t 0°C, in a magnetic field

0 200 400 600 *C H, while, in ranges of

Fig. I1I-1-3. Thermo-remanent magnetization temperature higher than

of specimen Nos. 24 and 28. t., it seems that a magne-

tic field has scarcely any effect on the development of thermo-remanent

magnetism, for which reason, we shall call J¢, ,, the saturated thermo-
" remanent magnetism in H.

'On the other hand, the differential cofficient of the curve for J, ,

of the standard mode with respect to temperature is lar_gest at_ t.,

b4 c .
vg—tz— J., » being positive for temperature range lower than ¢,, while it

is negative at temperatures higher than ¢,, so that tempera'pure t, may
be taken as the mean transition point for development of thermo-

remanent magnetism.

8) t. will be called here the eritical tempercture of the thermo-remanent magne-
tism.
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As to the curve of the J, ,~t relations, in which J, , changes
stepwise with temperature, they may be regarded exactly in the same
way as in the case of the : ' '
¥ (t) ~t relation, that is, the
superposition of two funda-

Table III-1-II

No to

{520"0
(380) o
530

18 {250 L ) . ot
U 54 0 200 _ 400 600 ¢

20 530 . Fig. 11I-1-4. Thermo-remanent magnetization
_of specimens, Nos. 60 and 60/,

17

21 545
2 {240 609 | 710
23 530 580

530
24 {510 580

520
s | (i | e

28 {5 580
60 530 600
6y 530 | 600
75 300 600

.76 320 600

L. : , Lt
mental modes, one of which 200 400 600 °C

is the standard type mode, Fig. II1-1-5. Thermo-remanent magnetization
while the other, called here of specimens, Nos. 75 and 76. ,

also the extraordinary mode, is a curve such that its general mode is
almost similar to the standard type mode, having only one mean
transition point, but its critical temperature is considerably lower than
that of the standard type mode. Consequently, one critical temperature
and one transition temperature correspond to one fundamental curve
of J, u, those of the standard type mode being denoted by ¢, and t,,s,
~and those of the extraordinary mode by ¢, and ¢,,.

The actual values of ¢, and ¢, are given in- Table 1-1I (see also
Table III—S—I), where it will be noted that the critical temperature of
the standard type mode of J, , is always about 580°~600°C, which
exactly agrees with the apparent Curie-point temperature of igneous
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rocks, and which probably shows that the develop.sent of thermo-

remanent magnetism in igneous rocks is interpreted, at any rate, as

irreversible magnetization during cooling in a magnetic field through

a range of temperature at which the rock assumes a ferro-magnetic

character. These characteristic properties of thermo-remanent magne-

tism, however, will be discussed in detail in the next paragraph.

(ili) The dependence of thermo-remanent magnetization on the - R

magnetic field applied.

'

" Table HI-1-III. Specimen No. 60.

t. ' Jeirn (H=0-458) Juim (Ha=0-282) JuimlJ i *
20°C 0-00 X103 0-00X10-3 ) -
100 015 o010 1-5
200 030 018 7 17 .
300 0-45 7 : 028 7 16
400 - 122 0TS 1:65 -
450, 397 ¥ _ -
500 858 5.40 : 1-59
550 1645 7 _— —
600 21-20 1315 7 © 161
700 2210 7 1345 7 : . 1-64
759 21.95 1335 7 1-64
; %;xIO’ : From the foregoing re-
. sults, the relation between the
20 \ f1=04580.  intensity of thermo-remanent
- magnetism and temperature
was established, where _the -
15 magnetic field applied during
' cooling was always kept con- *
H=0282 ¢ stant. '
fo : Now, Table 1-IIT and
Fig. 1-6 give the relation
between J, , and £ in two ’
S different values of H. From )
the result given in Table
0 _ t 1-1IT and Fig. 1-7, we get
o 200 400 600 - 800°c  the relation
Fig. IIT-1-6. Intensity of thermo-remanent 7 H
¢, I __1__

magnetization in different magnetic fields.
Specimen No. 60.

JI, I - H2 ’ (1—2)
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provided both H; and H, are small, i e, about one Oe}sted or less.

151 Jerto’
10
5t
Jine10’.
0
0 5 10 15 20 25

Fig. 11[-1-7. Relation betwetn Js, 1 and Je, 1.

Since, further, the thermo-remanent magnetism was always zero when

H=0, we may write

Table III-1-1V (a)
Specimen No. 46.

Table T1I-1-V (a)
Specimen No. 59'.

H Jo, 1t Jw=dJew, nlH H Ji, 1 Jiw, nfH
0 Oe. “ 0-00X10-2 ~ 151 0e. | 2:67x10-% | 1-84x10~2
022z | 121 7 4-5x10-3 3:02 449 7 147 "
0-63 L ogg 7 4.4 6-04 804 133 7
0-98 1 407 M 4.2 10+6 119 ¥ 113 7
1-34 ;562 42 166 161 7 097 "
170 | 568 n' | g 97-2 219 ¥ 081

42:3 275 065

Table III-1-1V (b). . ) -
. Specimen No. 47. Table I1I-1-V (b)
' Specimen No. 60.

H L den Il Jie T

H Jie, 1. Jie, 5/H
0 Oe | 000Xx~10° ~
0-14 096 69 028 Oe. | 1-36x10~% | 4-91x10~*
0-28 210 7 | 75 0-46 2:22 " 462 7
0-46 353 7| 76 3-02 933 309
0-64 507 | 7.9 604 |1335 7 | 21
082 | 590 7 | 7:2 9-06 162 7 178
1-00 720 7-2 163 207 7 |12
1-36 922 } 68 27-2 252 7 093 V
172 133 7 66 42-3 301 ¥ 071 7
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}z ,,=fi-‘.J,, o (1"3)

where J, is a function of temperature alone, independent of H, pro-
vided H is small. In order to see more generally the dependence of
thermo-remanent magnetization on the magnetic field applied, the
magnitude of the saturated thermo-remanent magnetism in various
values of H are given in Tables I-IV and I-V, and plotted in Figs.

Juetet o
0 . /
5» ‘ /’

#
0" :
0 05 10 15 De

Fig. III-1-8. Intensitytof saturated thermo-
remanent magnetization corresponding to
various values of H. Specimens., Nos. 46
and 47.

1-8, 1-9, and 1-10, where H varies from 0 to 1'7 Oe. and 0 to 42 Oe.
in the former and latter two respectively.” As shown in Fig. 1-8, eq.
(1-3) seems to hold approximately for the values of H from 0 to
about one Oersted. Hence, so long as we deal only with the develop-

30 F.Z_.ntfoj

0 1 1 I 1 [

0 10 20 30 ~ 40 0e
Fig. 11I-1-9. Intensity of saturated thermo-remanent
magnetization. (Specimen No. 59°.) o
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ment of thermo-remanent magnetization in the earth’s magnetic field,-

. eq. (1-3) holds as a sufficient approximation.

20l Jea10°
Jeen
20 Jml ? 5
14
13
101
e 2
H
41
0 ) 1 1 1 0
0 10 20 30 40

Fig. ITI-1-10. Intensity of saturated thermo-remanent
magnetization. (Specimen No. 60.)

However, as will be seen from Figs. 1-9 and 1-10, if H is large,
J., n 18 not proportional to H, although the former increases with the
latter. Thus, generally speaking, there will be the relation,

Jl(‘, II=F(H) * Jtc

instead of eq. (1-3).
In order to show more clearly the functlonal form of F'(H), the

'magnltudes of J,., n/H corresponding to various values of H are given

in Table I-V, and Figs. 1-9 and 1-10, where it will be seen that
J., n/H approaches a finite value when H—0, whereas it tends to zero
when H— . ' ,
~ On the other hand, since thermo-remanent magnetization J,.,
can never exceeds the intensity of saturation magnetization, it follows
that
lim Jln. Il_g_Jc ’

 Hyoo

' where J, denotes the intensity of saturation magnetization.

Summarizing then the experimental results, which are expressed
in Figs. 1—8 1—9 and 1-10, it may be said that

imd, =ty -4

>0

th ]I -
g = . e
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The general formula expressing the relation between J, , and H
throughout the whole range from zero to infini y may not be simple,
since it.must not only fit all values given in Table V, but must also
satisfy the conditions of egs. (1-5).” In a certain range of H, say
10 Oe., however, the following formula is probably to be preferred,

namely
H

&M= TH

At any rate, it is concluded that the relative effect of develop-
ment of thermo-remanent magnetization, which can be measured by
Jow, nfH, is greater the smaller the external magnetic field, and that
the effect of the applied magnetic field on the development of thermo-
remanence separates from the temperature effect, at any rate in the
case where H is small.

The intensity of saturated thermo-remanent magnetization in a
magnetic field of unit intensity, J,., then, which is reduced from J,, ,
in a weak magnetic field by means of eq. (1-3), will be taken as a
parameter in order to show the character of the thermo-remanent
magnetism of materials, seeing that it is a constant peculiar to each
rock specimen, independent of ¢ as well as of H. Examples of actual
values of J,, are also shown in Table 1-I1.

(iv) Intensity of saturated thermo-remanent magnetlzatlon in the
earth’s magnetic field.

From the foregoing fact it will be seen that the effusive rocks
that cooled in the earth’s magnetic field from a sufficiently high
temperature ought to have thermo-remanent magnetization, the in-
tensity of which is approximately given by H.J,,, where H is the
total intensity of the earth’s magnetic field, while its direction agrees
with that of the geomagnetic field.

For example, several actual values of H.J, of volcanic rocks
ejected in recent years, where H is assumed to be 0°45 Oersteds, are
given in Table 1-VI,' where, for comparison, the intensity of natural-
remanent magnetization of the same rocks is also given. :

As will be seen from this result, the saturated thermo-remanent
magnetism in a magnetic field of 045 Oersteds well agrees with the

T . (1-6)

9) It should be noted here that determination of the pure effect of thermo-
remanent magnetization is almost impossible in a strong magnetic field, because
ordinary remanent magnetism, which does not depend on. heat treatment, appears
relatively intense in this case.

10) A part of the magnetic behaviours of these samples given in this Table
have been already reported. (T. NAGATA, Bull. Earthq. Res. Inst., 19 (1941), 304).
Those samples, however, were re-examined in the present study.
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natural-remanent magnetism, so long as we are dealing with recent
volcanic ejecta, whence it is concluded with confidence that the so-called
natural remanent magnetism of igneous rocks is nothing but thermo-
remanent magnetism in the earth’s magnetic field.

It should be remembered, however, Table III-1-VI

that there will sometimes be a cer-

tain difference in the intensities of  No of H-Je 7.
natural-remanence and thermo-rema- _Srecimen | (H=045) -
nence in a field of 0'45 Oersteds, pro- 58 1-34x10~%| 1-40Xx10-?
bably owing to such causes as the - 59 172 7 |24 7
following; (1) the intensity of the 63 053 .7 | 047" "
earth’s magnetic field in which the I L
rock mass cooled from high tempera- 68 1:50 :: 144 ::
ture was mnot 045 Oersteds; (2) ;2 12; " ifi ”
the rock mass moved during cool- - 5.60X10-% | 4-89% 103
ing from the critical temperature of

thermo-remanent magnetism to ordinary atmospheric temperature; (3)
the conditions of ferro-magnetic crystals in the rock in the case of
re-heating and re-cooling in the laboratory differ from those in the
case of primary cooling in the field, probably due to their instability. -
_ The few cases in which J, differs from J,, x 045 in recent volcanic
cjecta seem to belong to the last two cases, namely (2) and (3). This
problem is discussed in greater detail in §1, Chapter IV.

Here, we shall introduce a characteristic quantity of thermo-
remanent magnetism, namely, the coefficient of thermo-remanent
magnetism Q,,”” which is given by

QtEJI'/ZO ’ . ‘ (1-7)

where y, denotes the specific magnetic suséeptibility in a weak mag-
netic field, say, about one Oersted. Needless to say, the coefficient of
thermo-remanent magnetism @, corresponds exactly to the coefficient
‘of natural-remanent magnetism, since

_‘]L' _ Jtr, Vid
2 Hy’ \
and 1-8)
Jh'. 0"5=Jn .

11) The notation Q. has been already used by Konigsberger. (J. G. Konigsberger,
loc. cit.). i .
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.- Table ITI-1-VII ’ The actual @, of several

T === {ypical rock specimens are
No of . : i s s i )
Specimen { %o | Jeo | Q given in Table 1—VII.‘
. ; 4 One of the most impor-
0 LABXI07E T 05107 | 52 tant.facts in the phenomenon
21 tss 7opaes M 81 ‘
54 Lod0 7 178 7 | 195 of thermo-remanent magne-
o8 lozs # | ga { T tism is, then, that in almost
60 11t M are 7 4z every case Q, is larger than
607 : 10 7 l3go 7 | 345 unity, frequently amounting
75 1119 7 152 7 L 94 to 3~20, and sometimes to
76 | v 7 [15:0 7 | 118 more than 100,

To give an example, the
Q. of rock specimen No. 21 (Huzi, Makuiwa lava) is 81, where J,,
and y are 12'56x10- and 1'55 x 10~2 respectively, whereas, from Table
4-1, Chapter I, the largest value of its specific susceptibility 7 ()
throughout the whole range of temperature from 0°C to the apparent
Curie-point is only 2:04 x10-3, which occurs at about 420°C, whence
the ratio of J,. to this largest value of Z(t) amounts to 6-4; that
is to say, thermo-remanent magnetization in a weak magnetic field is
61 times the intensity of the largest value of induced magnetization
that-the rock specimen shows during cooling from its apnarent Curie-
point in the same magnetic field.

Another example is rock specimen No. 60, where J,. and the largest
value of y(¢) are 476x1072 and 2:15x10-3 (at 280°C) respectively,
the ratio of the former to the latter being 24°5.

In all the remaining specimens, the general features are much the
same as these two examples. It is interesting to note that the inten-
sity of remanent magnetization of rock after cooling down in a mag--
netic field greatly exceeds that of the induced magnetization which the
rock shows at any temperature in the process of cooling, a fact that
seems to suggest that the causation of thermo-remanent magnetism
is due, probably, to certain particular physical and chemical conditions
in the ferro-magnetic minerals in the rocks, and not to mere increase
in remanent magnetization (in the ordinary meaning) owing to i increase
in coersive force.

12) See also Table III-3-1 in §3, this Chapter, and the followma papers, T.
NAGATA, Bull. Earthq. Res, Inst., 19 (1941), 49, 304, 402; 20 (1942), 192,
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§2. The general mode of development of thermo-remanent
" _magnetism, (Partlal magnetization during coolmg)

In the precedmg paragraph thermo-remanent magnetlsm J., n Was
defined as the residual permanent magnetization that remains after the
material cools from temperature ¢ to 0°C in a magnetic field of H.

Now, in the cooling of the specimen, let magnetic field H be ap-
plied only in the temperature range of from ¢, to ¢..,, while in other
temperature ranges, higher than ¢, and lower than ¢,_,, let the external
magnetic field be kept always at zero. The rock specimen that was
cooled under the conditions just mentioned also showed residual perma-
nent magnetism, so that we shall eall this permanet magnetlsm the

partial magnetization during cooling, and refer to it as JJ -1
1, II

The experiment for bringing about partial magnetlsm during
cooling was made with the same apparatus as that for producing
thermo-remanent magnetism, its intensity being measured also by the
ballistic method.- In this case, also, tests were made before each
experiment in order to see that the intensity of permanent magneti-
zation of the specimen in its initial state was zero.

Thus, the AJ =t for various successive values of f, was measured

I ll
the temperature range di=t,—¢,_, being always kept constant.
As examples, the observed values of JJg" -t for 4t=50 degrees are
i, I

shown in Tables 2-I~2-V, and in Figs. 2-1~2-5, where, as already

mentioned, the values of AJt ~! are arranged in the order of tempera-
. .

l b
t o+t
tul‘e t.=¥7L' -1

5 where,

H=0, for =t

H=H, for t>t>t., ' (2-1)
H=0, for t_>t=0.

As will be seen from these figures, in some rock specimens, the curves
showing the values of ""iﬁfﬁ, against the various values of ¢, in a con-
stant magnetic field H have only one maximum, while in others they
have two maxima. Further, comparing the relation between AJt"

l n

and ¢, with that between J, , and ¢ of the same specimen, we find

-
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that the JJ?‘"-vti curves which have one maximum correspond to the
4 : K

standard type in the J, ;~t relation, while the former, which has two
maxima, corresponds to the complex type mode in the latter, all of which
can be interpreted as the superposition of standard and extraordinary
modes of thermo-remanent magnetism. Consequently, as will be seen

Table III-2-I. Specimen No. 21. (H=092 Oe.)

ofR'F:n%;. Jt % HG.Jat x 4t E‘AI—}]“ —I‘;— Temp.
100~50°C | 0-20%10~3 —_— 0-20%x10-3 036 x10~% 100°C
150~100 020 0-02x106-% | 040 ¢ 150
200~150 023 002 7 | 063 " 0-39 200
250~200 | 0-20 7 022 7 083 250
300~250 013 0.2 096 083 300
350~300 | 023 7 0oL 119 7 084 350
400~350 015 " 061 134 148 ¥ 400
450~400 045 7 | 13 ¥ 179 7 261 450
500~450" 201 261 ! 380 7 525 500
550~500 399 455 779 ! 980 550
600~550 422 1 376 7 12:00 12:56 60)
650~600 029 7 -016 7 1230 1240 7 650
700~650 013 Y 008 7 1243 7 | 1248 7 700

Table III-2-II. Specimen No. 60. (H=046 Oe.)

Tatp | W waea| S g | e
100~50°C 0-22x10-3 0:00x10-3 | 20°C
1-0~100 0-15%10-3 022 7 0-15x10~3 150
200~150 046 7/ 022 061 065 ! 200
250~200 046 7 022 106 7 250
300~250 056 043 7 1 163 YV 098 300
350~300 069 7 | 069 232 350
400~350 093 7 | 098 339 7 265 400
450~400 095 597 495 861 450
500~450 477 " {10000 " 903 7 1862 7 500
550~500 | 24-74 /| 1708 7 . 3377 3570 ! 550.
600~550 | 14-89 7 10:31 7 4865 M | 4600 600
650~600 054 7 043 7, 4920 7 . 650
700~650 030 022 4050 7 4796 | 700
751~710 017 7 |-033 7 4961 7 4763 " 750
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from Tables 2-I~2-V and Figs. 2-6~2-10, the sum of 475! of the

i, H

whole range from 0 to ¢, that is, the sum of xJJi"“ from t,_,=0 to
: oI :

t,=t, almost always agrees with the amount of J, ;, the thermo-
remanent magnetization developed by cooling from ¢t to 0 in the same
magnetic field H.

Table ITI-2-11I. Specimen No. 60’. (H =046 Oe.)

f

of%:n%g. 4t ‘i[i HB:I ap X4t -—"%L _1{[“ Temp.

. 100~50°C 0-26x10-3 0-11Xx10-2 0:26 X102 011x1073 100°C
150~100 052 7 (105 § B 0-78 150
200~150 059 7 01 ’” 137 7 03¢ " 200
250~200 059 7 0-28 7 196 7/ —_— 250
300~250 0-96 035 7 2:92 097 . ” 300
350~300 105 7 074 7 397 v 151 350
400~350 144 7 175 1 541 7 32 400
450~400 327 r 381 868 707 450
500~450 950 ¥ 7.05 18-18 1412 7 500
550~500 14.42 7 14-4 ” 32:60 285 7 550
600~550 534 I 950 7/ 3794 38-0 ” 600

* 650~600 0-00 010 7 {3794 ¢ |31 7 650
700~650 009  |-010 7 3803 380 700
Table III-2-IV. Specimen No. 24. (H=0'92 Oe.)
{

OfR'.[a"enlﬁxe). Jt % ! Ha,Jat x4t 2"%{“ *I{,— Temp.
100~50°C | 010%x10-3 0-12x10~3 0-10%10-3 012x10-3 1r0°C
150~100 021 /. 013 7 031 7 025 150
200~150 021 7 162 7 052 1-87 " 200
250~200 354 301 " 406 ” | 488 250
300~250 | 164 ¥ 098 - | s70 " | 58 ¥ 300
350~300 016 7 o010 58 596 350
400~350 | o021 7 093 ” | 607 ” | 619 ¥ 400
450~400 013 0-08 620 7 627 450
500~450 016 017 636 644 M 500
550~500 0-98 053 734 697 550
600~550 | 044 0-83 778 7 780 600
650~600 004 7 005 7 7-82 785 650
700~650 005 7 |-005 7 7-87 780 700
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Table ITI-2-V. Specimen No. 28, (H=092 Oe.)
, I

o‘fR%‘gxgxfp. At % Ha'lat X 4t ‘ Z‘—AHL —IJ{— Temp.
100~50°C | 0-11x10-3 _— 0-11%X10~3 0-13%10-° 100°C
150~100 020 0-15x10-3 | 031 ¥ 028 7 150
200~150 063 112 7 094 140 200
250~209 132 7 130 7 296 290 # 250
300~250 |. 116 0-80 342 370 300
350~300 020 ” | 030 7 362 ¥ 400 350
400~350 020 016 382 v 416 v 400
450~400 028 017 v 410 - 433 7 450
500~450 0-46 77 018 7 4-56 451 7 500
550500 144 7 140 7 600 591 550
600~550 169 7 138 769 ¥ 7.99 600
650~600 | 003 7 009 772 M 738 ! 650
700~650 0:00 002 779 ! 740 700

This relation holds for any value of t, regardless of whether the
mode of thermo-remanent magnetism is of the standard or of the

complex mode, although there is a discrepancy of a few per

l '%;’-x 10J
6 %,J-(obx)
4 J(cale) ¥/
Hat ~
2
,,,,, t
0 F Ex, FEET X v o N
0 200 400 600°C
Fig. III-2-1. Specimen No. 21, -
épﬁx 10°
30t
20 b
2t 3
ol -TﬁJ(cal:.)
0 \
0 200

Fig. I1I-2-2.

Specimen No. 60.

cent
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between J, , and the sum of AJE';R while the general tendency of.the

J, n~t ’relati_on and that of ZdJﬁ;:}‘,~t; seems always to be parallel.

41,40
5 X10
20}
15t
10}
5t
t
0 .
0 ¢
Fig. II1-2-3, Specimen No. 60/,
A),  nt
=210
4 H ! %Z(obs,)
' 2
0 . ) \ %
0 200 400 .600°¢C
Fig. ITI-2-4. Specimen No. 24.
a) 3
Tl 10
3 -
-‘:Tj(calc,)
2 Aﬂl(obs.)
’ -
g t
0l= == )
0 200 400 600°C

Fig, III-2-5. Specimen No. 28.

Neglecting the small discrepancy, as it may probably be the result of
experimental error, we can establish the following relation, as a first
approximation,

te=t ¢
2] 0‘17] f:'-;,’__- o (2-2)

ti-1=

Conversely, we éompare dJﬁ;*}‘l with the gradient of the J, ,~t curve




S

100  T. NAGATA. [Vol. XXI,

for the same range of temperature, Jt=t,—¢,_,. The difference
Jt, i—Jti_1, n and the value of AJﬁj‘;I of the same specimen are given
in Tables 2-I1~2-V and in Figs. 2-1~2-5, Jt being 50 degrees in

J 3
7 210
12
§r Z%J(calc.)
4 -
*
0 e = L N i I S
0 200 . 400 600 C
Fig. I1I-2-6, Speccimen No. 21.
_/-Z_xma
L/
30
20
10
0 < ; - —
0 200 400 600 C

Fig. II1-2-7. Specimen No. 60’.

actual experiments. Although there is also a small discrepancy between
these two quantities for the same temperature range and in the same
magnetic field, the general tendency is identical. Hence, we can write
approximately

Jtz', H—']ti-l, n= ‘-!Jti-l (2‘3)

ti, w

In the foregoing results, the magnitude of the partial temperature
range was always taken as 50 degrees. As the next step, the magni-
tude of the partial magnetism during cooling which corresponds to a
temperature range of 25 degrees will be dealt with. The observed
values are given in Table 2-VI and in Figs. 2-11, 2-12, '
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In this experiment, the temperature i'ange of 50 degrees for the
preceding experiment was divided into two equal ranges of Jdit=dt
=25 degrees. The partial magnetizations during cooling corresponding
5%l 711_:10'

40
30}

201

0 200 400 60 %
Fig. 1I1-2-8. Specimen No. 60.

Z210°
at
Fj(obsj
61
A

it A Z—AH‘—]{calc.)

2+
_ t

0 -:" 1 i k- [ -| 1

"o 200 400 600°C

" Fig. I1I-2-9. Specimen No. 24.

to Jit and it are denoted respectively by #J4~' and 4J% , where
i 1 b

: t§=———t‘+2t"‘ . Comparing, then, these values with 4y, , of the same
" rock specimen, we get approximately for any value of ¢,
tim t _ b= ..
AT FATE =T » (24)

The validity of this relation is graphically shown in Fig. 2-11. Need-
less to say, the law of composition of thermo-remanent magnetism,
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'tE'=t' B
Z (J'Jt' l+let( ) J_,, - ; : (2_2r)

t-r=0"  ton

and the law of its decomposition

AL =Jt n —dticy, s J’Jt‘

t, 1 ’ , ti, n~—

Jt,:, 11"‘Jt;, E) (2‘3,)

also hold approximately in this case, as shown in Fig. 2-12. Thus,
the laws of the composition and decomposition of thermo-rsmanent
magnetism are established as a first approximation in our quest.?
Since it was practically difficult to measure quant1tat1vely the partial

\ 8..-”-"0

e ———

. t
0 200 - 400 600 °C
Fig., I1I-2-10. Specimen No. 28.

\

magnetization during cooling corresponding to the narrower tempera-
ture range by means of the present apparatus, whether the composi-
tion law expressed by eqs. (2-2) and (2-4) and the decomposition law
expressed by eq. (2-3) hold or not in partial magnetization during
cooling corresponding to temperature range narrower than 25 degrees,
.has not been ascertained. However, it will be concluded from the
foregoing experimental results that the relation

R NI o
Jﬁf’ n"*' (at T, ") i x 4t : , (2-5)

holds for any temperature range At t,—t., at any mean temperature

—=~(ti+ti_1), prov1ded dt does not greatly exceed 50 degrees, or is

perhaps not very much less than 25 degrees.
Now, assuming that eq. (2-5) holds in the extreme case that

1) Another example of the proof of this law is glven in the writer’s prevmus
paper. T. NAcata, Bull. Earthq Res. Inst. 19 (1941), 49,
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Table III-2-VI. Specimen No. 60’. (H=092 Oe.)

R’?‘%ﬁfp? f 4 NI OF ‘I M S J Temp.
75~50°C | 0-00x10-3 | 0 05x10-3 | 0-12x10~3 | 0-00%16~? | 0-00x10-3 20°C
100~75 0-05 7 005 7 | 006 100
125~100 | 015 ” | 098 7 |o2s 7 |02 7
150~125 | 013 7 0-33 x 150
175~150 | 013 7 o024 7 |o27 7 | u46
200~175 | 011V ' 057 7 o016 200
295~200 | 0-33 " |02 ! |o2z 7 o070 7
250~225 | 0-13 7 083 950
975~950 | 0-13 7 o024 7 044 M | 096 7 _
300~275 | 011 7 107 M | o047 U 300
325~300 | 011 77 | 024 7 {048 7 118 7
350~325 | 013 /7 131 7 | o075 350
375~350 | 019 7 | 032 7 |066 ! | 150 ¥
400~375 | 013 163 7 | 150 7 400
495~40¢ | 021 7 | 1316 7 |[150 |18 7 .
450~425 | 095 " 279 1 | 324 450
475~450 | 1-81 7 | 437 ¢ | 435 M | 460 7
500~475 | 2:56 7 716 " | 652 7 500
525~500 | 345 7 |714 7 |ect 7 |16 7 | .
550~525 | 369 1430 7 |13 7 550
575~550 | 2:82 7 | 295 # |9245 / |17.12 -7
600~575 | 0-13 7 ‘ 1725 © 7 |17-46 ' 600
625~600 | 003 7 | o093 7 |oo00 7 |1728 7 |
650~625 | 0-00 _ 17:28 7 (1750 7 650
675~650 | 000 7 | @go00 7~ |o004 !/ 17228 7 ’
700~675 | 0:00 - 7 17:98 " |1746 " 700

dt—0, we get

_dJb 3
tim — " = —<_6i—']“ ”)tut;EP(t“ 2, (2=6)

where P is a function of temperature, magnetic field, and the petrolo-
gical characteristic of the rock. Eq. (2-6) is believed to be a good
approximation for the mode of development of thermo-remanent magne-
tism in volcanic rock, so long as we deal with its phenomenological

character alone, although whether .or not it .exactly holds in the ex-
treme case in which J{—0 is not clear.

On the other hand, the intensity of JJ gj‘; corresponding to a given
temperature range is almost proportional to that of the applied magne-
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tic field H, provided H is small. The relation of thermo-remanent
magnetization to the applied magnetic field, as established in the
preceding paragraph, is given by -

Jt, JIZF(H) ‘ Jr
for the general case, and ,
:}l, 11=ii . Jt ’

when H is small.

8| aJi10’

R 200 400 600 ‘¢
. Fig. 11I-2-11. Specimen No..60’.
Jx10°?
15+
- ZdJfeale)

10}
5 L
0 lo—eguezp == . : S

o 200 . 400 600°%

Fig III-2-12. Specimen No. 6¢’.

Since thermo-remanent magnetism is given by the sum of
the partial magnetism during cooling for each temperature range,
obtained by dividing the whole range into minor ranges through which
the rock must cool in order to bring about the thermo-remanent

' magnetism, the effect of the applied magnetic field on partial magne-
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tism during cooling will be regarded as being quite similar to that
on the thermo-remanent magnetism.
Consequently, we get for the case where H is small,

ATy =H- a1, @)
ti=t .
S b=y, (2-8)
ti—1=0 ’
—’ii,—-l > P -
) ___4_’_’_—_— — . —_— == . —
i% At H (at J’)t:ts H-P(t) @9

where P(t) is a function of temperature as well as of the petrological
character of the rock specimen, and called here the characteristic
function of thermo-remanent magnetism. '

Summarizing, now, the facts proved in the foregoing experiments,
we establish the relation ' :

Jou=H-7=H-{ P(t)dt. (2-10)

More generally, if the residual permanent magnetization at 0°C,
developed during cooling from ¢ to ¢’ in a magnetic field of H, (that
is, in .the process of cooling, magnetic field H is applied during cool-
ing from ¢ to ¢ alone), is dentoed by Ji ;, we get

7t y=H - j ‘Ptyat t'<t) (2-11)

Here, the general tendency of function P(f) is given by the curves
shown in Figs. 2-1~2-4, that is, P(t) takes maximum value at one
or two points with respect to temperature, which last, needless to
say, corresponds to transition temperature ¢, of thermo-remanent
magnetization, which was defined as the temperature at which

%J,, # is maximum. That is to say,
P(ty) =maximum. (2-12)
Next, for the critical temperatuer f., we obtéined
P(=>t) =0. (2-13)

Whence, the saturated thermo-remanent magnetization in H, Ji.
which was defined in the preceding paragraph, is given by
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Jeo=H-["P®yat. (@-14)

Thus, from our studies of the general phenomenological mode of
development, of thermo-remanent magnetization in volcanic rocks, we
conclude that this residual permanent magnetization is the result of
superposition of many irreversible magnetizations caused in the vari-
ous temperature ranges during cooling in a magnetic field H, and that
it is not merely the residual part of an intense magnetization at a
particular temperature in the process of cooling.

(i) In order to describe quantitatively the mode of development
of thermo-remanet magnetism the particular form of the characteristic
function would be the most fundamental property. Actually, the
functionsl form of P(t) of various rock specimens were determined
with the aid of the approximate relation

P( 4+t )z_:l_ ) JJZ";[
2 "H 4t

’

where 4¢ was frequently taken as 50 degrees. The actual P(f) at
various temperatures thus obtained are given in Tables 2-VII~2-IX
and in Figs. 2-13 and 2-15, from which it will be seen that, gener-
ally. speaking, the mode of P(f) is classified into two types, one the
standard mode and the other the complex mode (the superposition of

Table ITI-2-VII. P(t) of ejecta from Volcano Huzi.
“\Z\ Speci-| - [ | 1
% No. 17| No. 18 | No. 19 | No. 20| No. 21| No. 22 | No. 23| No. 24 | No. 25

Range "
in Temp. '

°Co2s |o024 lo2 lo20 (036 [oos |02 |02 |odo
100~ 50 | X1u=% X107 X10-% X10=% X105 X10-9 x10-% X10~% X10-5

150~100 | 0-18 #[ 032 | 036 "] 008 ”I 040 7| 2:38 7| 030 | 042 7| 3-08
200~150 |'0-28 ‘7| 0-32 7| 0-28 "] 018 "i 046 7, 6-66 "} 042 | 042 ""| 674 7
250~200 | 0-42 /| 3-98 /| 2:66 7| 012 /| 0-40 7 11-68 7| 0-42 | 7-08 | 3-18
300~250 | 044 /7| 474 7| 102 7] 050 "f 026 1974 ') 0-88 | 328 1] 2:3¢
350~300 | 1-24 77| 0-88 /7| 0-98 /| 0-24 7| 046 715:68 71 010 7} 0-32 | 098
400~350 | 2:3¢ /7| 0-96 | 062 | 066 | 0-30 " 5:36 7| 0-52 /| 0-42 7| 0-84 7
450~400 | 1-90 '*| 0-88 7} 0-80 /1 0-66 /| 090 "i 6:72 7] 016 1 026 ") 1-02
500~450 | 4-98 /| 1-60 77| 2:08 ' | 4-18 V| 4-02 V. 852 M| a2 /| 32 #| 359 #
550~500 {10 04 7| 5-08 /| 4:64 7| 836 7| .98 1510 | 3-60 ! 196 | 416 "
600~350 | 3.74 77| 450 ! 5.98 7 5.62 /| 8-41 " 10:36 | 1-40 7| 0-88 /| 308 »
650~600 | 0-34 71 016 | 0-28 | 0-24 {058 7. 1-28 ”| 006 | 008 | o018 ¥
700~650 | 0-18 /7| 0-22 /| 0-06 /; 0-08 | 026 7 0-28 7] 016 | 0-20 /7| 0-00 /
750700 — — — — | = o4 — - —
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B Table II-2-VIIL. -P(t) of various voleanic rocks.
Speci-

Rangew | No. 8 | No. 27| No. 28 | No. 35 | No. 36 | No. 38 | No. 93| No. 94 | No. 25/
in Temp.

1

°C| 017 1002 022 0-08 0-21 0-23 0-80 0-52 0-58
100~ 50 X10-% X10-9 x10-% Xx10-9 x10% X10-% Xx107% X10=° X10-°

' 150~100 0-16 71 0-04 | 0-40 7} 0-18 77| 031 f‘:GO 17| 924 | 0-58 7| 03¢ ¥

. 200~150 | 0-23 {011 | 126 7| 018 7| 0-31 7| 306 7| 019 7| 0-52 7| 0-28
' 250~200 | 026 *| 009 ”| 2:64 | 018 | 0-37 /| 581 7| 0-24 7| 024 | 0-44 7
300~250 | 0-39 /| 0-13 7| 2:32 7} 0-28 /| 0:25 6-8’3 034 {015 77| 052 7

350~300 | 0-40 7| 013 /| 0:40 /| 0-21 /{ 0-37 7’| 5-87 '] 0:35 /| 0-09 /7| 0-42

. 400~350 0-33 0~2’6 1 o040 | 03¢ 7| 0-37 7| 3-23 "] 0-39 ! 0.00 " 0-46
450~400 | 053 /|-0-26 7| 0-56 /| 0-29 /| 0-55 /| 3-29 7| 0:52 /| 0-00 "} 0-58 "

500~450 | 0-54 /| 156 | 092 | 0-57 7| 092 7| 670 /| 0-80 7| 0-45 /7| 2:24 7

550~500 2:14 14 993 14 9288 ” 269 174 2.21 " 10-08 14 2.24 2” 2.30 7”970 "

600~550 | 1:05 /| 1.98 7| 2:38 "} 2.00° /| 242 /| 5-88 /7| 291 /' 435 /7| 116 7

650~600 | 0-13 7| 0-04 7| 0-06.7| 0-21 | 0-00 | 003 7} 0-15 | 032 /| 024

700~650 | 000 77| 0-05 /| 0-05 ‘7| 0-04 /| 0-01 7'} 0-04 "'\ 0-00 ’7} 0-00 7\ 0-00 *’

Table 1I1-2-1X. P@) of variéus volcanic rocks.

Speci- |k e T . o
| . i
Jnen ' ! ’ N
Rangew. No. 16 | No. 45 | No. 58 | No. 59 | No. 60 | No. 60 I No. 73 | No. 75
in Temp.™ P : ; i
°¢lo-07 | 000 0-30 0-64 0-20 051 | 0:00 014
100~ 50 2] X10~%  x10~% X107 x10-% X10-% X10T% X10-%  X1077

150~100 | 015 7 048 7 | 0:08 | 0-60 7 |'0-60 7 | 104 /7 | 000 /7 | 0-56
200~150 | 054 7 :272 7 1030 7 (074 7 | 092 7 1118 7 |11-47 U} 082 7
950~200 | 176 # | 5:30 7 | 308" 7 [ 360 7 | 092 71118 1858 7 | 1.08 7
300~250 | 0-15 7 '13-86 7 [12:46 7 [1276 /' | 112 /.| 1-92 7 {109 7 [13-10 7
350~300 | 020 7 14:02 7 | 998 ” 130-90 | 1-38 /| 210 | 0-83 7 [0-42
400~350 | 0-24 7 | 546 7 | 6:90 7 {1058 /7 | 1-86 77 | 2:88 /7 | 0-87 /| 3:60
450~400 | 046 77 | 320 7 | 452 7 |5-08 | 190 " | 6:5¢ /| 057 7 | 078 7
“ 500~450 | 083 7 |5-74 1868 |42 7| 954 7 19000 7 | 039 7 |0-82 7
550~500 | 1:00 7 | 7-58 /" | 7-46 /' | 464 /7 [49-48 /7 |28-84 /7 1 0-96 7 1082 7
600~550 | 030 7 | 296 " | 416 # | 1-52 ' |29-78 7 1068 * | 0-13 7 | 0-78
650~600 | 0-06 7 0-40 ¥ | 0-86 " | 0-52 7 | 0-60 ¥ | 0:00 7.1 0:00 7 | 0:08
’ 700~650 | 0-00 7 006 | 044 7 | 066 /" | 060 7 | 019 7 {000 7 | 0:00 V

750~700. | —  — 1030 7 |034 7 {034 V.| — - =

the standard and extraordinary modes). To the former correspond
one transition temperature £, and one critical temperature t,, while to
the latter correspond two transition temperatures and two critical
temperatures, being denoted by ¢,,, £,., and £, ., for the component
of the standard mode and that of the extraordinary mode respectively.

i
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As will be clear from the relation between P(f) and J,, > all these
characteristic temperatures ought exactly to identify the same proper-
ties named in the mode of the J, ,~t relation.

pie)x10° PtIx10°
1or 20r | ] B
| | | .
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No22 | | ]
st 15} | | |
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0 200 400 600 ftc ) 200 400 600 1%

Fig. 111-2-13. The curves of P(%).

Then, just as in the case of the relation between magnetic sus-
veptibility and temperature, P(t) can generally be written

P@l)=P,t)+P.(t), (2-15)
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where
P,(t,,) =maximum, P,(t,,) =maximum,
Pa(thtcs) =0 ’ : Pa (t;ta) =0 ’

and each of the fundamental curves (P,(t) or P,(f)) has a rather
simple form, that is nearly the same as the error function with its
centre at the transition temperatures ¢, and ¢,. As already discussed

5 s
, . P(t)x10 . PO
| { | | | [
| | i or | |
T /A o
I | | i | |
- g0l .
o : R | |
o | | | | [
No27 | | | |
i | | | . |
LN Y
2 -
| | | i | |
| | | 2 | |
| | | | i
-~ BB > ™ | P
" T
‘T No28 | ! YT Mo9s | | |
‘ A
i i |
2 YA
| ' ] \ato—se—o
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in the explanation of the y(f)~t relation, it is' presumed that the
ferro-magnetic minerals in the rock consist of a few mineral groups
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Fig. II1-2-15. The Curves of P(t)

of different chemical composition, whence it is further presumed that
‘the two fundamental modes of P(t) correspond to these two mineral
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groups, so that in this case also, it may be possible that a P(¢) curve
is composed of -more than three fundamental curves, the transition
temperatures of which are not alike, whence generally

- P(H)=3P,(1)
and

Jo=H . S SP,t)dt=H - zj' P,(t)dt. (2-16)
g J o

In many actual cases, however, the P(¢) function is approximately
given by eq. (2-15), where P,(t) sometimes vanishes, while there are a
few cases in which P,(t) alone appears, P,(f) vanishing, and in which
P(t) consists of more than three fundamental modes. Typical ex-
amples of these cases are given in Table 2-IX and in Fig. 2-15.
That egs. (2-10) and (2-11) hold in this case also was proved in the
writer’s previous paper.

However, so far as the present experimental data of the writer go, -
the occurrence of the latter two cases is limited to volcanic bombs of
small size, i.e. 0'56~1:0m in mean diameter, which cooled very rapidly,
with the result that crystalization of the minerals in the rock seems
scarcely complete or perfect.

(iii) Effect of time required for cooling on thermo-remanent
magnetism. ' _

We must examine next the dependence of thermo-remanent magne-
tization on the time required for cooling. For this purpose, the inten-

sity AJZ"‘, of a rock from Mihara Volecano, corresponding to a cooling

range of from 400°C to 350°C in 0°458 Oe., was measured, the cooling
velocity being varied. In actual treatment, the time consumed in cool-
ing through a range of 50 degrees was varied from about one minute
to 80 minutes. The result of experiment is shown in Fig. 2-16 and in
Table 2-X, from which we find that the intensity of partial magne-
tization during cooling for various periods of it seems to be nearly
constant, provided the cooling velocity does not greatly exceed 40
degrees per hour, the deviation forming only a small percentage, with

a tendency for AJi_f,'}‘I to become smaller the shorter the time consumed

in cooling. It must not be overlooked here that the experimental
error may not be small, should the time consumed in cooling be shorter
than ten minutes, since in this case the temperature distribution in
the specimen will not be uniform. It will be concluded that, as a first
approximation, the development of thermo-remanent magnetization is
jndependent of the cooling velocity, whence we get
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ti, I,

( Jt:-l

with the result that
5 .
—a—TP () =0, (2-17)

where r denotes the time required for cooling.

Needless to say, eq. (2-17) may hold where the cooling velocity is
rather large compared with the small velocity required for maintain-
ing (at any temperature during cooling) thermo-dynamical equilibrium
between the many phases
due to the various composi-
tions shown by the rocks.

We may thus conclude

Table II[-2-X The relation between
cooling velocity and the thermo-
remanent magnetxzatlon

that the general phenome- Cooling . "
nological  formula must be velocity <
established independent of degree/sec. m s .
the time of cooling, provid- 073 1 08 3-14x10-3
- . . 144
ed the external magnetic 0-089 9 20 347 g
field applied is small and 0-046 18 08 393
. s . 0024 35 12 378
the cooling velocity is nei- 0022 s 2 wra
ther too small nor too large. 0-011 7 33 N

(iv) The law of van- - -
ishing of thermo-remanent
magnetization with increase
in temperature. 4 . - .
~~ As the next step, we — L
shall examine the general

mode of change in ther-
mo-remanent magnetization

with increase in tempera-
ture, the experiment for

" studying which was made

by two different methods, 4
that described here being one which, however, is rather an indirect
way for the purpose of the present study, while the other is dealt
with in §4 of this Chapter.

The method of experiment was as follows. A rock specimen that
was ‘heated to temperature higher than ¢, in non-magnetic space was
cooled to 0°C in a magnetic field of H, the specimen acquiring the
residual permanent magnetization of saturated thermo-remanent mag-

AJNO’

Time

n 20 40 60 80 min

Fig. I11-2-16. Relation between /J.7 and
the cooling time () through 4t.
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netization in H, jtc, m as already proved. Next, the specimen with
permanent magnetization of J was heated from 0°C to £ in a magne-
tic field of H’, and then cooled again to 0°C from £ in non-magnetic
space. The residual permanent magnetization, which is here denoted"

by (Jt. ). iv, usually differs from 3t » The experiments were made
with the same apparatus as that used for causing thermo-remanent
magnetism.

Before dealing with the experimental resu]ts, it must be remem-
bered that a rock specimen cooled from any temperature to 0°C in
non-magnetic space shows no residual magnetization. We may, there-
fore, presume that cooling from ¢ to 0°C in non-magnetic space
scarcely participates in the change in magnetization, so far as thermo-
remanent magnetization is concerned, the change being chiefly due to

heating from 0°C to ¢ in H'.
' In an actual experiment, the temperature was varied from 100°C
to 700°C, an example of the measurement being given in Table 2-XT
and in Fig. 2-17, where H’ was taken as zero. For comparison, in
Table 2-X1I and in Fig. 2-17 are also given the values of the residual
magnetization of the same rock spemmen, Whlch was obtamed after

" successive heat treatments; after measuring (Jt 1), 0, the specimen
was again heated to ¢, in H’=0 and then cooled in non-magnetlc space
-also, where the residual magnetization is denoted by ((Jt. 1), o) s 0-
This process was repeated n-times. The residual magnetization after the
n-th heat treatment is denoted generally by ((---(Jt. 1) 107" Yoney. 0)im, 09
where t,>t,_,>..->t,. Then, as will be seen from the result in Table
2-X1, we get

("" ( (jtc. 1{) u, 0) fa, o"’):n. 0= (}tc, H)m, oyo . (2—18)

Assuming then that the law given by eq. (2-18) holds in the
general case, we examined by means of successive heat treatment the

(3&., e i 0f other rock specimens for various values of ¢ in the
three cases H'=H, H'=—H, and H’=0, the result being given in
Table 2-XII and in Fig. 2-18, from which we get :

(Jt:,‘, 1/) tn, H— (Jta, Il)lu, -n= (Jtc, u) £2,09 (2—1 9)

whence, extending the conclusion given by eq. (2-19), we assume that
for any value of H’

(Jtp, ) i, = (Jtc, n) n, 0 (2" 20)
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Table III-2-XI. (Jt, n)em, 0. Specimen No, 60 (H=+046 Oe.)

Temp. : (Jte+ 1) in,0X10° I Co Tty 1) 22,00 Y, 0

xX10°

20°C | 1740 | 1740 | 1736 | 17-33 | 1738 | 17-45 | 17-38 1755
200 1791 | 17+41
300 17-10 { ! , 17-20
400 15-92 v , 16-22
500 12381 4 1117
550 ' 463 | 4-23
600 o1 | 019
700 0-04 0-02

Table ITI-2-XII. (- (Jt.m)pm*+) tarr in the three cases of H'=0,
- H'=+046 Oe. and H'=—046 Oe. (H=+046 Oe.)
' Specimen No. 60'.

Temp. ' H'=0 ]  H/=+046 Oc. | H/=—046 Oec.
20°C 17-55X10-% 17-65X10-3 . 1771%10-3
" 100 17-50 7 —_— ——
200 1741 17-48 7 1768
300 1720 w2 1740 7
350 1686 —_—
400 16-22 " 1610 1602 7
450 1425 1446 7 14-58.
500 - 1117 153 7 1210
550 423 5.4 430 7
600 019 013 ¥ 016
650 0-08 — _
700 0-02 7 005 005

holds for any value of H, provided H and H’ are small. That is to say,
(}t(,, ) en. v 18 independent of the magnetic field H’ applied while heat-
ing the specimen, whence we shall omit the suffix H’ in the following
description. .

Comparing, next, the value of (J:. ), with that of AJ%:'I‘I of the
same rock specimen, we get, as shown in Table 2-XIII and in Figs.
2-19, 20,

AJ::’_;I: Gt m)e-.— Tt ) s (2-21)

with the result that

Tton)e= Tt p=—H- j'HP(t)dt : - (222)
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or in another form, putting

.

> >

o ATt 1) — Tt 1) 2

lim ( e, 1)1 te 1) g — J

et 1t —-‘at ( tc.n) ’
we get

7 0 - >
f?t“(Jtn, Il)l=_H 'P(t) . (2—23)
Ixt0 i (- ( Jeew )(,"/1,,"03 )
H=-0460¢
(- (i
15| / sl ‘
t (‘}1‘” ﬂﬂ H=*0.46 Oi
10 10t oG
3 5
t ,
ol : 0 N
0 200 400 600°C 0 200 400 600°C
Fig., III-2-17. The mode of vanishing . ‘ .
of thermo-remanent magnetization. Fig. I11-2-18. (- (Jicm)aam-+ ) ganr in
Relation between (Jie)e.0 and the three cases of H/=0, +0.46 and

G (Jeem) o) mo.  Specimen No. 607, —0.46 Oc. Specimen No. 60’.

We may find, then, that the law given by eq. (2-18) is the result

naturally derived from the conclusion given by eq. (2-23), since
Gtondo=Ten—H- [ Pyt |
(Tto ) =T to, i—H - j:’P (t)dt
—0x S:‘P(t)dt-ﬁ : g:jP(t)dt=.;tﬁ' B j:“p(t) it

> > i -» .
(('" (Jfr‘. !I) h'")ln-1) 1:1=J1n, n— jn P(t)dt= (Jtr, II) me »

Thus, the general law of disappearance of thermo-remanet magneti-
zation with increase in temperature, is established, the conclusion heing
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that the thermo-remanent magnetization which was caused by cooling
. the specimen from ¢ to ¢ in H disappears with increase in tempera-

a) 3
s | Tl g Chakh, 7 (i ho
10 ¢
St
\ t '
0 200 - 400 600 °C

Fig. I1I-2-19. Comparison of the amount of
—-I%I—-[('--(J:cn)u'-')::,_l—('--(Jt;,n)tl-“):“] with

that of % . Specimen No. 60/,

ture from ¢ to ¢, regardless of the in‘ensity or
magnetic field applied during heating. s s

This conclusion of the observed facts 7!
may suggest that, phenomenologically
speaking, the physical state that is
capable of being permanently mag-
netized as P (¢;) it corresponds to the
“elemental cooling range 4t at ¢,, the

external magnetic field H affecting
the physical state in such a way as
to result in permanent magnetization
H.P(t;)4t (at 0°C), whereas the
said physical state vanishes when it
corresponds to heating of 4t at ¢, -
resulting in the disappearance of

40

~e.

Jo

20

10

direction of the

{ Je = Jen)

P
SN

bk hy

magnetization I} -P(t,) 4t, independent
of the magnetic field H. which is
applied during heating; that is to

0 200
Fig. III-2-20.

400 600
Comparision of

say, the development and disappea-
rance of physical state P(t)4t is

_;I(ﬂ-(J:cl/)h“ )¢, with 2‘% )
Specimen No. 60’.

reversible with respect to change in temperature.
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§ 3. Relation between the mode of change in magnetic suscepti-
bility with temperature and that of the development
of thermo-remanent magnetism.

In §4, Chapter I, the mode of change in magnetic susceptibility
of vorious rocks with temperature in a rather weak magnetic field
- was obtained by means of the ballistic method. Since magnetic sus-
ceptibility at a temperature ¢ is uniquely defined as the ratio of
induced magnetization to the intensity of magnetic field at constant
temperature, provided the magnetic field is weak, the intensity of
induced, magnetization at ¢ in H ought to be reversible with respect
to the applied magnetic field, while in igneous rocks, thermo-remanent
magnetization appears during the course of cooling and disappears
during heating, its development and disappearence corresponding res-
pectively to cooling or heating through a certain range of temperature.
If the magnetic field H is applied to a rock sample kept at ¢, at
which temperature the specimen is cooled from a temperature higher
than the Curie-point in non-magnetic space, or heated from 0°C after
it has been demagnetized by heat treatment in non-magnetic space,
the specific magnetization of the specimen ought to be induced mag-

netization, H -y(¢), alone, and it must become zero again when the
magnetic field is removed under the same conditions. It is now clear
that the intensity of magnetization obtained by the ballistic method,
in which the magnetic field is instantaneously reversed at ¢ during
heating or cooling with finite velocity, almost agrees with the induced
magnetization. ' , )

On the other hand, thermo-remanent magnetism or magnetization
during cooling, as defined in the present study, is purely the perma-
nent (rigid) component of magnetization, since it was obtained by
measuring residual magnetization in non-magnetic space by means of
the ballistic method. _ o

Thus, the conceptions of induced magnetization and thermo-rema-
nent magnetization are rigidly separated, the one excluding the other.
Now in order to compare these two quantities, the various charac-
teristic properties of thermo-remanent magnetism as well as of the
thermal change in magnetic susceptibility of various rock specimens
are summarized in Table 3-I.

In this ‘Table, the notations denote the characteristic properties
as follows. - : o

to =the transition temperature of thermo-remanent magnetism.

Ji. =saturated thermo-remanent magnetism, which is given by
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j P(t)dt. G

P(t,) =the magnitude of P(¢) at transition temperature, showmg
the maximum value of each fundamental mode P,(t) of
thermo-remanent magnetism.

289 =the temperature range between the half-value points of
P(t))—a measure for expressing the sharpness of the
P,(t) curve, which is expressed by

1
20=1t,—1,, P(t,)=P(t,) =—2~P(to)
>t >t .

Table I1II-3-1. Characteristic quantities of
thermo-remanent magnetism.

No. of
Specin?en %o Xm 1y O = fa J!c Pty 29 Q‘
1 295% | 2:64% \1520"0 {460‘0 {580°012-12x ' T { 80° | o,
: 10-3 1031 (380) |1 (350) {\ (390) 103 @3)” 80
s 520 580 a7
18 131 7 216 ”{22(51 {585 {320 10-94 7 { 58 { i 84
5. ”
o v oo U5 RSN o {3308 | e
.20 . 128 77| 149 7 520 500 580 |1005 | 84 7| 110 82
21 155 77| 2-04 7| 540 515 | 595 1295 7. 89 7| 100 84
o 1l gy s f 530 {52_0 {580 P U1 {140 ,
2 |o7o 71 7 {580 60 N30 (17 Ty | \aos | 00
23 129 7 154 7 525 495 | 580 |518 /7, 40 7| 100 4-0
" 20 2 0o 27|f 530 530 585 oy 1 { o1 { 60 .
By 040 7 0o 7\ 530 11350 [{500 |77 72 7\ 60 | 197
. ” . V4 520 { 530 585 . ” 4:2 125 .
25 090 | 2-14 {190 Tos {290 1475 ,{o~s ” { o | 164
3 1-181513 . 535 _ . 3-23;(_3 2?8(_5’ 85 9.8
97 128 7| — | 540 — — 374 7| 307 105 28
: . 7 .
It I e P I A
35 040 77| — 540 — — 380 | 28 7| 110 9-5
36 186 7| — 550 — — |42 7| 271 95 23
' 525 07
38 101 | — {275 - — 76 7 {12,9 ” {12(5) 974
54 085 7| — | 540 — — 905 7| 547 90 | 116
wa sl -[555 _ — 61 ! { 3-0 .
93 0-54 00 461 "\ agyr| 8 85
i N o0 "
94 | 078 I{igg - — e {A%00 5| 62

(to be continued.)
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- Table JII-3-1. (continued).
S;I;Zi:.ilgzn 2o Jl P to Oom Oa i Jic P(to) 20 Qt )
| i
16 0o1x | {520"0 - _josex [ 11X {110° 47
]')_3‘ 220 10-3 1-8 7 70
25/ 114 7| — 520 — — 507 | 27 7| 120 44
|
05 540 . N . S 81 7 110 .
45 025 7| { e 298 {14,6 " { 120 | 1190
7 495 _ N o mlf 91 110 .
58 076 | s 298 |{ 21 " {10 | 392
aq nl 222X |f520  |f500 580 - |y a8 105 )
59 var 7 AERE e (1 e {360 w3 sos o) {1 | 23
60 111 "{ 2:20 7} 595 460 590 476 | 494 | 85 | 429
60/ 110 7i1s7 7l 530 | 420 | con 330 7| 288 #| 95 | 3as
| ! 495 (50 71 (70 ‘
63 o063 — {395 — —~ a7 M s 7 { 80 | 185
‘ N T ; Usa 7|1 80
’ o ] 495 : (397 ¢ 80
65 074 " — 395 — —~ 119 /| 537 { 75 | 161
‘ i 300 | Lag »| | s
68 I 0-80 M 420 — — 335 7| 13457 220 42:0
70 037 M 430 — — 348 | 2017 160 | 940
: I )
L 068 430 — — (284 7| 108 | 910 | 417
L0571 520 _ - o n|f 09 A
73 L0507 { 520 . 12.47 7|09 70 | 219
19 7| 1.2 1 530 580 & q " .
75 119 7 176 ”| 295 { e |{ae0 165 77| 131 85 | 138
76 127 | — 320 — — 152 | 148 7 85 12:0
0, =mean Curie-temperature.
f.  =apparent Curie-temperature.
%o  =specific susceptibility in a weak magnetic field at ordinary
atmospheric temperature. -
X»  =maximum value of specific susceptibility in range of tem-
" perature of from 0°C to 0,.
Q. =coefficient of thermo-remanent magnetism, given by

: Q‘EJt,./ZQ .

Further, in- order to compare more directly the mode of thermal
change in susceptibility with that of thermo-remanent magnetism, the
curves of y(f) in the heating process and the chzj:"P(t)dt curves

of the same specimen are shown together in Fig. 3-1 and 3-2. while
6., 0, and t, are graphically shown in Figs. 3-8 and 3-4 in the
form of spectra with respect to temperature.”

1) A part of these results was alread
(T. NAGATA, Bull. Earthq. Res. Inst.,

y reported in the writer’s previous paper.
20 (1942}, 192.)
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- Comparing the mode of P(t)dt with that of y(t), or t,, with

0., and 0,, we find that the standard mode of P(%) corresponds to
that of x(f), and the complex mode in the former to that of the
latter, each fundamental curve P,(¢) in thermo-remanent magnetism

corresponding to each y;(¢) in susceptibility, where, as already
mentioned, :

t

(txt0* /"fz)dmo
x .
X )((p)xm‘ fP(r)d{xfo
| | | |
20 No17 10 l { No22 "
| ! |
40 | i | 40
| |
| N
|
30 : i | 30
i | !
| | |
101 20 : J,\\ l{ 20
| | LN
,l |
N e e
| | | |
| | \L
} } 0 s 0
y | ' 10
| | |
| ! !
!
|
] 5
|
|
™
t . 1o
i
|
1 5
|
1 0
'[ 10
|
|
o
.
0 Jo
tc o 200 400 600 It

Fig. 11I-3-1. Comparison of susceptibility with thermo-remanent magnetism.
Full circles; specific susecptibility ().
Hollow circles; thermo-remanent magnetism, St P(t)dt.
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PO)=3P,®), 12®)=2.

2

In other words, a transition temperature {,, in thermo-remanent
magnetism always corresponds
to a mean Curie-point 4,,;, and
to an apparent Curie-point 4,,,
although the former does not
exactly agree with 6,,; nor with
f,;. This correspondence will
be seen more clearly in Fig.
3-3. Since the error in de-
termining the temperature of
the specimen in both cases
of measuring P(f) and yx(¢)
amounted to about 5 degrees,
no rigorous values of £, 4,
and 0,; have yet been obtained.
Generally speaking, however,
the transition temperature is
40-80 degrees lower than the
apparent Curie-temperature.

Suppose now that a rock .
specimen is cooled to ¢ from
a temperature higher than the
apparent Curie-point in non-
magnetic space, and that a
magnetic field H is applied
at t. The specific intensity
of magnetization of the speci-
men at this instant ought then

to be fl-x(t). As the next

10t - /F”"r dta10
X(r)«10 A (1)dtx

¢ .

|
[ l No 60
!

»

I
|
I
I
I
f
!
!
]
!
!
l
I
|
!
[
|

0 200 400 600 1 step, let the specimen be cool-
Fig. 111-3-2. Comparison of susceptibility ~ ed further in magnetic field H
with thermo-remanent magnetism. through a range of tempera-

Full circles;  specific susceptibility 7(t).
Hollow circles; thermo-remarent magnetism,

SZWP Wdi.

ture ot, when the total mag-
netization J of the specimen
at t—at is given by

T(t—otyH « y(t—ot) +H - p(t, t—0t)dt @)

where p(t, t—0t) denotes the Characteristic function of thermo-rema-
nent magnetism of ¢ measured at ¢—dt which, generally speaking,
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could differ from P(t)—the characteristic function of thermo-remanent

magnetism measured at 0°C.

Here, P(t) should be‘

P)=p(, 0), (3-2)

since permanent magnetiza-
tion I;-p(t, t—0t)dt becomes
a. P (%)t when, as metion-
ed in the preceding para-
graph, the specimen is cool-
ed from t—dt to 0°C in
non-magnetic space.

Then, p(t, t)® may, at
any rate, be a function of
z (), with the result that
P) is also a function of
the latter, because any per-
manent magnetization de-
veloped during cooling from

t to t—0ot in I:V must be the
residue of the whole or a
part of the induced magneti-
zation I:l-x(t) at ¢ (which
is the total magnetization
at ), so long as dt is in-
finitesimally small.

From this point of view,
we compare the values of
7(@) with those of P(¢)
=p (¢, 0) - corresponding to
the same temperature, after
which we may find that al-
ways P(t)<<y(f), although

“P(t)dt far exceeds 7(f)
J2

corresponding to the low
values of ¢, and that P(¢)

.2 p(t, t) is defined by

“No 81 ]

I
No2i : “ I
No23
Ho 20

P o e =

Not8 !
No22 1 . {
T
Hol9 A I
M5 | i .
:l !
No24 | i . ’
0 200 400 600 .
Fig. I11-3-3. Charcteristic temperatures
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.

b}
is nearly parallel to —-——x(t) in wide ranges of temperature, except

that in which ——x(t) is negative.

It may thus be concluded that thermo-remanent magnetism in-
creases immediately after it has been transformed from the para-
magnetic state into the ferro-magnetic state, or speaking more practi-
cally, during cooling from the apparent Curie-temperature through a
temperature-range of about 100 degrees. We shall, however, deal
again with the relation between thermo-remanent magnetism and sus-
ceptibility after we have shown the functional relation of P(¢)
=p(t, 0) to p(f, t) (see §4 of this Chapter).

(ii) Dealing especially with the modes of P(t) of Huzi ejecta,
we may.say that they belong either to the standard mode or to the
complex mode that is constituted of two fundamental modes, the
standard and the extraordinary.

In the extraordinary modes of thermo-remanent megnetism and
the susceptibility of these rocks, i.e., P,(f) and y,(t) respectively, the
transition .point £,,, mean Curie-point 6,., and apparent Curie-point 4.,
are about 200-250°C, 200~280°C, and 290-320°C  respectively. As
mentioned in §4, Chapter I, the standard mode of susceptibility y,(f)
is presumed to be chiefly due to the group of ferro-magnetic minerals
having nearly the same chemlcal composition as pure magnetite,
whence, from the law of
correspondence between
x(t) and P(t), the stand-
ard mode of thermo-
remanent magnetization
P,(f) may also be due to
that group of minerals,
while the extraordinary
mode P,(f) may be due
to the group of ferro-
magnetic minerals com-
posed not only of Fe,0,,

/\W\/\/\/\/\/\ and FeO, but élso of
/\/\/ \/V\/W\/V\ TiO,, just as in the case
fe0

rio, of ».(?).

‘ In order to 'see di-
Fig. I1I-3-5. Relation between Pe(to:)/{Ps(tos) he relation bet
+P.(tor)} and Fe;03: FeO: TiOs. rectly the relation between

Ejecta from Huzi Volcano. the mode of P(f) and

e, 0,
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chemical composition‘, if any, the values of P,(t,.)/{P,(t.) +P.({,)}
were plotted against the ratios of FeO: Fe,05: Ti0,, as shown in
Fig. 3-5, where these amounts of FeO, etc, are those contained in the
total rock, and not those composing the ferro-magnetic minerals alone.
It will be seen from this figure that the extraordinary mode of
thermo-remanent magnetization grows as the relative amount of Fe,O,
decreases and that of FeO increases, that of TiO, being kept nearly
constant. On the other hand, taking into consideration that the minerals
concerned with the magnetic behaviour of rock are chiefly magnetite
. (FeO - Fe,0,), ilmenite (FeO - Ti0,), and their solid solutions, the values

of P(t..)/{P({..) +P(t.)} were again Plotted against the relative ratio
I/ {Il+ Mt} as shown in Fig. 3-6, where Il and Mt denote respectively
the normative contents of ilmenite and magnetite in the rocks as cal-
“culated from their chemical compositions.

10 - Exactly as in the case
““3 of the relation between ¥ (£)
/ and the chemical composi-
{ 05 , /] : tion, the extraordinary mode
- , '/ P,(t) begins to appear when
y the relative content of- il-
/ " menite exceeds about 034,

ol - whence it will be said that
o1 02 83 04 05 =~ 06 the transition temperature
o of thermo-remanent magnet-
Fig. 1I-3-6. . ism is related to the chemi-

Relation between Pj epa and Mtli TR cal composition of rock in
(Huzi ejecta) .- exactly the same way that
' the Curie-point is related to

Table I11-3-II (a) the latter.

Huzi ejecta.

Table III-3-II (b)

No. |P/Es | ae | n (VAL

C ¢ No. P./(P;s Mt Il e
17 0 7.87%| 273%| 02 +Po) +1h
18 | 049 | 394 | 273 | 041 8 0 3-4922| 13725 0-28
19 034 | 533 | 379 | 042 7 0 417 | 121 | 02
20 0 648 | 334 | 034 28 048 | 255 | 197 | 0-44
2 | o 695 | 258 0-27 35 0 301 | ‘152 0-34
22 044 | 394 | 258 0-10 36 0 602 | 152 0-20
23 o1l | 440 | 212 | 033 38 042 | 391 | 137 | 02
24 079 | 139 | 167 | 055 93 | (022 | 347 | 191 | 0%
25 068 | 255 | 273 | 052 94 | 014 | 602 | 152 | 02
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Therefore, summarizing the two foregoing results, namely, the
relation between 6 and £, and that between P(f,) and the chemical .
composition, we may conclude that the temperature at which the bulk
of the thermo-remanent magnetization develops is largely subject to
the Curle-pomt temperature of rock, although the conditions that de-
termine the magmtude of P(t,) have not yet been ascertained.

§ 4. Discussion on the physical mechanism of development
of thermo-remanent magnetism.

As mentioned in Chapter I of this report, the magnetic behaviour
of volcanic rocks is largely due to that of the ferro-magnetic minerals
contained in them, whence it is presumed that thermo-remanent
magnetism is alss a magnetic property of ferro-magnetic minerals—
‘a presumption based on the result given in §38 of this Chapter. A
direct proof of the 'ferro-magnetic character of voleanic -rock was'
obtained in the following manner.

A rock specimen (No 60’) of cylindrical shape, 0'8 ¢em in diameter
and 5 cm long, was subjected to a strong uniform magnetic field (about
4000 Oe.), where the axis of the specimen coincided with the direction
of the applied magnetic field, the rock specimen after removal of the
magnetic field having intense residual magnetization M. The specimen
was next heated slowly up to exactly 500°C in a non-magnetic, non-
inductive electric-furnace in non-mangetic space, and then slowly cooled
down to room temperature under like conditions. The intensity of
residual magnetization M’ followmg the foregoing treatment was less
than M. '

On the other hand, according to the result given in §3, Chapter
I, the ferro-magnetic mineral in the rock is believed to consist of a
large number of micro-crystals having different Curie-points; that is,
letting 1(0, ?) denote the intensity of residual magnetization at ¢ of a
ferro-magnetic mineral having its Curie-point at 6, we get the total
- intensity of residual magnetization at 0°C from

02 )
M(0)=g 10, tyg0)de, : (4-1)

<8y

where g(0) denotes the frequency of distribution in volume of ferro-
magnetic minerals with respect to their Curie-point temperature 0, so
that in the case of a rock specimen of M(0) at 0°C in the initial -
state heated to 500°C in non-magnetic space, the residual permanent
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~ magnetization of such part of ferro-rriagnetic minerals as have: Curie-
points lower than 500°C vanishes, with the result that M’(0) after
this heat treatment becomes

M’(O)=S' 1(6, 0)g(0)d0—S 1(8, 0)g(0)do
.—_—S “1(0, 0)g(0)dd<M (0) . (4-2)

500°C

Now, the rock specimen of M’(0) at 0°C was again heated to
'<500°C (actually t'=420°C) in non-magnetic space, the intensity of
magnetization M’ (¢) at any temperature during heating being measured
with an astatic magnetometer, while from #'=420°C, the specimen was
cooled in non-magnetic space, the magnetization during cooling also
having been measured. The results of this experiment are given in
Fig. 4-1, from which we find that M’({) decreases monotonously
with increase in temperature ¢, and that M’(f) is almost reversible.
with respect to change in temperature, though there is a slight dis-
crepancy in M’(t) during heating and cooling. That is to say, M’'(t)

0g
=S 1(6, t)g(0)do is almost reversible with change in temperature so
500°C" :

long as t<500°C, and

02
o 2
M O=7 g 1(0, t)g(6)de. (4-3)
500°C .
* This fact seems to show that s 10’

volcanic rock follows the Curie-
Weiss law of ferro-magnetism.
If we assume in eq (4-2) that,
corresponding to any Curie-point 707
0, g(6) denotes the product of
the volume of elementary do-
mains in ferro-magnetic minerals 5t
having ¢ and the direction-cosine

of the applied magnetic field with
respect to the direction of their 0 . ;
easiest magnetization, we can ¢ 200 400°c
take I(6,t) as the intensity of Fig. I1I-4-1. The mode of change in

' L remanent magnetization with tem-
saturation magnetization of ¢ pereture, Specimen No. 6¢/,
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of the ferro-magnetic mineral of Curie-point . We may, then, say
that, in heating and cooling in non-magnetic space, the saturation .
magnetization of each ferro-magnetic mineral (6, t) changes reversi-
bly with temperature, following the Curie-Weiss law, a conclusion
leading to the result that the elementary domains in the ferro-magnetic
minerals in.rocks are not affected by temperature, only the intensity
of saturation magnetization changing with it. It was then found
that the mode of change of residual magnetization of rock with
temperature well agrees with that derived from the theory of ferro-
" magnetism based on the magnetic behavmur of ordinary ferro-magne-
tic substances.

" (ii) On the other hand from the result given in §3, this Chap-
ter, the thermo-remanent magnetization of a ferro-magnetic mineral is
believed to be brought about at a temperature just below its Curie-
- point. The following conception may possibly explain the development
of thermo-remanent magnetism during cooling in a magnetic field:

In cooling in a magnetic field, a part of the elementary domains in
- every micr.-crystal that is contained in a rock takes, irreversibly, the
direction of easiest magnetization nearest that of the applied magnetic
field at a'temperatureo below the Curie-point peculiar to it, where the
number and dimensions of these domains is a function of the applied
magnetic field H, the internal stress S, and the chemical composition
of the micro-crystal, and consequently the corresponding Curie-tem-
perature 6. Hence, if V' (H, S, 0) and 1(0, t) denote the probable
volume of the elementary domains satisfying the condition just-
mentioned and the intensity of 'saturation magnetization of the
domain respectively, the magnetization of such a micro crystal of
unit volume is given by '

I, Hvrd, S, 0),

where I(,t) decreases, as is well known, with increase in temperature,
being zero when {=4. ' )

If, then, in the process of cooling of the rock sample from a suf-
ficlently high temperature, a. magnetic field H is applied during its
cooling from ¢, to.t;, the remanent magnetization of a whole rock
specimen at temperature ¢ is given by :

b)) In ordear to comlete this action of 'domains in taking the direction of the applied
magnetic field, the cooling of sample through a finite range of temperature and finite
time will be necessary. For simplicity, however, we assume here that the process
takes place at'a temperature independently of time,



Part 1.] " The Natural Remanent Magnétism of Rocks. 129

-

10,0V (H, S, 0)g(0)df , (d4)

J (1) =S
51
the special case of eq (4—4) that t=0 becoming

J (0) =S 1(6,0)W (H, S, 0)g(6)do . ' (4-4)

131

On the other hand, according to the concluding rema'rk in the

preceding paragraph in connexion with eq. (8-1), the total magneti- -

zation of a rock specimen cooled from ¢, to ¢, in a magnetic field H,
as measured at ¢,, is given by

CT=Hy(ty) +I§S p(0,t,)d0 (4-5)

133

- where t,>t,, and p(0, t)=0 when t>>6. In eq. (4-5), however, the
first term on the right-hand side gives the induced magnetization,
which is reversible with respect to any change in the applied magnetic
field,- the irreversible residual magnetization corresponding only to the
second term. '

Consequently, the remanent magnetization J(t) at temperature ¢
of a rock specimen which is cooled from ¢, to ¢; in H is given by

7 (8 =ﬁg 21)(0, tydo . (4-6)
“ .
-~ Comparing then, eq. (4—-4) with (4-6), we get «
Hp (8, t) =16, t)¥ (H, 5, 0)g(0) , (4-7)
or putting '
¥ (H, S, 0) =F(H) (S, 0) ,
we get

p(0,8) =1(0,t) 9(S, 0)9(0) , (4-8)

provided H is small, whereas from eq. (4-3) we have found that
: ,
a—tl(g, t)<0. ’ (’1—9)

Then, so iong as we assume that ¥ (H, S, ) is constant, inde-

pendently of temperature t, we find from egs. (4-7) and (4-8) that

p(f, t) ought to satisfy the conditian
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0

a—tp(l}, 1)<0, (t<0) ,

with the result that also

e | J o (“ '
at[ 1(1)] SW 1)di<<0, t<t,<t,. (4-10)

#H

(i) In order to test whether or not the above-mentioned hy-
pothesis is correct, several experiments were made, for which purpose
~an astatic magnetometer
ﬁ was -used, a schematic
view of this apparatus
being shown in Fig. 4-2.
First, after a rock
specimen of _cylindrical
shape (No. 60”) was heat-
ed to 600°C in non-magne-
tic space, it was ‘then
cooled from 600°C to
500°C in a magnetic field
of 182 Oe, while, from
thence to room tempera-
. ture, it was cooled (at the
Fig. I11-4-2. Schematic view of astatic rate of 2 degree/minute)
magnetometer. in non-magnetic space, the
S, specimen; F, furnace; W, water cooling; intensity of magnetization
Ci, Co field co'ls.

J(t) at any temperature
during the final process being measured with an astatic magnetometer.
The observed results are given in Table 4-I and in Fig. 4-3. Here,
the observed value of J(¢) ought to be given by

600°C
J(t)=1-82><S p(0,t)d0,  t<500°C.

5000C

Then,. as will be seen from Fig. 4-3, the observed value of J(¢)
seems to satisfy the condition given by eq. (4-10) throughout the
entire range of temperature from 500°C to 0°C, and the intensity of
residual magnetization at room temperature is about 22 times 490°C.
These facts seem to show that the assumed mechanism of development
of thermo-remanent magnetism given by eq. (4-4) holds approximately
in the actual case, at any rate, when the magnetic force H is small.
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Table ITI-4-1. (Specimen No 60’).

Temp. J l Temp. T
480 6-58 X103 250 11-93x1073
470 ‘693 240 1210 7
460 731/ 230 1229
450 .. 768 220 1235 7
440 811 v . 210 1255 V
430 852 200 1261V
420 8-80 190 12:73 7
410 907 180 12:85
400 9.29 170 1296 #
390 949 ¥/ 160 . 13-08
380 972 150 1316 7
370 " 996 140 1323
360 1016 7 | 130 1331 7
350 1043 7 120 13:39  /
340 ) 1056 I T U 1345 7
330 10-66 100 1357
3920 1088 7 90 1362
310 105 7 80 C1374 M
) 300 0 i 70 13-80 /7
290 1132 7 ' 60 1391V
280 1149 7 - 50 1398
270 161 7 : 40 . 14-08
260 . 75 7 30 1415

Secondly, an experiment was made to test whether or .not p(0,t)

is independent of time r after removal of the magnetic field H. A
- rock sample (No 60”), which B

was cooled from 600°C to 550°C AL

in non-magnetic space, and from 5r

550°C to 500°C in a magnetic

field of 182 Oe, was kept at |

500°C (+0'5°). in non-magnetic

space, the change in magneti-

zation J(500°C) being measured

every five minutes: The observed

results are shown in Table 4-II 0

and in Fig. 4-4. It will be seen

from this result, that p(6,t) is Fig. II1-4-3. The mode ot: int:-rease 'of
B six bject to time-effect, decreasing thermo-remanent magnetization with

: : . decrease in temperature in the space
with time, at any rate, at high H=0. Specimen No 6¢/, '

t

0 200 400 ¢
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Table III-4-II. : Time effect in development of thermo-remanent °
magnetism. Specimen No 60'. '

Time - Jip ” Time J/o
2-5 minutes 2:91x10-3 | 675 minutes | 2.59%10-3
7.5 290 7 725 249

12:5 287 775 ! 247 N
175 2:86 825 241 7
225 I 283 875 239
275 I 277 925 238 7
392:5 124 2_72 17 97.5 14 2.37 ”
375 271 1025 7 237
42:5 7 2:69 107-5 238
475 268 1125 7 237 !
52:5 ! 264 .ours v 235
57.5 ! 261 {1225 7 235 7
625 257 ! ! ) )

temperature, though it seems to approach to almost a stable final state
- within a relatively short time, say about 80 minutes. It must be noted

3
JIx10 —
3 'N
2l
’ L
Time
0 " " —~ "
0 20 40 60 80 100 . 120 min

Fig. 111-4-1.
recmanent magneeism. Specimen No 60/

Time effect in development of thermo-

here that the existence
of the above-mentioned
time-effect does not run
counter to the fact that

%P(t) ~(, as obtained

in § 2, this Chapter,
seeing that the. former
fact shows that thermo-
remanent magnetization
at a high temperature
after removal of the
external magnetic field
is unstable, decreasing

with time, while the latter shows that the development of p(6,t) 40

" during cooling through the range of temperature 40 at 0 under the

. effect of the external magnetic field does not depend on the rapidity
of cooling.

Now, we assume that the time e

flfect of p(0,t) is due to that of
¥(H,S,0) in eq. (1-7), and not o I1(0,t), nor to g(f), that is,
© W= (H,S,0, ), where the effect of v on H is probably the function
of temperature. In other words, if the temperature is higher, the
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time effect will be larger, since the phenomenon of time effect is
probably the result of thermal agitation. Further, it is presumed
that the time-effect is affected by the magnetic field, since if, for
example, a magnetic field H parallel to J() does exist, a decrease in
¥ must do some work against H.*

The mode of development of thermo-remanent magnetism must
then be very complex, depending on the character of the ferro-magne-
tic minerals, temperature, magnetic field, and time.

However, in the actual experiments in thermo-remanent magnetism
“dealt with in §1 and §2 of this Chapter, the rapidity of heating and
cooling was always kept at a nearly constant rate, -about 2 degreee/

mmute, whence all the experlmental results of meacurlng J or AJ"
(.e. J(0) or 4J(0)), is subject to nearly the same amount of time
effect. The conclusion arrived at in §1~§3 of this Chapter then
holds, at any rate, as a first approxnnatlon in the case of a weak
magnetic field, notwithstanding %the time effect. Further, the fact that
the intensity of the natural remanent magnetization J, of a freshly
ejected rock, which was developed during cooling in a geomagnetic
field, probably at an extremely slow rate of cooling, almost agrees
with that of the thermo-remanent magnetization developed during a
fairly rapid rate of cooling, may mean that the time effect integrated
with respect to temperature from %, to ordinary room temperature
depends to a slight extent on the time required for cooling.

Strictly speaking, however, the time effect ought to cause a slight
discrepancy between the intensities of thermo-remanent magnetization
brought about as the result of differences with regard to the time
required for cooling, etc., whence it will be only natural that the
intensity of thermo-remanent magnetism and partial magnetism during
cooling should invariably show an error of a few percent.

(iv) In the next step, the sample that had been kept at 500°C
in H=0 for 120 minutes in the foregoing experiment was cooled in
non-magnetic space, the intensity of magnetization J(f) at various
temperatures during cooling also being measured, which results are
.given in Table 4-III and in Fig. 4-5. (Here, this operation of cool-
ing will be called process (1).) In this case, J(f) also increases
markedly with decrease in temperature.

Now, the rock sample that was cooled in the above-mentioned
experiment was heated (2) from 80°C to 450°C, (3) then cooled to

* Therefore, the above mentioned time-effect will be extremely small in the case
. of ccoling in a magnetic field,
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Table IIT-4-III. The change in thermo-remanent magnetism with
temperature in non-magnetic space. Specimen No 60’.

Temp. cooling heating cooling ’ heating ’ cooling heating
30°C | 5-64x10-3 | 5-61x10~3 - !
49 - 562 7 564 M ; | .
50 560 ! |562 M !
60 558 7 |559 1 1 .
70 5.55 7 |555 M |
80 552 7 |ss53  # |
90 549 7 |s46° 7 |
100 546 7 |544 7 ! *
110 544 7 |s.37 v !
120 541 7 .1533 » j
130 537 /7 598 '
140 53¢ 7 |5923 ” :
150 - 530 /7 -| 593 i
0. 525 7 513 4 | :
170 521 -7 |s509 |
BO - [516 7 |s01 ¥ |
190 511 7 |499 ,
200 506 7 |492 o |
210 502 7 |492 ¥ |
220 499 7 |48 ’
230 498 7 |48 T
240 493 7 475 ] 1
250 490. 7 1470 7 | 460x107° | 4-58x10-3
260 487 7 1464 M 455 M igs52 v
270 483 7 la62 452 " l4gay 0
20 - 479 7 456 7 448 7 443 »
290 474 M 448 M |44 UV g3 1.
300 469 7 441 ¥ 1433 M 431 7
310 466 " 437 " |42 ¥ 435 » i
320 462 M 1431 M 423 I a39
330 456 7 |42 ! 418 V 413 »
540 450 7 418 7 413 " 496 o
350 4-46 M 1412, MV 1408 M 403 ¥V ©
360 442 ¥ 407 1 402 " 396 7
370 438 7 1400 7 1395 1 389 v
380 430 7 392 ” |38 # 38 o
390 422 7 |38 ” (381 U 372 »
400 415 7 1379 7 (370 M 363
410 406 " 367 ! |363 IV |354 UV

(to be continued.)




" Part 1.] The Natural Remanent Magnetism _of Rocks. 135

Table III-4-TIII. (continued)

Temp. cooling heating | cooling \ heating ’ cooling | “heating

490°C | 3.97x10-9 | 3-55x10-3 | 3-52x10~3 | 3 43x 162

430 38 7 |338  |338 /7 1330 7

440 376 7 |32 ” |32 Y |319 7

450 367 ! 312 7 |315 7 |306

460 353 7 , l ‘[ 291 7 R

470 341 S S— 277 l

480 319 7 257" 7 1—0-03%10-3|—0-03x10-3
490 294 236 7 |—-002 -/ {—003 7

500 2.58 1 207 - 7 |—001 ! |—-003 "

510 172 7 | oor ¥ |—pwr
520 124 7 002 /7 |—002 7

530 082 7 | 001 | 000

540 046 ” | 000 7 | 001

550 . ’ 025 003 "V ’j—-oo01 7

560 ) 016 7 | 003 7| 001 7

570 “ 010 7 | 0¢s 7 |—002

580 ‘ ~|eos 7 | 008 7 |-002

590 . } I —0-02° "

600 : —_ —0-03 "

610 ' =002
620 - | ' : —0-01

9250°C, (4) from which temperature it was again heated to 580°C,
(5) then cooled to 480°C, (6) and heated again to 630°C, all the
heating and cooling being done in non-magnetic space: The inténsity
of magnetization during s ' '
these operations is shown Jx10
in Table 4-3 and Fig. 4| °
'4-5, from which it will be
clear that the intensity .
of magnetization J() in 4
operation (2) decreases
with temperature, the J (¢)

~t relation in this case ¢
almost agreeing with that

in operation (1), although

J(t) in the former is al- ¢ .

: 0 200 : A Py
ways slightly less than Fir. 45 ((:h o izo o of th s00¢
that in the latter. During jg. 117-4-5. Change in intensity ot thermo

remanent magnetism with temperature.
the range of temperature Specimen No 60/,
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from 250°C to 450°C, the values of J (t) in heating operation (2),
cooling operation (3), and in re-heating operation (4) almost agree; in
other words, J () is reversible with respect to changé in temperature.
After J () becomes zero (within the limits of observational error) at
" 580°C in operation (4), it is kept at zero notwithstanding that it was
cooled from 580°C to 480°C in (5), that is, during this range of tem-
perature J(f) is irreversible with respect to . ‘

As will be clear from the given conditions in this measurement,
J(t) in this case is given by '

. J(t) B 53100 . '
T_S p(0,8)do. (4-11)

30000
Then, putting relation (4-8) into eq. (4-11), we get

11524 100, 1) (s, 0) g (8. (4-12)®

a 20000

Although the present experiment shows that J (t) changes reversi-
bly with temperature, provided t<500°C, we can conclude that only
the intensity of maguetization of the elementary domains 1(6, t) changes
reversibly with temperature (following the Curie-Weiss law), D(s, 0)
and g(0) being kept almost constant. . :

If, however, ¢ exceeds 500°C,  @(s, 0)g (') in eq. (4-12) or
V(H,S,0)9(0') in eq. (4-4), where 500°C<6'<t ought to disappear,

. t — .
with the result that SI (0, 8) @(s,0") g (0')d0"=0. According to its defini- -
50000

tion, only during cooling through temperature 6, as the effect of the
“magnetic field H, @ (s, 0) can be caused in the form of H -d(s, 0), or
generally %'(H,S,0). Hence, in cooling in non-magnetic space, no
thermo-remanent magnetization should develop, with the result that
J(¢) in heating during a range of temperature exceeding 500°C must
be given by

55900

J%:S 1(8,8) 05, 0) g (0) o,
, ,

whereas, in cooling in non-magnetic space from £>500°C, J(t') at

temperature ¢’ is given by

2) Here, we assume that @(s, §) in eq. (4-12) includes the time-effect discussed
in the preceding example.
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’ 000
i’%=g 10, )P (s, 0)g(0)do
JE
Then, after ?(s,0) -g(0) entirely disappears as the result of heating"
the specimen to more than 550°C, J(f) must be zero regardless of
whether it is heating or cooling, so long as no magnetic field is sup-
plied. The facts observed from operations (4), (5), and (6) in Fig.
4-b well agree with the above-mentioned theory, as also the experi-
mental facts given by egs. (2-18)~(2-23) in §2 of this Chapter.
Summing up, then, we may conclude that ’

P(0)=I(0,0) (s, 0)g(0), (4-13)
77:.",,=I?rg 1(0,0) 0 (s, 0) g ()do (4-14)
s, n),,,=ﬁ3 1(6,0) 0 (s, 0) g (0)d0 (4-15)

provided H is small and the time-effect is neglected.

(v) So long as the intensity of the applied magnetic field  is
small, say less than 2 Oersteds, the time-effect in the development of
thermo-remanent magnetism seems negligible, at any rate as a first
approximation, seeing that the results of all the various experiments
harmonize well with one another, notwithstanding that the time effect
was scarcely taken into consideration.

On ‘the other haund, the mode of development of thermo-remanent
magnetization in a fairly large magnetic field seems very complex.
For example, a rock sam-
ple (No. 60”) was cooled
from 550°C to 500°Cin a ,|
magnetic field H=15 Oe, .
and then cooled in non-
magnetic space, J(f) in
(1) this cooling operation
and those in (2) re-heat-
ing (from 30°C to 460°C)
and (3) re-cooling (from
460,C to 30°C) in non-
magnetic space, being ' !
shown in Fig. 4-6. It Y 0 0 600" ¢
will be seen from these Fig. I1I-4-6. Specimen No 60/. H=15 Oe.

Jxll)2 -




138 T. NAGATA. | [vol Xxi,

results that, although J(¢) in re-heating and re-cooling seems to follow
_ approximately the Curie-Weiss law, in the initial cooling process it
changes but little notwithstanding- the decrease in temperature, whence
it may be presumed that the time-effect in the initial cooling operation
(1) is fairly marked, the increase in p(6,t) due to that in 1(0,t) with
decrease in temperature being almost nullified by its fairly large de-
crease with time. In re-heating and re-cooling, however, the time
effect at high temperatures is not so marked as in operation (1), since
the larger part of the unstable magnetization disappears during the
. initial cooling.

In Fig. 4-7 are shown, for comparison, the values of J(¢) in the
operation of cooling from 490°C to 30°C in non-magnetic space, which
magnetization was caused in
H=305 Oe. during the cooling
S ~——— ‘ from 600°C to 500°C at a slow

T rate, 1 degree/minute, say one-
4l - s y Say
. T half the standard rate. Since
Jr . . the time-effect in this case ought
Py apparently to diminish compared
with the case shown by Fig.
4-6, the discrepancy between the

2
Jx10

0 ) . f curves in Figs. 4-6 and 4-7 is -
0 200 400 °¢C only natural.
Fig. I11-4-7. Specimen No 6(/~ (vi) We may thus finally
H=305 Oe. assume that eq. (4-4) approxi-

mately holds in the case of develohment of thermo-remanent magneti-
zation in a weak magnetic field. The physical conditions for determin-
ing the function ¥ (H, S, 0), however, has not yet been cleared. We
must mention here an important fact, pointed out by S. Kaya and
Z. Harada,® that a single crystal of magnetite- retains no thermo-
remanent magnetism, notwithstanding ifs cooling from its Curie-point
in a magnetic field, a fact clearly showing that the phenomenon of
thermo-remanent magnetism is not a character of magnetite itself.
On the other hand, according to A. Brun,” the so-called actual mag-
netite contained in volcanic rocks is not pure Fe;O,, but consists of
IFe,0,, Fe,04, FeO, and TiO, in various proportions, the ratio of FeO
to Fe,0, sometimes amounting to 47, whence the natural presumption
-that the thermo-remanent magnetism of rock is reduced to the character

3) The writer wishes to express his sincere thanks to Prof. S. Kaya and Prof.
7. Harada for acquainting him with their experimental results.
4)/ A. BRUN, Arch. Sci. Ph. ¢t Nat. 6 (1924), 244.
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of a solid solution or of an eutectic mixture of magnetite and other
elements, 770,, Fe,0,, for example—a possibility also pointed out by
S. Kaya.”" If so, experimental examination of the magnetic properties
of these ferro-magnetic minerals then becomes very necessary.”
Unfortunately, however, no systematic examination into the mag-
" mnetic behaviours of the solid solution of Fe,0, in Fe,0, nor of that
— of Ti0, in Fe;O, have yet succeeded. We have so far at present but
little experimental data of the thermo-remanent magnetism of impure
magnetite; that is, a polycrystalline magnetite (containing a few per
cent each of Fe,O, and Ti0O,) examined in our laboratory” showed a
little thermo-remanent magnetization in a weak magnetic field (Curie- ’

point about 610°C and J7~1), whereas, according to J. G Konigs-

berger,” two samples of polycrystallme magnetite (899 Fe,O,, 179
FeO and 539% S8i0, in compostion) had also thermo-remanent magneti-
zation; in this case the Curie-point was 590°C and Jt,/y,=6'5. These
experimental facts Wwould suggest that only impure polycrystalline
magnetite is capable of retaining thermo-remanent magnetization. On
the other hand, the general tendency of the equilibrium diagram be- -
tween Fe,0, and Fe,0, was obtained by J. W. Grig, E. Posnjak, H. E.
Merwin, and R.B. Sosman,” while that between Fe,0, and FeTiO,
was roughly determined by M. Kamiyama,'® whose equilibrium dia-
grams are given in Figs. 4-8 and 4-9. From these results, we' see
that Fe;0, and FeTi0, are soluble in each other to a limited content,
likewise Fey04 and Fe,O;. (If, however, we consider more generally
the equilibrium between Fe,0,, FeO, and TiO,, the equilibrium will
be found to be much more complex.) Besides, Brun’s analysis'® of
magnetite contained in a number of effusive basaltic rocks showed
that the magnetite consisted not only of Fe,0, and FeTi0,, but also
of FeO in excess, as shown in Table 4-IV. Although the equilibrium
condition between Fe;0, and FeO is not known for certain at present,

5) S. KAYA, Buturigaku-Kéensys, 1T 11942), pp. 100.

6) Althoush the experiment of separating the ferro-magnetic minerals from a
few volcanic rocks was tried in the writer’s laboratory also, we have not yet
succeeded in seperating them perfectly, the ferro-magnetic minerals obtained always
containing a few tens of per cent of Si0;, Al,03 and other elements.

7) T. NAGATA, Zisin, 12 (1940), 301.

8) J. G. K'NIGSBERGER, Phys. ZS., 33 (1932),468. R

9) J. W.GriG, E. PosNjaK, H. E. MERWIN, and R. B. S0SMAN, Amer. Journ.

- Seci. 39 (1935), 239.
10) M. KAMIYAMA, Journ. Geol. Soc. Japan 36 (1929), 12.
11) A. BrUN, loc. cit.
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Table: II[-4-1IV. Chemiéal compositions of ferro-magnetic minerals
contained in volcanic rocks and their Curie-points.
(after A. Brun and R. Chevallier).

The relative amount,

L:::jﬁ; of Chemical composition . of fgflxs'icg;irgisiier- Cu;,l:int
, " | Tioy | Fe0s | Feo |[T¥% | Faos | Feo .| 0 .
1 Krakatoa | 13-85% | 45:2% | 41 2% | 54:8% | 52425 | 476% | 355°C
2 Gountour | 12:3 7 | 37.97 49-7" 6197 434" 5661/ 3057
3 Kilauea 22 7 | 318”7 4521 67-2" 4137 58-8 250/
4 Teyde 13 7| 3757 | 4957 62:57 | 431" 564" 2257 ' .
5 Guimar | 242 7 | 2137 | 5457 | 7877 | 2gav | 72 7 | 757 o
6 Chabarra | 169 7 | 205" 625" 79-47 247" | -75:37 40"
7 Chinyero 37 7| 1 ” 52 7 89 175" 82:5" -30”

from the result of magnetic examination of these magnetites by R.
Chevallier and J. Piére,'” the relative amount of FeO in excess with

% Magnellired
1600 | + Ligui '
Liquid -:7)»*?’“‘
Lo i
/o
. ;o
Pz760mm v/ ;
Y
pet \ /'/ \%
1400 59mm . $\
{g?’
/ Hematite
1200 b
HematitesMagnetite
000
o0 20 40 60 .80 fe,0x

Fig. IV-4-3.
tween Fle;04 and FlesO;.

Grig, E. Posnjak, H. E.

R. B. Sosman).

Equilibrium diagram be-

(After.J. W.
Merwin, and

C(FeO) and 6 denote respectively the weight percentages of Fe,O, and

reference to Fe,O, was found
to be larger, and the apparent
Curie-point lower, or more pre- _
cisely speaking, letting C(Fe,0,),

1600 ¢

téo0t T -
1200 [ /

1000 : ;

800
600
400 ' i .

200

0 :

0, R0,

Fig. 111-4-9. ;Equilibrium diagram
between Fe;04 and FeTan. (Af-
ter M. Kamiyama.)

FeO in the impure magnetite and its Curie-point temperature, we get

the relation

12) R. CHEVALLIER et J. PIERE, Ann. Physique, 18 (1932), 383.
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C(Fe,0,)

0 (in O §=
=506’ T C(Fe,0;) +C(Fe0)’

where 0, denotes the Curie-point of pure magnetite (i.e 0,=580°C
=853°K), the numeral 069 giving the critical value of s at which
Fe,0, and FeO compose the pure magnetite, Fe;0,. This experimental
result seems to show that Fe;O, and FeO also compose their solid
solution, the Curie-point of which decreases with increse in impurity
of Fe,O, in exactly the same manner as in the case of the ferro-
magnetic alloys of metals. ’

H.L. Alling," J. G. Konigsberger,”> and R. Chevallier'™ also pointed
out the existence of minerals composed of Fe,0;, FeO, and TiO, for
example, ilmenite in the general form m(FeO-Ti0,)nFe,0;, and titano-
magnetite, (Fe, T%),0; - FeO. Actually, the fact that the mean Curie-
point or the transition temperature of the extraordinary mode of y(f)
and P(t) in the Huzi ejecta, which are rich in T4%0,, is alway kept
stable at temperature 200~250°C probably suggests the existence of a
fairly stable compound of Fe,04, FeO, and Tiog, such as those men-
tioned above. Here, the intergrowth of magnetite and ilmenite known
as titano-magnetite (or titanoferrous magnetite) is due to exsolution. . .
The conclusion from the foregoing experimental facts may be that the
ferro-magnetic minerals in volcanic rocks consist of pure magnetite, -
_besides the intergrowth, the solid solution, and the eutectic mixtures
of magnetite, ilmenite, ferric and ferrous oxides.

Taking, then, into consideration that the development of thermo-
remanent magnetism is restricted to impure magnetite, it may be
- presumed that the development of thermo-rema-ent magnetization is
probably due to the effect of exsolution of the impurities from mag-
netite or titanoferrous magnetite,’™ although the occurence of super-
lattice pheno'menon at temperatures below the Curie-point is also not

13) H. L. ALLING, ‘‘ Interpretive Petrology of the Igneous Rocks?’ pp. 140,
New York (1936).

14) J. G. KONIGSBERGER, loc. cit.

15) R. CHEVALLIER et J. PIERE, loc. cit.

16) H. L. ALLING, loc. cit.

17) Konigsberger seems to be of the opinion that thermo-remanent magnetism is
due to * erystallization remanence ”” (his own expression, Terr. Mag. 43, 122, 19:8.):
that is to say, owing to the exsolution of impurites (chiefly Fes0s), the remaining
magnetite re-crystallizes, its lattice-constant changing at a high temperature where
the coercive force is small and the susceptibility large, with the final result that the
intense magnetization induced by the external magnetic at hxgh temperature remains
as remanent magnetization. However, the physical meaning of crystallization-r-
manence is still not yet clear.
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disregarded. For instance, due to the exsolution of the impurities
from magnetite, the lattice constant of the crystal will change, re-
sulting in change also in its internal stress, which phenomenon is
probably capable of bringing about ¥ (H,S,0) in eq. 4-4 under the
influence of an external magnetic field.™

Although the foregoing hypothesis is not unique, nor has its re-
liability been directly proved, yet the fact that the natural remanent

magnetization of basic effusive rocks were subjected to relatively rapid,

cooling, and that the ferro-magnetic minerals in them consequently

‘presented micro-crystals of indefinite shape in the ground mass (for

example, bombs and the upper parts of lava flows) is always particu-
larly intense, seems to support the possibility of this hypothesis being
correct. ,

The foregoing discussion of ‘the physical mechanism of the deve]dp—
ment of ¥"(H,S, 0), however, is not based on any experimental fact
that directly proves its reliabitity. A trustworthy answer to this prob-
lem, therefore, is possible only after we have accumulated a sufficiently
large number of experimental data of the magnetic behaviour of va-
rious kinds of solid solutions and of eutectic mixtures of Fe,0,, FeO,
and 790,.

18) Any conclusive theory of the physical mechanism of development «f thermo-
remanent magnetism ought to explain the fact that the development of magnetization
under the influence of a magnetic field scarcely depends on the rate of cooling,
provided the velocity is sufficiently small compared with that which is necessary to
maintain the thermo- -dynamical equilibrium between the varlous phases of all the
elements in the rocks. Since the present hypothesis does not concern this important
conclusion that the development of thermo-remanent magnetism does not depend on
the rate of cooling, it is not conclusive.

Adding note. (May, 1943).

The hysteresis curve of various voleanic rocks (in magnetic field of from —4¢00
to -+4000 Oc.) was recently determined. From this result, it was found that there
is a close relation between the magnetic hardness and the ability of causing the
thermo-remanent magnetization; tha' is, the rock sample having a large coersive force
H. always retains the intense thermo-remanence, the relation between H: and Q:
being approxirately proportmnal

4

.

\/ .
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CHAPTER IV. RELATION OF NATURAL REMANENT MAGNETISM
TO GEOMAGNETIC PHENOMENA.

§ 1. The Natural remanent magnetization of rocks
as an indicator of secular variation in
the geomagnetic field.

(i) As already menticned in §1, Chapter II, a number of  in-
vestigators® have tried ‘to trace the secular variation in the geo-
magnetic field from the direction of natural remanent m‘\gnetism of
rceks eJecteq in ancient time or from that of baked earth in remote
times. The 1mp0rtant assumption used by these investigators that
the natural remanent magnetization of rock has the direction of geo-
magnetic force affecting the rock during its cooling was confirmed
by the result of our present study on a few recent voleanic ejecta,
whence, we are justified in the belief that the curve showing secular
variation in declination and dip of geomagnetism in various regions
(chiefly in Europe) as presumed frem the direction of natural-remanent
magnetism of rccks and baked earths shows, at least approximzitely,
its true value.

Now, since all voleances from whlch the rock samples examined
by us were ejected are situated in the neighbourhood of the Kan'o
District, we can also trace the secular variation in geomagnetism in

-this district from the values of 46 and # of those rock samples. For
this purpose the 46 of the An’ei lava ejected in 1778 and of the
Aokigahara lava ejected in 864 will be again shown, namely,

=6°4E+1°9, (1778) ,
46=T°9W+0°9, (864) .

As to declinaticn, we have old records relating to the magnetic
determination in various districts in Japan. These values of decli- -
nation in olden tima2s are summarized in Table 1-I, where the mea-
surements by Sinzan Tani (Kéti, 1694) and by Tadataka Ind- (Tokyo,
1802) were investigated historically and brought to notice by N.
Sinozaki® and R. Otani® respectively.

The declination, in 1933, at the varicus places shown in Table
1-I were calculated by moans of the empirical formula for the dis-

1) Sez the foot notes in §1, Chapter II.
2) N. SiNozAK1, Kagaku, 8 (1938), 258.
3) R OTANI, ““ ING TADATAKA " pp. 516, (1917), Tolkyo. -
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Table IV-1-I.

Place Date Observer 0 40
Tokyo © 1883 Y. Wada a) | 2° 168W 1° 18 E

” 1882 I. Arai b) | 4° 24/ 7 1° 1w

” 1860 ” ol 3° 1w v DA
Yokohama . 1854 M.C. Perry d) 2° 44/ 7 2° 45/ 7
Ogiura 1827 British Navy e | 1° 0¥ E 4° 25/ /!
Edo (Tokyo) 1802 T. Ino ) 0° 19 .7 5° 55/ 1
Koti 1694 S. Tani g | 5° 4 7 10° 557
Hirato J. 1613 J. Saris’ by | 2° 50/ 7 7° 35 !

a), b), ¢ C. G. Knott. Journ. Col. Sci. Tokyo Imp. Univ. 3.

d) Introduced by N. Sinozaki (Kagaku 8 (1938), 258).

e) Bull. Hydro. Dep. Jap. Navy. 8 (1936).

f) Historically researched by R. Otani. (*‘In5 Tadataka” pp 516).
g) Historically researched by N. Sinozaki (loc. cit.).

h) Introduced by N. Sinozaki (ibid.).

tribution of ¢ in the neighbourhood of Japan, which was supplied by

the Hydrographic Department, Imperial Japanese Navy.”? The- differ-
ences in ¢ in the respective years given in Table 1-I from that in
1933 is denoted by 40, which value is also given in Table 1-I.

On the other hand, as will be clear from Table 1-II, the secular
variation in declination during the past 50 years at any point in
south-western Japan (including Ogiura in the Ogasawara Islands,
Hirato, Koti, and Tokyo) seems to bz almost parallel to each other,
so far as there has been no marked change in the upper part of the
earth’s crust near the observing point caused by vclcanic eruptions
or earthquakes. More precisely speaking, howecver, there will be a
difference of less than 20’ between the amounts of secular variation
in declination’ during 50 years at two different points in the above-
mentioned region. Then, by extrapolating the foregoing result, we
may presume that the 46 given in Table I-1 will show the general
tendency of secular variation in declination in the south-western dis-
tricts of Japan, with an error of about one degree. Now, comparing
these values of 46 with the amount of 40 in 1778 as determined
frem the direction of natural remancent magnetization of the An’ei
lava, we find that they are in harmony; that is to say, ploiting 40
against the corresponding time in Fig. 1-1, we can express the re-
Iation between 40 and time with a smooth curve, so that we can
conclude that Fig. 1-1 shows the approximale tendency of secular

4) Bull. Hydro. Dep. Jap. Navy, 8 (1936).
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variation in & in the neighbourhood of Japan during the last 300
years,

a8
° r”. S~
10€ —7= =~
; s
g N
[3 .\
5F v <
\.‘
. LN
0
1600 1700 _ 1800 1900

Fig. 1-1. The approximate tendency of secular
variation in geomagnetic declination in the
neighbourhood of Japan.

Consequently, that the 46 determined from the natural remanent
magnetization of old ejecta gives the amount of secular variation in
declination during the time from its eJectlon to the present day is
conclusively established.

Since, unfortunately, the data of 40 during the tlme from 900 to
1600 is lacking, it is not possible to trace back the secular variation
in 0 continuously to 900 A.D. However, it may be said from the
46 of Aokigahara lava that the geomagnetic meridian in Japan
about 1100 years ago was about 8° west of that at the present
time. This is the oldest data of geomagnetic declination for any
known year at any known place so far obtained for various places
in the world..

As to the geomagnetic dip in Japan prior fo 1850, no historical
record of measurement has been found. Judging only from our data
of ¢ of the ejecta from Volcano Mihara (177'8,‘1911, and 1940), we
may say that, generally spegking, the dip angle increased about 4
degrees during a period of nearly 150 years from 1778 to 1940, al-
though this amount of decrease does not greatly exceed the limits of
observational error, as will be seen from the following table.

Year | T 1 ‘ 1911 ’ 1940

0 } 44-°3£1-% | 49-°049-°1 | 48-°4.£1-°4

Tn contrast to what has just been said, the ¢ ’of ‘Aokigahara lava
~ is fairly small compared with the geomagnetic dip observed by T,
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Minakami,” in 1941, at a point near where our samples were taken,
that is, » .
. @ of lava, 865=43'°3+0°6, p

Mean value of dip observed in 1941=51-°1.

We may then conclude that the geomagnetic dip in Japan 1100
years ago was about 8° less than that at the present time. This re-
sult is also the oldest record of geomagnetic dip.

Lagtly, we shall deal briefly with the direction of natural remanent -
magnetization of several old rocks that were ejected probably during
Plexstocene Age from vol- Tablel IV1-TIL
cances Amagi and Taga.

The deviation of the geo- Place 46 ’—' 0
i idian 40
leagnetlc merifh'n(;. p m;)d Aziro 26:°7TW £2-°0 i 49-°7+£1-°5
¢ geomagnetc dip 7 ob- Omuro 8°E +4° 45°+3°
tained in Chapter II are Yahatano 19-°7E +1-°5 l 47.°341-%

again given in Table 1-IIL
~ Although the 40 and ¢ in Izu peninsula during these rcmote times
seem to differ a few tens of degrees from these at the present time,
roughly speaking, the former approximately agree with the latter
with a deviation of less than 30 degrees. v
Here, we must mention the interesting conclusion given by Matu-
yama that the direction of natural remanent magnetization of some
samples of basalt, which were probably ejected during the Tertiary
Age, is nearly opposite to the direction of the present geomagnetic
force. In contrast to this, the result of our study on the voleanic rccks
ejected during the period from Ilatest Tertiary to the present shows
that the 46 and the deviation of ¢ from the present geomagnetic dip
in central Japan are less than 30° and 10° respectively, which fact
may show that the secular variation in geomagnetism during the
Quarternary Age seems to be limited. to a few tens.of degrees in
declination as in dip. It is interesting, however, that the gecmagnetic
- meridian at the time the lava at Aziro was ejected (probably in later
Tertiary) seems to deviate 27° west from the present one, although
the dip angle at that time seems to be nearly the same as that at
present. :
(i) Since the intensity of natural remanent magnetization J,
caused in a weak magnetic field is almost proportional to that of the

5) The writer wishes to express his hearty thanks to Dr. T. MINARAMI for
-acquainting him with the result of geomagnetic survey.
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applied magnetic fleld H, in which the rock was cooled from a tem-
perature higher than its ¢, to atmospheric temperature, the ratio of
J, to its intensity of saturated thermo-remanent magnetization J.,
ought to agree with H, that is

T

7. =H.

In §1, Chap'er III, we already found that the specific intensity
of natural remanent magnetization of “newly ejected” lava always
approximately agrees with that of saturated thermo-remanent mag-
netization in a magnetic field of 0'45 Oersteds; that is, ’

J =T, x 045 .

As to the volcanic rocks ejected in ancient times, there is, how-
ever, the possibility that its J, fairly differs from its J,, x 045,
since the total intensity of geomagnetic field at the time that rock
was ejected might differ from the present value, and since the natural
remanent magnetization once completely developed in remote time may
slowly demagnetize during the extremely long interval from the time
th¢ rock solidified to the present. '

Here, in order to examine the above-mentioned problem, the ratio
of J, to J.. of various voleanic rocks are given in Table 1-IV, where
the ratio of J, to J,,x 045 is also shown. As will be clear from these
results, the J,/7,, of newly ejected rocks (including wvolcanic rocks
ejected in historical times), take the values of from 040 to 0'51,
J./(J:. x045) being from 09 to 1-15, while the J,/J.,. of the volcanic
rocks ejected in Pleistocene times (ejecta from Volcanoes Amagi,
Usami, and Taga) assume values of 0:30~0-35, that is, the J,/(J.. x 0'45)
are from 04 to 0'8. The mean values of J,//,, and J,/(J. x0:45) of
these two groups of rock ejected in the different epochs are res-
pectively

T T =0462002,  J,/(J.x045) =105+ 010,
JJ=032£008,  J,/(Jix045) =0 68005 .

So long, then, as we assume that the natural remanent magneti-
zation of these rocks that were ejected and had cooled down to atmos-
pheric temperature in remote geological times have scarcely been de-
magnetized durirg the long time interval until the present age, we
can presume that the total intensity of geomagnetic field in Izu
Peninsula was about 0:32 Oe, at that geological epoch,
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Table IV-1-1V.

Specimen | Jn [ e Jex045 | Tl |Ju/(ex045)
(0ld Ejecta) '

No. 17 4-20x10~% | 12:12x10-% | 5-45X10-3 0345 0-77
18 369 7 1094 7 | 493 0-336 0-75
21 551 7 | 1295 7 583 0-425 0-94
23 2:08 518 7 | ‘232 ! 0-402 0-90
27 058 374 168 0:155 0:35
52 - 072/ 276 124 0-260 0-58
54. 261 9.05 407 0-288 0-64
93 048 461 2:07. 0-104 0-23
94 173 7| 479 UV 216 0-362- 0-80
95 151V 509 7 229 7 0-297 0-66
96 165 7 461 7 2:07 0-358 0-30

(Recent Ejecta)

19 4-51X107% | 9-66x10-3 | 4-35%x10-3 0-456 1-¢4
257 2:20 507 228 7 - 0434 0-96
58 140%10~% | 2:98x10-% | 1-34X10-* 0-470 1-05
59 224 7 | 383 7 .| 172 U 0-585 1-30%
63 047 117 7 053 0-402 0-89
65 051 7 | 119 7 | o054 U 0-429 0-93
68 144 -V 335 150 0-430 0-96
70 1-63 7 3.48 7 157 . 0-468 1-04
71 141 284 M 1-28 7 0-496 110
73 4.89x10~% | 12:47x10-% | 5-60x10~3 0-391 0-88

* The sample No. 59 was taken off from the east end of a Jarge mass of
Akabakky3 lava flow which was flowed down from the crater and accumulated
in sea, whence it was quenched in the sea water. (See H. Tsuya and others,
Bull. Earthq. Res. Inst., 19 (1941), 260). The marked inequality between J».
and J::X0-45 may be due to the above-mentined special condition in its cooling.

Since it will be rather illogical to assume that the remanent
magnetization of rocks have not been demagnetized during such a long
period as that far exceeding 10,000 years, it would be more in order to
presume that the phenomenon that the J,/(J., x045)<<1 in the cases
of these old ejecta is largely due to the effect. of demagnetization
during the long period.

A trustworthy answer to this problem,” however, can be made
only after we have accumulated a large number of similar data cover-

ing the various rocks ejected in various epochs for the largest possible
number of places on the earth’s surface.

6) This problem has been studied only by Konigsberger. (Terr. Mag., 43
(1938), 307). :
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§ 2. Local magnetic anomaly and natural-
remanent magnetism.

A large number of geophysicists have observed the local anomalous
distribution of geomagnetic field in various regions over the earth’s
surface. The unanimous conclusion of all of these investigators is that
the local anomaly in the geomagnetic field is closely related to the
geological structure near the earth’s surface.” Especially, it is a well
known fact that the geomagnetic field in the neighbourhood of basaltic
rocks is markedly disturbed.” These local anomalies are believed to be
due to the heterogeneous distribution of magne‘ization of the earth’s
‘crust near its surface, and scarcely to electro-magnetic induction due
to earth currents or to the earth-air current, since, in practice, mag-
netic field intensity induced by such kinds of electric current as just
mentioned is negligible® compared with that of the observed geo-
magnetic anomaly. There is, however, a question regarding the
cause of the magnetization of the earth’s crust, that is, whether it is
reversible magnetization induced by the normal geomagnetic field in
the rocks composing the earth’s crust or by permanent magnetization
of the rock itself such, for example, as natural remanent magnetism.
If we adopt the former assumptxon, the intensity of magnetization of

rock is approximately given by MH where H denotes the present
normal geomagnetic force at the very point of observation, whereas

if we take the latter also into consideration, it becomes fch +=7,,, where

the direction of }" does not always agree with that of .

Obviously, it is not possible to judge from the distribution of the

anomalous geomagnetic field alone which assumption best fits in with
the natural phenomenon, judgement being possible only by comparing
_the magnetic properties of the rock experimentally ascertained with
the value of the magnetization it requires from a magnetic survey.
On the other hand, from our studies on the magnetic properties of
volcanic rocks, almost all the rocks examined have rather intense
natural remanent magnetization, showing that the presence of this
permanent magnetization in volcanic rocks ought to disturb in a fairly
marked manner the geomagnetic field in space near a large mass of
voleanic rock., From this point of view, a few examples of local geo-
magnetic anomaly in volcanic regions will now be discussed.

1, 2 See the literatures given the foot notes (15)~(25) of this paragraph.
3) L. A. BAUER, Terr. Mag., 25 (1920), 145; 28 (1923), 1. )

G. ANGENHEISTER, Phys. ZS., 26 (1925), 305.

W. J. PETERS, Terr. Mag., 28 (1923), 83.
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(i) Anomalous distribution of geomagnetic declination around a
voleanic crater.

The distribution of geomagnetlc declination at 19 points around
the crater of Volecano Mihara, in Oosima Island, was measured with
the aid of a magnetic compass,” the result being shown in Fig. 2-1

fang

008t d

. [ ] . e

A.ego ¢ 360
\

004t

-004 |

-008 t

Fig. 2-1. Anomalous distribution of geomagnetic .
. ‘declination around the crater of Volcano Mihara. -.

Full line; approximate curve for observed values.

Dotted lme, theoretically calculated.
and in Table 2-1, where ¢ denotes the azimuthal angle of the observing
point measured clockwise from the geomagnetic south, as view from
the centre of the crater. As will be seen from this figure, the distri-
bution around the crater is nearly antisymmetric with respect to the
geomagnetic meridian, wtence the relation between ¢ and tano is ap-
proximately given by

tano=0'0283sin¢ +0:0468sin2¢ . . (2-1)
Table IV-2-1
. Anomaly in e o
Azimuth ¢ Declination ¢ i o
12 —1° 23 186° +92° 35/
40 : 0 00 200 -0 920-
58 +5 20 232 +2 20
75 +5 00 955 40 40
92 +1 40 , 277 -1 20
112 - -1 10 290 -1 30
193 . —0.20 310 -7 2
135 ° -1 30 3928 -3 40
152 -1 40 348 -2 15
170 +3 10

4) T.NAGATA, Bull. Farthq. Res. Inst., 16 (1938), 288. Zisin, 10 (1938), 87; 214.
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This fact may suggest that the observed geomagnetic anomaly is-
largely due to the particular topography around the crater, it being
'nearly symmetric with respect to the centre of the crater.”

R : Here, as an interpretation of  this
observed result we shall assume an anoma-
lous distribution of geomagnetic declination
which is due to uniform magnetization of
the central cone of the volcano, the topo-
graphy of which is quite symmetric with
respect to its center. In Fig. 2-2. the
circle represents the boundery of the cra-
ter, the coordinate systems (z,y,z) aund
(§, %, ¢) being taken as shown in the figure, -
where « and y point respectively to geo-
magnetic north and west. Then, H,, Z,, and V denote respectively
the horizontal and vertical intensities of the mean geomagnetxc field
and the gravitational potential at P due to the mass of the central
cone, the §- and 7-components of the geomagnetic field at P, H,
and H,, being given by

Fig. 2-2.

J o2y ozy o2V
Hy=Hcos ¢ + o (oc—g—+ﬁa——sav+ra——sac),

22V ﬁ 82 an
083y oy apac

where J, p, k% and (e, $, r) denote respectively the intensity of mag-
netization, the mean -density’ of the central cone, the gravitational
constant, and the direction-cosines of magnetization with respect to
§ 7, and {. Now, if we assume that the direction of magnetization
agrees with that of the geomagnetic meridian and that the topography
around the crater is symmetnc with respect to its centre, eq. (2-2)
becomes

_ . J
H,=H,sin¢y + % (oc (2-2)

5) The low degree terms in the harmonic series of tand with respect to ¢ is
not perfectly antisymmetric with regard to the geomagnetic meridian, as shown in
the following formula.

tan ¢ =0-0302sin ¢ —0-0195 cos ¢ +0-0455 sin 2¢
—0-0062cos 2¢ —0-0053 sin 3¢ —0-0122 cos 3¢+ 0-0004.

Since, however, if we take into consideration the inequality of phase of each
- degree term, the mathematical form becomes complex, the amplitude of a ecertain
degree terms which are necessary for physical interpretation being the same order
as the observational error, here we deal only with the first approximating expression
of g~¢ relatlon, as given by eq. (2-1).
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J 22V 92V )
H,=H, cosgo-l-] {COSIOCOS§0 ) -l—smIOa 2k (2-3)

H,=Hsing,
because in this case

2y B oty _ o2V —0
9&ey - on? - epel -

where I, is the geomagnetic dip, i.e. tanIOLZO/HO. The geomagnetic
north and west- components of the total geomagnetic force, H, and
H,, are then given by

H,=H.cos¢ +H, sing

=H,+

Jeosl, | 02 V
i { 3 ¢t AE C’canl cosso}
H,=—Hsingp+H,cos¢

k2 7]

Jeosl, ( 2V 1 22V
{ﬂ,ﬁctanlosmgo-}« 5 e s1n2g.o} . (2—4)

Here, if 0 denotes the anomaly in declination at a station, we get

’

ta 8——£‘-———‘-’- {CzV ———tanl sing + 1 v
n T H, Fyl2p | 0§e¢ L4 2 og2

sin2go} . (2-5)

H, k » 0V &V
A teec
the geomagnetlc field, i.e. Hysecly;=F,
" This relation agrees with the empirical formula given by eq. (2-1).
2 2
Calculating the actual values of z g and aaE;/C due to the mean topo-
graphy around the crater by numerical integration, we get from eq.
(2-5).

prov1ded , and F, denotes the total intensity of

tana:%(zm tanl;sin¢ +326sin2¢) , ) (2-6)
. 0 .

Then, comparing eq. (2-1) with eq. (2-6), where I, and F, are taken
as 45° and 0'45 Oe. respectively, we get for the most probable value
of J \
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- J=00058 e.m.u. _ (2-7)
with the result that eq. (2-6) becomes
tand=0-031sin ¢ + 0:043sin2¢ .

Thus, the anomalous distribution of ‘geomagnetic declination around
. the crater of Volcano Mihara can be interpreted as magnetic anomaly,
largely due to the uniform magnetization of the central cone in the
direction of geomagnetic force.

By assuming, next, that the magnetization of the rock composing
the central cone is solely induced magnetization in the present gec-
magnetic field, the magnetic susceptibility of rock ought to be 7—
J/Hy1=5.2%x10"% e.m.u., where p is assumed to be 2-5.

While the actual value of y of the central cone of Voleano Mlhara,
which was experimentally obtained, amounts only to from 0'4x10-3
to 1:4 x 10-3, these values being too small compared with that expected
from the geomagnetic anomaly.” On the other hand, the direction of
natural remanent magnetization of the Meizi-Taisyo lava and the An’ei
lava almost agrees with that of the present geomagnetic force, while
their -specifiic intensity amounts to from 16 x10-2 to 3'6x10-2, these
values being too large compared with the value of J/p, ie. 2:83x1073."
The central cone of Volcano Mihara, however, is formed not only of
continuous ropy lava, but also of bombs, lapilli, ashes, and other
pyroclastic materials, so that by assuming that a lava sheet 6 or Tm
thick with natural remanent magnetization J,=0025 and specific sus-
ceptibility y=6'5x10"* covers the body of the central cone, composed
of pyroclastic ejecta, the magnetic susceptibility of which is almost
~ the same as that of lava, but without any remanent magnetization in
the sense of average character of the whole body, the interpretation
of the magnetic survey is in good agreement with the result of ex-
perimental studies on the magnelic properties of Mihara rocks; that
is, the value of tand, which was numerically calculated by means of
eq. (2-5) under the above-mentioned ¢1<sumpt10n, exactly agrees with
eq. (2-7) ;

- A very similar phenomenon was observed around the crater of
Veleano Asama.® The distribution of tand arcund the crater of
Asama, observed by T. Fukutomi, is shown in Fig. 2-3 and Table
2-11, from which we get the empirical formula of the relation between
¢ and tano as

6) T. FurutoMmi, Zisin, 2 (1930), 641.
T. NAGATA, Bull. Earthq. Res. Inst., 16 (1938), 288.
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Table ITV-2-II.

. |
pman g | Ammerin ;
0° +0° 03 198 +0° 40
24 +0 35 210 +0 40
52 +1 35 29 +0 35
72 © 42 2% 246 S0 2
88 +0 50 262 +0 10
103 -0 2 275 -0 35
118 ) -0 55 288 =1 50
128 -0 55 ! 300 - -2 05
145 +0 08 392 -1 2
179 +0 08 343 ‘ -0 25

-002

-004

I'ig. 2-3. Anomalous distribution of geomagnetic
declination around the crater of Volcano Asama.

tand=0-0133sin ¢ + 0:0221sin2¢ ,” (2-8)

while the result of numerical calculation by means of eq. (2-5) gives

tanod =i;;’— (2-64tanl;sin ¢ +3-05sin2¢) . 2-9)

Then, assuming also that I,=45°, H,=045Oe., we get from eq. (2-9)
. J=00025, |

tan6=0015sin ¢ +0-017sin2¢ . (2-10)

On the other hand, the specific susceptibility of the ejecta from Asama -
is 05 x 1073~1'1 x 10~%, while the specific intensity of natural remanent

7) Expressing tand as the form of general' Fourier series, we get
tand=0-0141sin ¢ —0-0019 cos ¢ + 0-0196 sin 2¢ v
—0-0032co0s82¢ —0-0012sin3¢ —0-(019 cos 39 +0-0006 .

So far as we concern the low degree terms, the cos-terms are negligibly small
compared with the sine-terms. .
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magnetization is 1:3 x 10'§~2'5x10“3, as given in Table 2-1II. Com-
paring these observed values of y and J, with- the specific values

Table TV-2-II1. of suscrapti.bility and intensity of
. ‘ ... Magnetization expected from eq.
- ?I?i_ﬁ__f; L L (2-10), namely, ’ fi—=22 x 1073
5 084x108 | — - o
6 088 7 — and —=10x10"3, we see that y
8 118 7 | 15x10-3 r _' ;o
1 01z 7 — is fairly smaller than ——, while
14 057 — - rHy
16 U 13x107% J 'is g little larger than 7. Hence
73 050 " 25 7 -

in this case also, we may presume
that the central cone of - Volcano Asama is composed of 409 lava
with a magnetization of p(J.+H,y) and 609 pyroclastic ejecta with
. only induced magnetization pH,y, where we assume that J, and y take
the mean of -their observed values, i.e. J,=17x10"2 and y=07 x 10-3,

(i) Magnetic anomaly near volcanoes.

The geomagnetic field around a few Japanese volcanoes were mea-
sured by a number of investigators, all of whose results showed marked
anomalous distribution of geomagnetic force near the volcanoes.

(1) The magnetic survey of Oosima Island was made by R.
Takahasi and the writer® in 1936, from the result of which survey,
it was found that the anomalous magnetic field in Oosima is chiefly

~due to the mass of Mihara volcano and its subterranean mass, which
are magnetized. in direction. nearly the same as that of the present
geomagnetic force.” ‘

On the other hand, as the result of a torsion balance survey on
this volcanic island made by the writer,'” in 1938, where eight out of
the eighteen stations almost agree with those eight out of the twelve
stations where the magnetic measurement was made, so that provided
we assume that the observed geomagnetic anomaly is due to uniform
magnetization of the excess mass that is the cause of the observed
‘anomaly in the second derivatives of the gravity field, between these
two quantities observed at the same station, we get the relation
J 2V eV oV

K2 (“8x?y+ oy rﬁy?z)

the notations being the same as in eq. (2-2).

): g (2-11)

8) R. TAKAHASI and T. NAGATA, Bull. Earthq Res. Inst., 15 (1934), 441,
9) R. TAKAHAsI and T. NAGATA, Zisin, 9 (1937), 434.
10) T. NAGATA, Bull. Earthq. Res. Inst., 17 (1939, 93.
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: : Table 1V-2-1V

oV
(coslo
Ocserved BV e | BV L %ﬂi?,y y
Station 0=y 0yo=z v I e-m.tle +Si“'°W) o
v x10°

Motomura. ~356 +49-6 +0-0009 + 59 0-010
Nomasi. —16+6 +37-4 +0 0054 4131 0-027
Senzu. +80-0 ~77-4 +0-0031 + 91 0023
Débutuen. - +19-1 - 36 ~0-0027 f119 (—0-015)
Sabaku. I . —14'3 +90-9 ‘| +0-0218 +48:0 0-030
7 III +31-0 —-689 —0-0130 -221 0-039
v IV —-76-8 —182 -0-0303 —79-7 0-026
" v —~30-0 +130-5 | - +0-0275 +63-4 0-029

By taking (x,,2) as the magnetic north, east, and ‘the down-
ward rectangular coordinate system,' eq. (2-11) becomes

. J ooy Y
aH, = (cos o +smlo-ay—az>, | (2-12)
) o czv v
because in this case f=0. Here, the magnitude of 3 and
. 3y oyez

were known from the results of the torsion balance measurement,
while that of 4H, found by the magnetic survey. ,

Then, putting these observed quantities in eq. (2-11), it is possible
to calculate the specific intensity of magnetization J/o for each ob-

. . a2y ay
servmg station. The actual values of 20y’ oyez’ and 4H, are
given in Table 2-1IV, while '
k2JH, are plotted against ahnl

) a2y ) 2y . 004 T
(COSIOW_FSHIIOW) as o L

shown in Fig. 2-4, where
the angle of dip I, is as-
sumed to be 48°46/, the oozt
‘mean of the dip observed
at 12 stations.

-€0 -0 * 4“0 . g0

— (f“l}f}; sl T o’

- 004

Now, . allowing for a Fig. 2-4. The relation between the east

. . s _ component of amomalous geomagnetic
poss.lble $llght error In as field and the Ettvos quantity.
suming the mean value of (Oosima Island).

- 11) The direction of x-axis deviates 5° 28/ west from the geograi)hié north, since
the mean value of declinati n observed at 12 stations takes that value.
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the observed declination to be the azimuth of normal deélination in
the region considered, we can write . ‘

J etV eV
2 = —_ ' i
k2dH,=C + P (cosIO axay+s§nlo ay?z) .

Applying the method of least square with the aid of eq. (2-12"),
to the observed values given in Table 2-1V, we get

%=0-0272i 0-001, . : (2-12)

The magnitude of the specific intensity of magnetization thus
established is -fairly large, being almost -the same as that of the
natural remanent magnetization of An’ei lava which, obviously, far
exceeds the induced magnetization Hy of any rock specimen observed
in our experiment. From this result, we may presume that the sub-
terranean rock under the earth’s surface of volcanic island Oosima
ought to have fairly intense remanent magnetization.

(2) The magnetic survey of the neighbourhood of Volcano Asama
was carried out by T. Minakami,”® from which result, he found that
the largest part of the magnetic anomaly in this region seems to be
due to the magnetized mass of Asama Volcano. Replacing the effect
of the mass of volcano by a rotational ellipsoid of suitable dimension,
uniformly magnetized in the direction of the present geomagnetic
force he found that the intensity of magnetization is about 0-0022
e.m.u. Since this intensity of magnetization nearly agrees with that
obtained from the magnetic survey around the crater of Asama Vol-
cano, the interpretation given in the latter case holds, as also in thls
case, :

(3) In 1940, Takahasi and Hirano™ made a magnetic survey of
Volcano Miyakesima, using a Z-variometer, Minakami'” doing so with
a dip-circle. From the magnetic survey, the mean intensity of mag-
netizaticn of Miyakesima is estimated to be about 0 015~0020 e.m.u.,
which value greatly exceeds the induced magnetization of Miyakesima
~ rock, while it is less than that of their natural remanent magneti-
zation (Table 2-V), so that, in this case also, the natural conclusions
are that Miyakesima is composed of lava flow of p(J,+yH) and pyro-
clastic ejecta of only oyH, that is, it is a composite siratified veleano.

12) T. MINAKAMI, Bull. Earthq. Res. Inst., 16 (1938), 100; 18 (1940), 178.
13) R. TAgAnas! and K. HirANo, ibid., 19 (1941), 82, 373.
14) ' T. MINAKAMI, ibid., 19 (1941), 356.
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We have, at present, a large number of other data of the geo-
magnetic anomaly near volcanoes or volecanic regions, for examples, A
Tanakadate’s'® work on Mt. Huzi, H. Hatakeyama’s®” on Mt. Nasu
and Mt. Daiton, W. Yoda’s'"

on Mt. Mayu, M. Hase- Table IV-2-V. _
gawa’s'™ on Mt. Aso, S. T. = No. of |
Nakamura’s*> on Mt. Koma- Specimen o I
gadake, T. M.inakami’s?@ on 58 076 X103 1-40x10-?
Mt. Sakurazima and Mt. 59 R 9904 ¥
Kusatu-sirane, T. Yumura’s®™ 60 | 112 » @15 )
on Towada Lake, the writ- 63 063 047 M
er’s® on Niisima (a volcanic 64 080 7L 7
island), J. P. Rothe’s™ on 65 074 ¥ 051
several volcanoes in France, 75 119 7 068 )

H. Reich’s and A. Nip-
poldt’s ™ on a number of volcanoes in Germany, the members of .
D.T.M.*> on the Guatemala volcanic region, and others. All their
results show that there is a marked anomalous distribution of geo-
magnetic field in voleanic regions. We can presume that this anomalous
field is due to both induced magnetization and natural remanent mag-
netization of the rocks composing volcanoes. On the other hand, from
our experimental studies, the amount of magnetic susceptibility of
effusive rock is always smaller than 0:01 e.m.u. per c¢m®, whence it
may be said that if the intensity of magnetization of volecanic rocks
as estimated from .the geomagnetic anomaly exceeds 0005 em.u., a
part of the magnetization, at any rate, is due to the presence of
natural remanent magnetization in rocks.

15)  A. TANAKADATE, Journ. Col. Sci. Tokyo, 2 (1889). Proc. Tokyo Math. Phys.
Soc., 2 (1904), 149, 405.

16) H. HATAKEYAMA, Bull. Cent. Meteoro. Obs. Japcm, Vol. No. 2. (1937).

17) W. YobpaA, Tikyu-Buturi, 3 (1939), 26.

18) H. HASEGAWA, Read before the meeting (June 1942) -of . geophysical section
of Gakuzyutu-Kenkyu Kaigi.

190 S. T. NAKAMURA, Proc. Imp. Acad. Japan, 11 (1935), 102.

20) T. MINARAMI, Bull. Earthq. Res. Inst., 16 (1938), 117; H. TsuvaA and T.
MINAKAMI, ibid, 18 (1940), 335.
v l21) I\’Tr YuMURA, Kakioka Tizili-Kansokusyo Yoho, -(Mem Kalioka Mag. Obs.)

ol. 2,

22 T. NAGATA, Bull. Earthq. Res. Inst., 15 (1937), 497.

23) J. P. RoTHE, Ann. Inst. Phys. Globe, 15 (1937), 1.

24) H. REIcH, ZS. Gcophys., 4 (1928), and others.

A. NippoLDT, Naturwiss., 3 (1915), 349.

25) A. G. McNIsH, Rep. Intern. Assoc. Volcanology, (Congr. Sept. 1939, Wa-

" shington).

J. A. FLEMING, Carncgie Inst. Washington, Year book, 39 (1939~1940), 92.
(A?m. Rep. of Director of D.T M. 1940).
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It must be noted here, however, that the magnetic properties of
igneous rocks sometimes fairly differ owing to slight differences in
their crystallization, even if there are but slight differences in their
chemical composition. For example, it was sometimes found that a
piece cut off from a large mass of lava flow fairly differed in natural
remanent magnetism as well as in magnetic susceptibility from another
piece obtained from the same mass a few tens of meters distant from
the position of the first piece, notwithstanding that the petrographic
characters of these two pieces were virtually the same. Hence in deal-
ing with the details of anomalous distribution of the geomagnetic field
in a voleanic region it may turn out to be very complex as the natural
result of such heterogeneous distribution of magnetization. The general
tendency of geomagnetic anomaly, however, can be said to be the
result of nearly uniform magnetization, permanent and induced, of
rocks composing the volcanoes as mentioned in connexion with the

preceding few examples.
I

§ 3. Local anomalous change in geomagnetism and develop-
ment of thermo-remanent magnetism.

 Since it is an established fact, as already mentioned in the fore-
going paragraph, that the geological structure near the earth’s surface,
which consists of various kinds of rock, generally accompanies local
geomagnetic anomaly of the neighbourhood of that structure, it should
also be possible that the geomagnetic field changes locally, accompany-
ing changes in physical and chemical conditions of the earth’s crust,
for example, volcanic activity and earthquakes. The question whether
‘or not any marked geomagnetic change is caused by occurrence of
earthquakes or volcanic activities has been raised by a number of
investigators, for example, A. Tanakadate and H. Nagaoka,” S. T.
Nakamura and Y. Kato,” S. Chapman,® J. P. Rothé,® H. Nagaoka,”
T. Minakami,” R. Takahasi,” and the writer.”’ In answer to this

1) A. TANAKADATE and H. NAGAOXA, Journ. Col. Sci. Tokyo Imp. Univ., 1
(1893), 149.

2 S. T. NAKAMURA and Y. Karo, Proc Imp. Acad Japan, 10 (1934), 256,
Y. KATO, Sci. Rep. Tohoku Imp. Univ. 27 (1938), 1

3) S. CHAPMAN, Terr. Mag., 35 (1930), 81.

4y J. P. RoTHE, Ann. Inst. Phys. Globe, 15 (1937), 1

5) H. NAGAOKA and T. IKEBE, Proc. Imp. Acad. Japan, 13 (1937), 62,°251.

6) T. MINAKAMI, Zisin, 10 (1938), 430.

7) R. TakauasI and K. HirRANO, Bull. Earthq. Res. Inst., 19 (1941), 82.

8) T. NAGATA, Bull. Earthq. Res. Inst , 15 (1937), 497; 19 (1941), 335, 402.
and others. '
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question, a number are of the opinion that volcanic activity, sometimes
at any rate, results in considerable local geomagnetic changes, for
example, Nakamura™ in the case of Komagadake Volcano, Nagaoka ?
and the writer'” in the case of Asama Voleano, as also Takah:si,!’
Minakami,"™ Kato," and the writer' respectively in the case of Miyake-
sima Voleano. The fact that all geomagnetic observations made after
the great eruption of Miyake-sima, in 1940, which were carried out
independently by the four investigators just mentioned, show the ex-
istence of local geomagnetic changes almost alike in the order of
magnitude, is probably the most positive answer to that question. At
. the same time, we have not yet any sufficiently reliable results of
studies made on the relation between geomagnetic change and the
occurrence of earthquakes, although a few investigators have attempted
to find a possible correlation between these two phenomena, the result
being sometimes positive, and at other times negative.

For this reason, only a few typical examples of local anomalous
changes in geomagnetism, presumed to accompany volcanic activity,
will be briefly dealt with here, with a discussion on its possible re-

lation to changes in the magnetic behaviour of the rock composing '_ '

the volcano. .

(1)  Anomalous geomagnetic changes observed on Volcano Miyake-
sima after its severe eruption.

Soon after the severe volcanic activity of Miyake-sima began in
July 1940, a geomagnetic survey of this island was made; Takahasi
and Hirano measured the distribution of vertical intensity of the
geomagnetic field, using a vertical field balance, Minakami a dip-circle,
Y. Kato an earth-inductor, and obtained the differences in geomagnetic
field for different times, while the writer, with the aid of a magne-
. tograph, made continuous observations of changes in inclination in
_geomagnetic field at a point near the volcano.

The magnetograph was a simplified type dip-variometer,' designed
and constructed by the writer, containing, as the principal part of
the instrument, only a bar magnet of M. K. steel supported on agate
plates by a knife edge, with which the centre of gravity of the magnct

9) S. T. NAKAMURA, Proc. Imp. Acad. Japan, 13 (1935), 102.
10) H. NAGAOKA, loc. cit.

11) T. NAGATA, Bull. Earthq. Res. Inst., 19 (1941), 350.

12) R. TAKAHASI, loc. cit.

13) T. MINAKAMI, Bull. Earthq. Res. Inst., 19 (1941).

14) Y. KATo0, Proc. Imp. Acad. Japan, 16 (1940), 440.

15) T. NAGATA, loc. cit. -

16) T. NAGATA, Bull. Earthq. Res. Inst., 15 (1937,, 185,
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system is brought in line. The deflection of the magnet was magnified
solely with the aid of the usual optical lever, 120 ¢cm long, the actual
scale-value being 143 min./mm.

As already discussed in detail in the writer’s previous paper,'™
the general approximate equation of equilibrium of the instrument is
given by

AI=(I+% oL —ta 0—H (e ﬂ)tanﬂAt (3-1)
where 6=deviation of d1rect10n of magnet from that of geo-
magnetic force,
M =magnetic moment of magnet in standard temperature,
m=total mass of magnet system,
H =initial value of total intensity in geomagnetism,
p=distance between centre of gravity of the magnet sys-
tem and the line of the knife edge,
¢ =angle between the vertical and the p-line,
L=length of optical lever,
a=temperature coefficient of magnetic moment of bar
magnet,
pB=Ilinear expansion coefficient of the magnet system

From this equation, we find that since both temperature coefficient
and the spurious factor are proportional to tand, these two terms
could be made negligible provxded 0 be taken to be almost zero in
the initial state. ,

Actually, in the case of observatlons at Miyake-sima, these two
terms were estimated to be

Temperature coefficient,

(2‘; — (—B)tan0, <14 x 105 Rad./degree , -

Spurious factor,

~( ol ), =tan0u/Hy<5 % 107 Rad
oH

. This dip-variometer was set up in a wooden house at the north-eastern

coast of Miyake-sima, and systematic observation was begun from

July 17, five days after the begmnmg of the violent eruption of this

volcanic island.

17) T. NAGATA, Byll Earthq. Res. Inst., 19 (1941), 336.
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* During the period of this observatipn from July 17 to August 3,
Minakami made five absolute measurements of geomagnetic dip by
means of the dip-circle at a point 20 m south of the observing station."”

Table 1V-3-I. Geomagnetic Dip at Miyake-sima
during its active period.

Date Geomagnetic Dip o R St
(n G.M.T)| Hodai | Susaki | Kakioka | Toyohara | kigka and | Dip af
min min min min min min .
July 16 | 47° 47° 027 | 49°- 311 | 60° 41-3 +0'9 (48°09 3)
17 58 5 023 311 411 +07 47°57-8
18 549 02-3 . 312 410 +0-8 541
19 515 015 ' 30-2 406 +0-2 . 51-3
20 476 009 ° 295 40-3 —9-8 484
2 47-8 014 | 30-2 40-3 —02 480
22 48-0 02-2 31-3 41-2 +0-8 47-2
23 456 02-1 306 40-9. +0-4 45-2
2% 436 01-8 30-2 — 0 436
25 44-0 017 30-1 41-0 =01 4441
2 T(43-9) 01-6 30-1 40-3 -0-2 (44-2)
27 47-2 . 012 29-8 39.9 —0-5 47-7
28 (46-0) 00-7 29-1 39-9 -11 47:1)
29 48-8 . 00-4 29-0 397 -13 50-1
30 476 00-9 29-4 39-8 -0-9 48-5
31 484 015 305 40-7 0 484
- Aug. 1 467 01-8 307 405 +0-3 463
2 44-3 01-8 30-2 40-0 0 443

The daily mean values of the hourly observed geomagnetic dip are
‘given in Table 3-I and Fig. 8-1, where the time is referred to G.M.T.
In Table 3-I and in Fig. 8-1, are also given the daily mean dip at-the
“Magnetic Station, the Mitui Geophysical Institute. at Suzaki (about
80 km north from Miyake), at the Kakioka Magnetic Observatory
(about 250 zm N-E-N), and the Toyohara Magnetic Observatory (about
1500 ke N-E-N). As will be seen from this result, the day-to-day
variation in dip at Miyake-sima was distinctly large compared with
those at the other three stations, while those of the three stations
were similar in their magnitudes as well as in their forms.

Assuming, then, that the mean of the daily variation at Suzaki
and Kakioka gives the general variation for Central Japan and vicinity,

18) - T. MINAKAMI, Bull. Earthq. Res. Inst., 19 (1941), 363.
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it is possible to estimate the amount of local anomalous change at

Miyake-sima by subtracting the  general variation from the observed
value at our station, the actual values of local -anomalous change being
shown in Fig. 3-2, where it is assumed to have been zero on Aug. 2
(G.M.T.). ' ,

The error in the final corrected values is estimated to be less than
0.5. 'Now, from this result, it will be seen that the geomagnetic dip
at our station decreased anomalously 142 during the 7 days from July
17th to 24th, whereas it increased from 25th to 29th, the increase
being 6.5, after which it again decreased, the decrease during the
period from July 29th to Aug. 2nd amounting to 5./8.

If, further, we take into consideration the value on July 16, which
is not so certain compared with those on other days, although its
observational error may be less than 3’, the decrease in dip during
the 8 days from July 16 to July 24 amounted to as much as nearly
25, :
That the geomagnetic field changed remarkably during a period
of less than ten days is worthy of notice. As already mentioned, the
results obtained by other investigators during nearly the same period
shows also a geomagnetic change of nearly the same magnitude as
ours. For example, Minakami’s intermittent measurements near our
station naturally agrees well with ours, his measurement at other
points in this island also showing decrease in dip of 15'~35' during
the same period. Kato’s measurements®’ covering a period of 10 years
from July 1930 to July 1940, also show change in dip of like order.
On the other hand, according to Takahasi and Hirano,*> the difference
in vertical intensity of the geomagnetic field at various points in this -
island during the period from July 20 to 24 and those from July- 26
to 29 were distributed rather regularly, the largest change being a
decrease of about 500 7.

We can thus conclude, at any rate, that there was marked local
anomalous change in geomagnetism in Miyake-sima immediately fol-
lowing the severe volcanic activity, the change amounting to about- 20
minutes in dip or to a few hundred gamma in vertical intensity.

Since this anomalous change in geomagnetic field is presumed to
be closely related to the voleanic activity, its cause probably lies in
the change in magnetization of material underneath this volcanic island.

- (It will be worth while to note here that the change in earth current

19) Y. Karo, loc. cit.
20) R. TAKAHASI and K. HIRANO, loc. cit.
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observed by T. Hagiwara®™ during the same period was too slight to
produce the observed geomagnetic change.)

We must here take into consideration that the temperature distri-
bution underneath the volcano ought to change accompanying severe

volcanic activity. Since the temperature of the earth’s surface nearly:

agrees with atmospheric temperature, and since that of magma in the
interior of the volcano ought to be higher than 1000°C, as directly
- proved by the fact that the temperature of the Akabakkyo lava that
“flowed over the earth’s surface exceeded 900°C,™ there must exist a
layer having a Curie-point temperature or a transition point of thermo-
remanent magnetism of igneous rock (about 600°C) between the earth’s
surface and magma. If so, then the rock between the earth’s surface
and the isothermal surface of Curie-point temperature is in a ferro-

magnetic state, with thermo-remanent magnetization as well as magneti- -

zation induced by the earth’s magnetic field, while in rock below that
isothermal surface, the ferro-magnetic properties vanish, being almost
non-magnetic. Should voleanic activity be increasing, the temperature
inside- the volcano would increase owing to the ascent of magma and
gases of high temperature, the isothermal surface of Curie-point tem-
perature reaching nearer the earth’s surface. In contrast to this,
the interior of the volcano would gradually cool, owing to loss of heat
energy through the crater and the surface of the volcano, when the
supply of heat of subterranean origin will decrease or will have already
stopped, resulting in the isothermal surface of Curie-point receding
from the earth’s surface. _

From the experimental results obtained in the foregoing Chapter,
it can be said that a decrease of temperature 4t of unit mass of
subterranean rock at temperature ¢; is accompanled with increase of
magnetization :

AT~ ﬁ(%)dt +HP(t)4t,

, : o
provided. 4t is not large, where, needless to say, a—)é:P_(t);O, if

t>0,=t.. This process of creation of magnetization is, as already
proved, reversible with respect to change in temperature, that is, in-
crease of temperature 4¢ results in derease of magnetization 47, whence
it can be presumed that total magnetization underneath the volcano,

21) T. HAGIWARA, Bull. Earthq. Res. Inst. 19 (1941), 367.
T. HAGIWARA, T. MINAKAMI and T. NAGATA, ibid., 19 (1941), 393.
99) - T. NAGATA, Bnll. Earthq. Res. Inst., 19 (1941), 295.

Y
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generally speaking, decreases with increase of volcanic activity, while
the former increases with decrease of the latter.

For the purpose of estimating the change in magnetization due to
fluctuation of the isothermal surface, we assume, for simplicity, the
special case of change with temperature, in which thermo-remanent
magnetism and susceptibility take the following approximate forms

1(t) =0, . P(t)=0, t>t,=0,, ,

1) =% z:z , P(t) =P=constant, t.>i=>!,, l (3-2)

y(t) =y,=constant, P({)=0, Ji =J, =const, t<t.,

the general mode of change in y(¥) and Ji, with temperature being .
shown in Fig. 3-3, so that if the depth of the lsothermal surface of

t, changes from D, to D,+S; and that h

of t, from D, to D,+S,, the change
in magnetization is given by

S,+8S,
2

o= g ny, (3-3)

provided the temperature varies linear- o ;,s,pfrf:,mw
ly with depth in the layer between D, w w0
and D, in the initial state and in that Fig. 3-3.
between D,+S, and D,+S; in the final state.

Since the actually observed J:, and y, of the ejecta from Miyake-
sima are

Ji, <Bx1072,  2y<165x1073,
assuming p=2'7, we get

pdM

{74’-]: S

<6x1072, (3-4)

where

Pt

S= —(31+Sz)

l\'.)

On the other hand, by assuming' that the earth’s surface is plane
- and the subterranean layer, in which magnetization changes, is suf-
ficiently thin and parallel to the earth’s surface, we get a relation
between the distribution of anomalous change in dip on the earth’s
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surface and that of change in magnetization of the layer,”™ the dis-
tribution of anomalous change in dip 47 and that of magnetization
4M being expressed respec.ively by

2r 2m
——MECOS—NY

2r 2r
4= 2 > A,,.c08— mmcos—~nJ+Bm,,m T 7

L L

27 2n
+ Cm,, CoOS——masin—ny + Dm,.sm g—mx sin— 2L ny)

L L L
(3-5)
27 27 27 "2
AM - vv » 2r
| @mc0sT-macos Ty + b,.. n-7-macosT—ny
+ec cos———27r m.xsi AT iy +d. sin 2T in 2% )
nCOS— nr J SN —masinTny ) .

Where the positive direction of 2 is taken as agreeing with the geo-
moagnelic norih, we get the rclatlon'”

exp\1/ m2+ nzhd)

c,,.,.} Ty/mE+n? (Rt o)\ 7"

A mn ‘ﬁ Bﬂlﬂ,
{ -, mu{ ) ’

Dm?l
. 3-6
b exp(1/m2+n2Ed) A B (3-6)
mn — mn 2 mi
dmn} T]/mz + nz (xm'n + /‘lmm) </ " { Cmn—*- " {Dmﬂ) ’
where d is the depth of the layer from the earth’s surface, and
' 2 sin2ly/ m2 )
™7 Hy U7 miin?
(3-7)

. _sin2l,
/ ma T H() _‘/m2 +n

=(cotl,—tanl,) ,

where H, and I, denote respectlvely the total intensity and d1p of the
average geomagnetic field, so that given the distribution of the ano-
malous change on the earth’s surface, it is possible to obtain approxi-
mately the distribution of change in magnetization in the assumed
subteranean layer with the aid of these relations, so long as its depth
has been reasonably assumed.

In the absence, unfortunately, of sufficiently trustworthy data of
the space distribution of geomagnetic changes in Miyake-sima we shall

23) T. NAGATA, Bull. Earthq. Res Inst., 16 (1938), 550; Proc. Imp. Acad.
Japan, 14 (1938), 176 .
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merely estimate the order of magnitude of a,,, etc.,, that correspond
to the given values of 4, etc., in the probable special cases.
Putting 1=45° in equation (3-7), we get from equation (8-6)

Hyy/mZ+n?exp (1/m2+n2—2L£d)
Q= A,., ete.
T(2m2+n?) v
Then, H, and A, being taken as 045 Oe. and 20'=0'006 respectively,
the magnitude of a,, for various, values of m, n and d/L are given
in Table 3-II.

Table IV-3-II.

‘m=1 ' m=2 m=3

d/L

n=1 n=2 n=3 n=1 1 n=2 ‘ n=3 n=1 n=2 n=3
1 98 130 |170 185 |18 |174 |97 135 | 193

X10~4 X104 X104 X104 ><10--*| x10-Y x10-4 x10-% x10-*

63 | 64 65 42 | 49 56 | 37 44 51
0-05 ” ” ” ” ” " ” ” ”
. 44 3.7 3-0 94 24 23 |17 1-8 1-8
0-01 ” " ” ” ” " Y ” ”

T

s 27 : .
Here magnetization a,,cos—=—mxcos—ny may be interpreted as

L L
the result of uniform magnetization of the subterranean layer,
o .
Sm,hcos—lzmxcos%rny in thickness, with specific intensity 4/, where
Q27
. ‘"AJ —"_II—Sm-n. . (?-8)

Putting »47=006 in this equation, we can obtain the S,./d, corres-
-ponding to various values given in Table 3-II, with the result that
’ S

4 =002~0"12.

It may, therefore, be said fhat if the depth of the isothermal

surface that COrresppnds to a temperature between ¢, and ¢, changes

2 =
to the form Sm,,cos%m-xcos%—ny, where S, is from 2 to 12 percent
of the initial value of de}ith d, it is possible for the geomagnetic dip

on the earth’s surface to show a maximum change of about 20, so

far as concerns cases where the values of m, n and d/L are restricted .

to those given in Table 3-II. That is to say, if d=1%km, a change

e
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of 20/ in dip requires a change in the depth of the isothermal surface
of ¢, (about 600°C) in at least a few tens of meters, and even if
d=500 m, S must be 10~50 m.

If, however, we assume that the change in temperature dlstnbutlon
in the earth crust is caused largely by thermal conduction through the
rock composing the volcano, it is scarcely possible for an isothermal
surface of about 600°C to rise or fall a few tens of meters during
such a short period as almost a week, seeing that the amount of
change ought to be of the order of a few cm during a week, provided
the thermal conductivity of rock has its ordinary value, say, about
4%10°32" Then, so long as we assume that the observed geomagnetic
change is mainly due to development or disappearance of thermo-
remanent magnetism in the subterranean rock, it will be presumed
that the change in distribution of temperature in this volcano was
sufficiently large, owing to rapid heating due to successive intrusion
of magma and gases of. high temperature or to rapid cooling due to .
gas emission and other phenomena, the apparent diffusivity amounting
to at least 0:05. There is, however, the possibility that the rock inside
_ the volcano under high pressure and stress would be intensly magnet-
ized under the effect of the geomagnetic field and temperature, although
we have at present only a few experimental data covering the effects
of pressure and stress on the mode of development of thermo-remanent
magnetism. )

We must then accept the conclusmn that the geomagnetic change
observed in Miyake-sima after its great eruption was too. large to be
. explained as that due to development or disappearance of thermo-
remanent magnetism through rise of temperature of isothermal surface
from where it is t., or its fall, which phenomena would be caused. by
heating or cooling of rock through thermal conduction alone. It will
be noted, here, that Takahasi*®® reached the same conclusion from
analysis of his own data of geomagnetic change in Miyake-sima. Since,
however, within the limits of phenomena so far known with certainty.
from experiments and actual field observations, there is no other pos-
sible reason for the anomalous geomagnetic change except the develop-
ment and disappearance of thermo-remanent magnetism and the change
with temperature of magnetic susceptibility in the subterranean rock,
and since, here, the latter is negligible compared with the former, the
writer is of opinion that the change in thermo-remanent magnetization
inthe subterranean rock is the result of rather rapid heating by

~24) H. REicH, Handb. d. Geophysik, Bd. 4, Lieferung 1, pp. 79.
25) R. TAKAHASI and K. HIrANO, loc. cit.
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intrusion of magma and gas or rapid cooling through emission of
ejecta and gas, and that it is the most plausible cause of the observed
geomagnetic change, although this presumption is not without its

" drawbacks.

(ii) Interpretation . of remarkable geomagnetic change observed
near the cooling lava flow.

According to Minakami, ® the geomagnetic dip measured at a spot
2 m south of the southern margin of the Yoridai-no-sawa lava flow,
which flowed out in the great eruption of Miyake-sima in July 1940,
changed markedly during the ten months following the ejection of
lava, the observed results being shown in Fig. 8-4. The change in
dip during the period from July 22, 1940 to May 16, 1941, reached
the remarkable value of 1°30%, as will be seen from Fig. 3-4.>

Since in July 1940, immediately after the ejection of the lava
~ flow, the temperature of the bulk of the lava flow was believed to be
sufficiently high, say about
1000°C although the surface A1
of the lava flow had already 45 "\
cooled to about 100°C five or :
six days after its ejection, it . \

. 44 .

may be presumed that in ‘ \n\‘ .
July 1940, the larger part .
of the lava flow was almost e :
non-magnetic. 0 100 200 300  Days

Since, according to Mi- Fig. 3-4. The change in geomagnetic.dip at
nakami, the lava flow had a spot near the Yoridai-no-sawa lava flow
cooled considerably in May " during a year after the flowing out of that
1941, it would be in the lava. (After T. Minakami)

ferro-magnetic state, with the thermo-remanent magnetization that had
developed during cooling in the earth’s magnetic field, whence it will
be presumed that the observed geomagnetic change was due mainly
to development of magnetization in the lava flow that accompanied
its cooling, because no other phenomena could possibly cause the geo-
magnetic change. Actually, assuming that the geomagnetic change
was due to uniform magnetization of the lava flow in the direction of
geomagnetic force, Minakami estimated the change in magnetization
during the above mentioned 10 months, as being about 0012 e.m.u.
per cmd.

26) T. MINAKAMI, Bull. Earthq Res. Inst. 19 (1941) 61" ’
27) Quite ‘similar phenomenon was observed at a place near the northern margin
of Akabakkyo lava flow ejected with the same voleanic activity. (Zlfmukmm, ibid.) -
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On the other hand, the charzcteristic magnetic properlies of two
~ rock pieces near the surface of Yoridai-no-sawa lava was,

o ;o {4-77><10-2 o 111x10-
"7 ls80 7, "‘{1-10 ",

525°C . (580°C

t°“{530 , t"’:”“‘{f)so ,

-

while the densily of the rock piece p was 2:25.
=As frequenily pointed out, the change in magnetization of a unit
‘volume of rock in passing from from ¢, to ¢, is given by

pdl=pH [y (&) =t |+ pH | P @)t

so that even by assuming that £,>, and t,=0°C, the change in-induced
" magnetization in a magnetic field of H=045 Oe., the first term on
the right-hand side of the above equation, amounts to only 1'1x107%,
this value being only about one-tenth that of the change in magneti-
zation expected from'the geomagnetic measurements. While, the in-
tensily of thermo-remanent magnetism in the same conditions of ¢,
and t, amounts to 4:3x1072% this value of thermo-remanent magneti-
zation much exceeds the expected value of, say, 1-2 x 10-2.

However, we must not forget to take into consideration (1) that
the part near the surface of the lava flow had already cooled and
magnetized at the time of the first measurement in July 1940, (2) that
the interior near the centre of the lava flow could not yet have suf-
ficiently cooled in May 1941, as is to be expected from the very slow |,
rate at which a lava flow cools, owing to the smallness of its thermal
conductivity, and lastly (3) that the mean bulk dens1ty of lava flow is
less than the density of an individual rock piece. It is then rather
natural that the observed geomagnetic change corresponds to a part.
of the saturated thermo-remanent magnetization of the whole lava
flow in the earth’s magnetic field. It should, however, be noted that
{he intensity of thermo-remanent magnetization of the interior of a
lava flow does not necessarily agree with that of a rock piece near
the surface,® which was used in our experiment, since the former
cooled comparatively slowly, while the latter was cooled rapidly or

" rather quenched. Since intense thermo-remanent magnetization is
generally the property of rapidly cooled basaltic rock, in which the
crystallization of ferro-magnetic minerals is msuﬁicxent while the

28) See, R. CHEVALLIER, Ann. Physique, 4 (1925), 5.
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slowly cooled basa't and andesite, in which they are fairly well crys-
tallized, have comparatively weak thermo-remanence, we may expect
the intensity of thermo-remanent magnetization of the interior of the
lava flow to be less than that of its exterior.

In order to discuss more quantitatively the physical mechanism
of geomagnetic change due to cooling of the lava flow, more systematic
data of both geomagnetic measurement and the magnelic properties of
a large number of rock specimens are needed.

- Here we can conclude that the anomalous change in geomagnetism
observed about the Yoridai-no-sawa lava flow was, no doubt, chiefly
due to the development of thermo-remanent magnetization that accom-
panied the cooling of the lava in the earth’s magnetic field.

(iii) Anomalous geomagnetic changes observed at Volcano Asama.

During the summer of 1937 and 1938, continuous recording of the
geomagnetic dip was made near the Asama Volcano Observatory by
means of a magnetograph.”

The instrument for measurement was also that dip variometer
constructed by the writer,® with a magnifying device based on the
bifilar suspension system. Expressing the general equatlon of equili-
brium of this magnetograph by

dl=S4an+K4H + T4t ,

where 41, 4n, 4H and 4t denote respectively the deviations in geo-
magnetic dip, in scale reading, in total intensity of geomagnetic force,
and in temperature from their standard values.

We ‘get for the actual magnitude of S, K and T

Scale value, - 8=0232 min./mm,
Spurious factor, - K=0.001 min./r,
Temperature coefficient, T=0'052 min./degree .

This dip variometer was set in a wooden cottage in front of Asama
Volcano Observatory, about 4 km east of the crater of the volcano.
The daily mean values referred to the Greenwich mean time of dip at
the station during the period from July to October, in 1937, and
during the same period in 1938, are given in Table 3-III and in Figs.
3-5 and 3-6. In the same table and figures, the daily mean dip at
the Kakioka Magnetic. Observatory (Lat.=36°14' N, Long.=140°11' E) .

29) T. NAGATA, Zisin, 10 (1938), 221.
30) T NAGATA, Bull, Earthq. Res, Inst., 15 (1937), 185.
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Table 1V-3-III (a). Day-to-day variation in
July 1937 geomagnetic dip in 1937,
Date Asﬁama Toyggara Kaécll(oka " Ba—0x Or—0x
/’ / / 7 { /7
1 49° 379 60° 424 49° 32:2 0° 57 1° 10-2
2 374 420 319 5.5 10-1
3 364 | 42-2 316 4-8 106
4 357 415 304 53 111
5 35-0 40'5 300 5.0 105
6 363 41-8 31-3 5.0, 10'5
7 ‘3740 42-2 317 5:3 105
8 — 41-4 307 - 107
9 — 41-9 30-3 — 109
10 37-1 42-7 320 51 10-7
11 359 41-8 30-6 5.3 11-2
12 361 41-6 30-7 5.4 109
13 36:1 415 306 55 109
14 379 433 325 54 10-8
15 "373 427 319 5.4 10-8
16 365 421 31:3 5.2 108
17 360 41-3 30'5 5.5 10-8
18 . 359 - 29-8 61 —
19 35:7 - 40-7 29:5 62 11-2
20 36:3- 413 30-4 5-9 10-9
21 36+4 415 30-9 55 10-6
22 - 39-7 44.3 34-2 5.5 ° 10-1
23 384 433 330 54 10-3
2% 39.2 44.3 33.9 5.3 104
25 383 431 32:9 5.4 102
% 373 43.0 32.1 52 10:9
byd 376 — 314 62 —
28 37:1 41-7 30-8 63 1049
29 36-2 41-8 31-0 5.2 10-8
30 — - — 31-2 — —
31 — a0 | 30-7 — 10-3
Aug. 1937
. | .
Date Asoa;ma ! Togghara | Ka;)cigka J‘ Oa—0r  Or—0x
/ /7 V4
1 49° 347 — 49° 299 0° 48 —
2 34-2 — 29-2 5-0 1 —

(to be continued.)
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Aug. 1937 Table III-3-III (a). (continued).
Date . Asﬁa;na Toyogara Kakif)ka 0a—Bx Or—0x
7 7 A 7 AR
3 49° 381 60° 44-0 49° 326 | - 0° 55 11° 114
4 39:3 44-0 C 341 5-2 9.9
5 36:0 431 331 29 100
6 356 — 33-7 19 —
7 - 34.3 — 32-8 15 —
8 34:2° 42:8 317 25 11-1
9 351 42:6 31:0 41 116
10 34-6 424 30-7 3.9 117
o1 34-0 417 29-8 4.2 119 .
12 32:9 41-2 289 4-0 12:3
13 335 410 29-0 4-5 12:0
14 3344 — 29-1 43 —
15 335 417 30-0 35 117
16 328 41-4 29-8 30 116
17 32:7 41-6 29-8 2:9 11-8
18 32:2 40-8 289 3-3 119
19 330 410 291 39 119
20 32:7 40'8 . 289 38 119
21 331 413 29-8 33 115
22 38:5 466 356 2:9 110
23 37:1 44-6 336 35 11-0
24 359 437 32:3 36 11-4
2 346 42-7 311 35 116
2% 33-0 415 29-7 33 118
27 338 41-9 305 3-3 114
28 35-1 42:8 317 34 111
29 34-9 — - 314 3-5 —
" 30 34-6 41-8 31-1 35 10-7
31 333 41-4 29-8 3-5 11:6
Sept. 1937
Date A's;;na Toyg?’ara Kal‘;}"?ka’ OaOx Dr—0x
7 / /’ ’ /
1 49° 33-0 60° 41-4 49° 294 0° 36 11° 12-0
2 335 41-8 29-8 3.7 12:0
3 336 41-7 30-2 34 115
4 333 42-0 30-2 31 11-8
5 34-6 42:3 305 41 11-8

(to be continued.)
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Sapt. 1987 Table III-3-III (a). (continued).
Date Asg;na Toyg?ara Kaloii[(()ka 0a-0x | Or—0x
. / / /7
6 49° 34.9 — 49° 30-2 0° 47 —
7 35-9 60° 491 31-0 49 11° 111
8 34-7 — 303 44 —
9 336 41-2 303 33 10-9 -
10 358 412 | 303 55 | 109
‘11 — 445 338 |’ — 10-7
12 — 42:9 32:0 . — 109
13 — 495 318 | — 10-7 .
14 — 421 3146 S 105
5 — 494 . 316 — 10-8
16 — . 42-2 313 — 109
17 347 424 308 | 3-9 11-6
18 . 336 421 " 303 33 11-8
19 383 | — 31-0 33 -
20 337 419 306 31 11-3
21 - . 41:6 312 - 104
22 34-5 41-2 314 31 9-8
93 349 42:0 324 2:5 9:6
24 — 432 339 = 93
25 : — 41-8 321 - 9.7
2 C - 41-7 319 — 98
27 355 41-8 329 3.3 9:6
28 359 42-0 327 32 .93
29 — 41-8 31.9 —_ 9:9
30 359 419 31-9 40 100
Oct., 1937 ) '
Date Asg;na Toygil'ara | Kaléi[?ka S 0a—0rx Or—0x ’ *
7 7 7 7. 7
1 49° 39.2 60° 45-0 49° 35.9 0° 33 1° 91
2 380 438 341 3.9 9.7
3 376 437 336 4.0 10-1 .
4 42-2 . 478 383 39 9:5 ’
5 391 449 35.2 3.9 9.7
6 — 434 33-8 - 9-6
7 — 43.2 336 - 9:6
8 40-6 447 36-4 4.2 83
9 407 44-3 365 S 78
10 39-9 452 363 36 89

(to be continued.)
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Table IV-3-III (b). Day-to-day variation in-

July 1938 geomagnetic dip in 1938.

Date : ’ As;;na ‘ Toyo?a’ra Kalgigka E Da—0x ] Or—0x
T 7 7 | _ , 7

1 — ©60° 416 49° 30-8 — -11° 10-8

2 49° 34’5 413 30-5 0° 4% 1108

’ 3 327 — 29-6 31 —
4 33-7 41-7 - 307 340 11-0

5 Co— 411 299 — 11-2

6 — a7 | - - -

. 7 ' — 40-9 — — —
8 31-0 . 41-2 30-3 0-7 10-9

9 302 _ 29-6 06 .=

10 — 41-0 30-0 — 11-0

11 — 40-8 30-1 — 10-7

12 — 404 | - 29-3 - 111

13 — 40-1 29-1 - 11-0

14 — 41-3 ‘ 311 - 112

15 28-0 42-8 32:3 —43 105

16 29-8 43-3 33-8 ~4.0 9-5

17 307 421 327 —2:0 94

18 317 a7 | 32:9 —1-2 8-8

19 332 416 329 .03 8-7

20 335 40-9 ' 32:9 06 80

a1 345 40-8 325 2:0 83

22 — 40-9 323 - 86

23 — 40-8 . 324 — 8-4

% — 405 . 322 — 83

25 — 40-6 31-8 R 88

2 — 40-7 32:2 — 85

7 364 40-2 . 31-7 ' 4.7 85

’ 28 36-4 401 315 ' 49 86
29 370 40-1 319 51 82

30 41-1 433 360 51 73

31 40-7 424 34-8 5.9 7:6

Aug. 1938
Date Asg;na Toyg};'ara Kagi?ka 0a—0x Or—0x
7 7 I4 2 Y

1 49° 39-8 60° 416 49° 337 0° 61 11° 79
2 39-2 42-8 34-1 51 87

(to be continu;Z.)
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Aug. 1938 Table IV-3-1I1 (b). (continued).
Date Asgma | Toyshara | Kakioka fa—0x Or—0x
/ / / / ./
3 49° 367 60° 41:6 49° 32.7 0° 40 11° 79
4 42-1 43-5 347 74 © 88
5 — 427 340 - 87
6 — 42:1 333 —_ 88
7 411 — 327 84 -
8 39.3 41-2 315 7-8 97
9 386 411 308 7-8 10-3
10 384 40-9 301 . 83 10-8
11 40-7 43-8 335 72 10-3
12 40-8 42-7 397 81 100
13 39-6 — 316 80 —
14 38-8 417 30-8 80 109
15 392 41-7 31-2 80 105
16 389 414 30-8 81 106
17 39-2 41-5 306 86 10-9
18 39-3 411 30-8 85 10-3
19 39-2 41-2 30-8 84 104
20 39-5 406 306 89 10-0
21 39-8 40-7 308 90 10-1
22" 39:3° 40-6 311 82 9.5
23 40-0 417 322 7-8 9:5
24 40-3 415 322 81 9:3
25 41-0 - 32:5 85 —
2 40-8 41-4 320 88 94 _
27 40-2 40-8 31-2 9-0 94
28 391 — 304 87 —
29 39-4 403 309 85 9.4
- 30 401 41-2 31-8 83 9.4
31 40-4 41-4 320 84 9.4
Sept. 1938
Date Asg/?a Toyngxara Ka[}}n;:)ku 0a—0x Or—0x
/ / ’ / /
1 49° 403 60° 417 49° 315 0° 838 11° 10-2
2 39-1 407 309 . 8-2 9.8
3 40-4 415 394 8-0 91
4 37:9 40-9 320 59 89
5 386 41-2 322 6-4 9-0

(to be continued.)
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Sept. 1938 Table IV-3-IIT (b). (continued:.
Date Asgma | Toyghara | Kakioka | 4, g, Or-0x
-/ / 7 .
6 49° 385 — 49° 313 | 0° 72 —~
7 37:6 — 307 69 —
8 = - 317 - -
9 406 - 308 9-8 -
10 404 - 314 90 —
1 = 600 a3 327 - 1n° g%
12 414 414 334 80 80
13 41-8 41-2 328 9:0 84
14 431 433 349 8-2 84
15 447" 47-8 376 71 10-2
"16 433 438 350 83 88
17 416 432 343, 7-3 89
18 41-8 42-7 333 85 9-4
19 39:2 . 422 323 69 9:9
20 38-2 416 316 66 10-0
21 379 41-6 3141 68 105
22 385 — 315 7:0 —
93 39-2 41-6 303 S9 11-3
24 281 — 29-3 88 —
25 . 35:7 415 277 80 138
2 377 413 30-5 72 108
27 375 435 311 64 124
28 40-0 458 34-0 60 11-8
29 395 44-0 318 7.7 12:2
30 38-4 43-0 30-5 7:9 125
Oct. 1938
Date As;;na Toyg;mra Ka})cic?ka Oa—0x Or— 01‘(
4 7 ’ / /
1 49° 41:0 | 60° 450 | 49° 33:0 0° 80 11° 12:0
2 395 437 31-8 77 119
3 400 426 313 .87 113
4 405 42:9 32:0 85 109
5 38-8 42-2 313 75 108
6 384 a8 304 80 114
7 42-2 458 34-2 80 116
8 - 455 352 — 103
— 433 330 - | 10-3
10 291 431 72 11-2

31-9
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and those at the Toyohard Magnetic Observatory (Lat.==46°58" N,
Long.=142°45" E) are also shown,*”

Comparing the values of the dip at these three stations, we notice
that in the summer of 1937, the calm period of Volcano Asama, the
day-to-day variation in dip at both Asama and Toyohara generally ran

1937
Jvly. . A, 540““'- Ogt ~ »

10 20 X 10 k! 10
- \/\/\-/\,/\'\\ JJ\—' g
g AN .
49735 vV

Asama U\/-\VJ V\/JV
P\IA\IP
e \N\J\/v\« f \ !\/\

Kakioka

NG J\»M

£060"

Tovohora
Fig. 3-5. The day-to-day variation in geomagnetic
dip at Asama, Kakioka, and Toyohara during the
summer of 1937.

1938
\ . Ju}y , . A?g . . So'pi " Ogt
» 10 20 ki) 10 20 k) 10 20 30
540" j\\’w\\jr‘w 1% /P/\\\/\/j‘/h"\_[%
. Asama
49 3,
49°35"
\\ /\—\o\,\j \ j\/\,\/\
4930\
Kakioka ‘
- J AL
ngow\qw\W\jfv\ SR -4 S
Toyohara

Fig. 3-6. The day-to-day variation in geomagnetic
dip at Asama, Kakioka, and Toyohara during the
summer of 1938.

parallel with that at Kakioka, while during the same season of 1938,
the active period of this volcano, a fairly marked change of 13 minutes
in dip occurred, preceding the onset of "the group of frequent violent

31) Kisyé-Yéran, 1937 and 1938.
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explosions of Mt. Asama, although during the same period the day-to-
day variation in dip at Toyohara was also parallel to that at Kakioka.
In order to bring out these results more clearly, the differences between
the values of the dip at Asama and ‘Kakioka (0,—0,) and between
those at Toyohara and Kakioka ((,—f,) are plotted in Fig. 3-7, from

Jul Au Sept
0 yzlo 0 10 T2 3 10 Pa 30 0‘1::

30 1
) 1 ) i ' | ¥

e o e B ) ® o 00 @ Explosions

16 y /\/\/\j ©,-6«
N . i 6,~6x
,\\ 1938

1 1 ] 1 ] ] PR | 1 ! t ]
10 MMQ-&
' 1937 ‘ 6

Fig. 3-7. The day-to-day change in the differences between
geomagnetic dip at Asama and that at Kakioka, and
between dip at Toyohara and that at Kakioka during
summer of 1937 and 1938. .

which fluctuations in magnitude are seen, amounting to several minutes
in the difference between the daily mean magnetic dip at widely
separated stations. These fluctuation may be due mainly to inequalities
in the amplitudes of magnetic variations depending on the latitude of
the stations, and in less degree to observational errors. In these
circumstances, therefore, it may not be possible to discuss the corre-
lation between the volcanic activities of Mt. Asama and the day-to-day
variation in dip less than 5 minutes in its amplitude. However, the
value of ¢,—, changed in magnitudes exceeding 10 minutes immedi-
ately preceding the successive violent explosions of Volcano Asama in
the summer of 1938, that is to say, from July 3, 0,—t, became smaller
“and smaller until on July 14 it reached minimum, 8 minutes less than
the initial value, after which it again increased in the middle of August.
On the other hand, the ¢, —0, values for the same period showed no
marked anomalous change, the difference between the maximum. and
minimum values in this period amounting to only 3'5 minutes.

In contrast to this, in the summer of 1937, through which period
Volcano Asama was comparatively quiet, there was no change larger
than 5 minutes in either the ¢,—0, or the 0,—0, values, whence it
may be reasonable to . conclude that the anomalous variation in dip
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observed at Asama, in July 1938, was a local magnetic disturbance
connected with its. voleanic activity. Volcano Asama had been quiet
for about nine months since the last minor eruption of June 29, 1937,
up to the violen: eruption on March 25, 1938. In April and May
1938, the volecano was very active, erupting violently several times,
while in July it was comparatively calm, erupting only once on the
15th. Its activiiy during the period that followed, namely, from July
to October, is shown in Fig. 3-7% Comparing the change in volcanic
activity with that of ¢#,—0,, we find that the latter gradually began
to decrease from about fifteen days preceding the first violent explosion
~of July 16, its minimum having been reached on July 14, and then
began to increase. It may be concluded from this result that the
observed geomagnetic change was connected with 'a group of frequent
explosions, thav is, the active state of the volecano continued for a few
months. As to the origin of this observed geomagnetic .change, the
development and disappearance of thermo-remanent magnetization in
the rock of the volcano could also be the cause.

Just as in the case of Voleano Miyake-sima, this explanation is
not without its drawbacks, since the characteristic magnetic properties
of a few rock samples ejected from Volcano Asama are the same as
those given in Table 3-IV.

Table IV-3-1V.

No. of ‘ T
Specimen Zo ‘ Jic | Lo P(tp)
| : T i -
8 L 118%10°8 229x1075 | 535°C 2:2x10-5
. . |
. Y73 . ” [ 520 1‘1 ”
16 ‘ 0-61 , 2:89 | {220 { 18 7
. ) 590 09
73 ] 050 7 1247 7 {200 {12_4 e

(IV)  The result of the geomagnetic variation on Volecano Mihara.
~ Although for two weeks following the minor eruption of Volcano
Mihara, in Oosima Island, on Aug. 19, 1940, geomagnetic observations
with the aid of the dip-variometer were made at the north-western
summit of the somma, no marked geomagnetic change could be observed,
although there was a fluctuation of about 5 minutes in the dlfference
between the dip values at Mihara and ‘Suzaki.®®
From September 1941, geomagnetic observations by means of H .

- 32) Kisyo-Yoran, 1937 and 1938.
33) T. NAGATA, Bull. Earthq. Res. Inst., 19 (1941), 402.
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and D variometers have been continued at the geomagnetic station
where the dip was observed. During the period from Sept. 1941 to
June 1942, Volecano Mihara had been quiet, and no marked local geo-
magnetic change had been observed.

It will be seen from the foregoing examples, that marked local
geomagnetic changes sometimes occurred in the neighourhood of that
locality where it is certain that the temperature of the rock changes,
our experiments showing that change in temperature of rock is usually
accompanied with change in thermo-remanent magnetization as well as
with that in magnetic susceptibility, provided the temperature is lower
than the apparent Curie-point. )

In the case of anomalous geomagnetic change near the cooling lava
flow, the development of thermo-remanent magnetism in the lava flow
with its cooling seems to be the cause of.the observed geomagnetic
change, although in the case of changes that occur simultaneously with
severe volcanic activity, the magnitude of the observed change seems
greatly to exceed those due to probable changes in thermo-remanent
magnetization, estimated on the basis of a few assumptions. In order
to explain the observed geomagnetic change as the result of change in
thermo-remanent magnetization in the subterranean rock, we must
assume either that the change in subterranean temperature is much
larger than that owing to thermal conduction through the rock, or
that the intensity of magnetization of subterranean rock is greatly in
excess of that experimentally measured under the ordinary atmospheric
pressure that obtains in our laboratory. It seems that this is a
phenomenon that needs to be carefully studied in the future by as
many investigators as possible.
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Summary and Conclusion.

In Chapter I, the general magnetic properties of a variety of
volcanic rocks, the petrological and chemical constitutions of which
are already known, were examined. The magnetic susceptibility of
volcanic rocks is approximately proportional to the normative amount
of magnetite contained in them, while it disappears at a certain tem-
perature below 600°C. Further, the magnetization curves of these
rock samples clearly show. hysteresis phenomenon. From all these
experimental facts, it can be concluded that voleanic rock is, in its
-magnetic behaviour, a kind of ferro-magnetic substance. Taking into
consideration that the temperature at which the susceptibility of wvol-
canic rocks almost perfectly disappears is about 600°C, and that the
susceptlblhty is nearly proportional io the norm of magnetite, we can
presume that the ferro-magnetic character of voleanic rocks is largely
due to magnetite or its solid solution with other elements that are
scattered as phenocrysts or micro-crystals in the groundmass among
various minerals that are almost non-magnetic. Strictly speaking,
however, susceptibility y is not exactly proportional to the norm of
magnetite, and the Cur1e-pou_1t is not always uniquely given at 580°C~
600°C, some rock specimens having a second Curie-point at temperatures.
of 200°C~300°C. These facts will show that the constitution of ferro-
magnetic minerals in volcanic rocks is very complex. A comparison
of the chemical composition of some rocks with their mode of thermal
change in susceptibility leads to the conclusion that not only magnetite,
but 7%0,, or ilmenite, also affects the magnetic property of voleanic
rocks to a marked degree, probably through the effect of solid solution
between magnetite and ilmenite. Moreover, the fact that the hysteresis
tendency in the magnetization curves of various rock samples differ
the one from the other may suggest that the amount of internal stress
and its distribution in ferro-magnetic minerals varies with the chemical
and petrological constitutions of rocks and with the physical conditions
during their crystalization from magma of high temperature.

Nevertheless, we can substitute the magnetic properties of volcanic
rocks, at least in a first approximation, as a simple model of a dust
core specimen of rare content, constituted of magnetite and its solid
solutions with other elements, whence it must be pointed out that, al-
though the demagnetizing factor of rock pieces is generally small, owing
to its apparent low susceptibility (in the order of 10-4~10-3 e MUY,
that of ferro-magnetic minerals themselves is fairly high since the
order of their susceptibility is 0'1~1 (actually the demagnetizing factor
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of -ferro-magnetic minerals in the rocks was estimated as 3~4).

In the first half of Chapter II, we discussed the method of de-
termining the intensity and direction of remanent magnetization, which
~ the volcanic rocks generally retain in their natural condition in the
field. Since the apparatus for measuring the remanent magnetization
of a rock sample is of arbitrary form, an astatic magnetometer was
adopted. In this apparatus, letting the spherical coordinate (7,0, ¢)
be fixed to -the sample examined, where the origin of the coordinate
is situated at the apparent centre of the sample, the radial force af
r=constant, due to the remanent magnetization of the rock, was
measured at points every 20 or 30 degrees with respect to ¢ and ¢.
The observed values being then subjected to spherical harmonic analy-
sis, the intensity and direction corresponding to the first degree terms
were adopted as those of the rock specimen, since we found that the
higher degree terms were largely due to the shape of the examined
rock, this fact showing that a piece of rock is almost uniformly
magnetized. Estimating here the various possible errors, we found.
that the direction and intensity of remanent magnetization of a rock
sample of arbitrary shape could be determined respectively with an
error of less than one degree and only few percent.

Toward the end of Chapter II will be found the observed values
of intensity and direction of natural remanent magnetization of various
rocks ejected from Japanese volcanoes. Here, the natural remanent
magnetization of rocks is defined as the residual permanent magneti-
zation of a rock, whose direction is almost constant at every part of
a fairly large mass of rock, excluding, of course, the residual magneti-
zation due to lightining and artificial magnetization.

As to the direction of natural remanent magnetization of volcanic
rocks, it was concluded that its direction in newly ejected lavas always
agrees with that of the geomagnetic field at the place where the rocks
were ejected, and that both declination and dip of natural remanent
magnetization of rocks ejected in historical and remote geclogical times
deviate a few degrees from those of the present geomagnetic field.
As to its intensity, an interesting fact discovered was that the intensity
of natural remanent magnetization of volcanic rocks is generally larger
than that of their magnetization induced by the present geomagnetic
force, say the product of their susceptibility and the total intensity of
the geomagnetic field. The fact that the former magnetization fre-
quently exceeds 20 times the latter scems to suggest that some peculiar
process of developing the remanent magnetization exists in- volcanic
rocks.
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In Chapler III, it was shown that the natural remanet magneti-
zativn of volcanic rocks can be reproduced in the laboratory by cooling
the rock from a sufficiently high temperature in a geomagnetic field.
Here, the residual permanent magnetization, which remains after the
test rock sample is cooled in a weak magnetic field, is called thermo-
remanent magnetization. The direction, then, of the thermo-remanent
magnetization of volecanic rocks agrees with that of the magnetic field
applied to them during the cooling, while its intensity is almost pro-
portional to that of the magnetic field H, provided H is small and the
range of temperature through which the rcck sample is cooled is kept
constant. On the other hand, so long as H is kept constant, the tem-
perature ¢, from which a rock is cooled to 0°C in H, is higher, the
larger the thermo-remanent magnetization. If, however, ¢t should
exceed a certain critical temperature ¢,, the thermo-remanent magneti-
zation in H will remain almost constant. Actually the t. of the rock
sample is less than 600°C. The intensity of thermo-remanent magneti-
zation of any newly ejected rock, which develops during cooling from -
a temperature higher than ¢, to ordinary atmospheric temperature in
a magnetic field same as the geomagnetic field, nearly- agreed with
that of its natural remanent magnetization. The. development of
thermo-remanent magnetization seems most marked during cooling in
a magnetic field through a temperature range of 100° degrees or so
around a certain temperature ¢, peculiar to that rock specimen, where
t, is called the transition temperature of thermo-remanent magnetism.
Comparing, then, the mode of change in magnetic susceptibility due
to temperature with that of the development of thermo-remanent
magnetism, we found that every transition temperature of a rock
corresponded with ils apparent Curie-point, the former being always
a few tens of degrees less than the latter. In other words, if a rock
sample has {wo apparent Curie-points, the susceptibility changing
stepwise with temperature, there are two transition temperatures in the
mode of development of thermo-remanent magnetism, it also _develop-
ing stépwise with ‘decrease of temperature. It is therefore presumed
that the thermo-remanent magnetization of a rock is due to the irre-
versible magnetization caused at temperatures just below its Curie-point.
However, the fact that the intensity of thermo-remanent magnetization
caused during cooling in H greatly exceeds that of induced magneti-
zation Hy(t) at any temperature during the cooling process (the former
amounting sometimes to a.few tens times the latter), seems to need
some explanation.

Let Jii~ denote the thermo-remanent magnetization caused during
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the experiment in which a rock specimen is cooled from a sufficiently
high temperature (above 600°C) to ¢, in H=0 space, from ¢, to %,_,
in J=H, and from t,_, to 0°C again in H=0.

Then, from experiment we have the relation

1=t
:,’It'— Z J;:-,',’
t; gt
which always approximately holds in any example, so long as in the
experimental results, 4f=t,—¢,_, exceeds 25 degrees. Further it was
established that J}i-: is, in first approximation, independent of the
cooling velccity durmg the process of cooling from t, to ¢,_..
‘From these results, we assumed an ideal case of development of

£y

i . .
thermo-remanent magnetism where lim ' ” exists and is expr.ssed

tz-)t;—lt - i 1
by P(H,t). It was finally established that, provided H is small, an
ideal phenomenological aspect of development of thermo-remanent
magnetism is expressed by

Jin=H-{ PO)a1,
I

where P(t) is a function of temperature, the from of which is’ pe-
culiar to each rock sample, taking the maximum value at #,. This
result leads to the conclusion that when the temperature of rock is
- cooled to t—4¢, where p(#,0)=P(), a part of the induced magneti-
zation Hy(t) at any temperature t remains as residual permanent
magnetization Hp (,{—4t) 4t; that is to say, Hy(t) does not correspond
to the induced magnetization of a unique material, but probably does
so to the various states of material or to those of a group of materials
- whose nature changes with temperature. Hence, it is possible for
the. intensity of thermo-remanent magnetization to exceed by far the
amount of Hy(t), provided P(t)/x(¢f) is not very small. Next, the
results of other experiments show that the thermo-remanent magneti-
zation Jii-!, caused during cooling from i, to t,_, in H, always disap-
pears during heating through the same temperature range, regardless
of the intensity and direction of the magnetic field that is applied-
during the heating process. o

The last part of Chapter III dealt with the modes of development
and disappearance of thermo-remanent magnetization, directly observed
‘at any temperature during its development in cooling and disappearance
in heating. ,

From these results, we found that the intensity of thermo-remanent



188 T. NAGATA. ' [Vol. XXI,

magnetization at temperature ¢, Ji: ,(f), caused during cooling from
t, to t; in H, is approximately given by

o (t) =H- j “p(u, tyau, (t<ti<ty) ,
(0, 1) =1(0,£) D(s, 1) g (V) ,
-a—I (). t 0
—1(0,H)<0,

where I(0,t), ?(s,0) and ¢(J) denote respectively the intensity of
saturatiorn magnetization at ¢ of the ferro-magnetic mineral that has
its Curie-point at ¢, the probability  of irreversible magnetization of
the elemental domains in the ferro-magnetic minerals having Curie-
point # and internal stress s (at temperature just below the Curie-
point), and the density of distribution of ferro-magnetic minerals with
respect to the Curie-point temperatures. Although it seems that a
little time-effect always accompanies the causation of thermo-remanent
magnetization, so long as H is small, the above-mentioned hypothesis
harmonizes well with all the observed facts. The physical conditions

for determining the amounts of functions @(s,¢) and g(¥) is not

clear at present. Since, however, a single crystal of magnetite has
no thermo-remanent magnetization, it will be clear that @(s, ) is
due to the particular character of solid solution of magnetite with
other elements. Several possible mechanisms for causing @(s, /) were
discussed, for example, the exsolution of other elements (FeO, Fe,0,,
Ti0,, etc.) from their solid solution with magnetite, and the pheno-
menon analogous to superlaftice in metalic alloys. _

In Chapter IV, a few examples of the application of natural re-

manent magnetization of volcanic rocks to geophysical phenomena were -

dealt with. Of these, the first is the fact that the direction of natural

remanent magnetization agrees with that of the magnetic field applied -
during cooling of the rock is related to the direction of the geomagnetic_

field in the past by a few investigators, at the épot whence the rock
samples were obtained. Tests were made to defermine the past geo-
magnetic direction from that of remanent permanent magnetization of
volcanic rocks and baked earths especially with fruitful results in the
case of baked earth. In the present study, however, the assumption
that effusive rock has a natural remanent magnetization having the
same direction as that of the geomagnetic force that affected the rock
during its cooling, was ensured from magnetic examinations of a
number of rocks recently ejected from a few active Japanese volcanoes.
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From this point of view, the direction of geomagnetic force in remote
times in central Japan was presumed, where the data of declination
in recent historical times obtained from the -magnetization of rocks
seem to harmonize with the data given in ancient records of geomag-
netic declination in Japan. Farther, from the direction of natural
remanent magnetization of rocks ejected in historical and geological
times, it was concluded that the secular variation in geomagnetism
during the Quarternary Age (from its beginning to the present) seems
to be restricted to a few tens of degrees in declination as well as in
dip,—a result agreeing well with the conclusion obtained by the writer,
K. Akasi, and T. Rikitake from the direction of natural remanent mag-
netization of sedimentary deposit (sand-stone), probably of middle Pleis-
tocene. The fact that the intensity of natural remanent magnetization
of voleanic rocks ejected probably in the Pleistocene Age is fairly
smaller than that of their thermo-remanent magnetuatlon developed
in a magnetic field -of 045 Oe. shows that the discrepancy is due to
the effect of demagnetization during a very long period, or else that
the intensity of the geomagnetic field during the Pleistocene Age was
considerably less than that at present, although the latter contingency
seems scarcely possible.

The second is the relation between local anomaly in the geomagnetic
field and the natural remanent magnetization of rocks, which were
discussed with a few actual examples. The anomalous distributions
of the geomagnetic declination around the craters of Volcanoes Mihara
and Asama, and around the central cone of Volcano Mihara were in-

terpreted as that, although the magnetization induced in the rock by -

the present geomagnetic force contributes to a part of the observed
geomagnetic anomalies, they are largely due to the natural remanent

magnetization of the rocks that compose the respective volcanoes, where

the direction of remanent magnetization nearly agrees with that of the
present geomagnetic force.

Comparing the amount of the anomalous geomagnetic field in the
neighbourhood of Volcanoes Asama, Miyakesima, and others, as observed
by various investigators, with the magnetic characters of the rocks

composing the respective volcanoes, we . found that the outstanding

cause responsible for this marked geomagnetic anomaly in voleanic
regions is, in general cases, the natural remanent magnetization of
effusive rocks.

Last, we discussed the possnble relation between the anomalous local
change in geomagnetic field accompanying volcanic activities and the
development or disappearance of thermo-remanent magnetization of
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rock with changes in its temperature. ~

In the case of an anomalous geomagnetic change observed at a
place near .a cooling lava flow in Miyakesima, it was found that the
development of thermo-remanent magnetism in the lava flow with its
cooling sufficiently explained the observed anomalous change, where
the increase in induced magnetization due to increase in susceptibility
with decrease in temperature contributed but slightly to the anomalous
change. The marked change in geomagnetic field following the severe
activity of Volcano Miyakesima seemed to be too high in intensity to
be interpreted as a result of development or disappearance of thermo-
remanent magnetization in the rock underneath this volcano, accom-
panying the change in temperature due to the severe aclivity, where
the extent of the latter phenomenon was estimated under a few reliable

assumptions based on the observed magnetic properties of rocks. The'

relation between the anomalous change in geomagnetic field accompany-
ing the activity of Volecano Asama and the character of the thermo-
remanent magnetism of the Asama rocks came about in the same way.
In order to interpret the observed geéomagnetic change as a reésult of
change in thermo-remanent magnetization of subterranean rocks, we
must assume either that the change in temperature in subterranean
rocks far exceeds that caused by thermal conduction through the rocks,
or that the intensity of magnetization of subterranean rocks in nature
is considerably higher than that experimentally determined in the
laboratory under ordinary atmospheric pressure. It must be noted,
~ however, that, so long as we concern ourselves with the phenomena
known with certainty from experiments and actual field observations,
there is no other possible phenomenon to account for the observed

geomagnetic change, except the development or disappearance of thermo- -

remanent magnetization, seeing that change in magnetic susceptibility
of rock with temperature is, generally, negligible compared with that
in thermo-remanent magnetism. :

In the problem of secular variation in a geomagnetic field (including
general secular variation of large dimensions and the above-mentioned

local change), we invariably get into difficulties when we try {o explain

its amplitude of intensity. A way to circumvent this difficulty must
be found in future. ‘

~ At any rate, in this study, the general phenomenological aspect of
natural remanent magnetization of volcanic rocks has been cleared, and
the geophysical phenomena within the limit of influence of the natural-
remanent magnetization of rocks were dealt with, where the way to
correlate both phenomena was always experimentally examined.
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