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Abstract

Natural occurrence of pyrrhotite in iron-sulfide mines in Japan was described in part 1
of this paper, together with the experimental results of synthesis of the mineral under high
pressure and temperature. While in the second part are mentioned the mechanism in the
acquisition of the remanent magnetism of rocks containing pyrrhotite, and several demagneti-
zing experiments to make palacomagnetic interpretation.

Introduction

The chemical composition of pyrrhotite is represented by the formula
FeS,.x (0<<x<0.20), and the crystallographic structure belongs to dihexagonal
group®. Its magnetic properties have been studied on both sides of theory
and experiment®®, showing that pyrrhotite is basically antiferromagnetic
material accompanied by weak ferromagnetism, although some of the properties
change with change of the value x in FeS,.x.

Regarding the natural occurrence, there are many studies*®® reporting the
precise origin, formation or occurrence of this mineral, but there have been a
few reports in which the author argued the significance of pyrrhotite in
rock magnetism. Recently, Kawai and the present author™ discovered many
Japanese sedimentary rocks of Mesozoic and Palaeozoic ages in which pyrrhotite
is the host ferromagnetic mineral and responsible for the magnetization of
these rocks.

In this paper the present author will show occurrences of pyrrhotite in
iron-sulfide mines and in sedimentary rocks in Japan, together with the results
of magnetic properties of synthesized pyrrhotites, and also discuss the contri-
bution of the mineral to rock magnetism.

Chapter 1. Pyrrhotite Occurring in Iron-Sulfide Ore-deposits

107 rock samples were collected from two representative iron-sulfide mines
in Japan, Besshi Mine of Ehimi Prefecture and Yanahara Mine of Okayama
Prefecture. The collecting sites are shown in Fig. 1.
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Fig. 1. Distribution of the collecting sites. Samples of iron-sulfide
ore-deposits were collected from the places B and Y, red
sandstones from S, A and W, and black shales from W, M,

O and K.

B: Besshi ore-deposit (Ehime Prefecture), Y: Yanahara ore-
deposit (Okayama Prefecture), S: Sasayama (Hyégo Prefec-
ture), A: Asa (Yamaguchi Prefecture), W: Yoshimi (Yama-
guchi Prefecture), M: Miyako (Iwate Prefecture), O: Ofunato
(Iwate Prefecture), K: Kashima (Fukushima Prefecture).

1. Measurements of remanent and saturation magnetization

a) Rocks from Besshi ove-deposit

First, rocks were collected from several places in one ore-deposit with
different altitudes from sea level and next, the same way of the collection was
applied on several ore-deposits to trace a relationship between the shapes of
ore deposits and their magnetization.

The rocks thus obtained were iron-sulfide ores, country rocks of crystalline
schist and rocks from the contact zone of ore-deposits and schists.

The measurements of the natural remanent magnetization (n.r.m.) were
made by means of an astatic magnetometer® and the thermo-magnetic analyses
by a Sucksmith type thermo-magnetic balance®, The summarized results shown
in Figs. 3 and 4, and in Table I indicate that the magnetization of these rocks
is very strong and stable, and also there is a remarkable difference in the
direction of the n.r.m. between the upper part and the lower part of the
deposit. The mean direction of magnetization is about NE 15° in declination
and 45° down in inclination in the upper part, while that of the lower part is
about NW 31° and 53° down respectively.

This deposit which belongs to Sambagawa metamorphic zone has been
produced by a regional dynamoc-metamorphism and consists of various kinds of
crystalline schists. In order to examine the relation between the structure of
the deposit and the direction of the magnetization, a vertical section of the
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Fig. 2. Sampling spots in Besshi ore-deposit.

(a) for rocks collected at 350 m below (b) for rocks collected at 260 m below
sea level sea level
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(c) for rocks collected at 480 m above (d) for rocks collected at 660 m above
sea level sea level

(e) for rocks collected at 975 m above sea level

Fig. 3. Direction of the n.r.m. of rocks plotted on the Schmidt’s equal
areal projection. Circles represent the direction of north poles
on lower hemisphere.

® : Direction of the present dipole field
g1 : Mean direction of the n.r.m.
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(a) Upper part (above sea level) (b) Lower part (below sea level)

Fig. 4. Direction of the natural remanent magnetization of upper part and lower
part of the ore-deposit. X : Direction of the present dipole field, B : Mean
direction of the n.r.m..
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Fig. 5. Relation between the direction of magnetization
and the inclination of the ore-deposit.
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Table I
Sampling N]I)aiéicettiizrzlltiocfn Jr I Ji Js Curie point
o level frock Decl. ) Incl. ( % 10‘3%3)‘ * 10 “B%E) ( *10 19‘23) O
1 —350m | quartz
2 ore NW 17° | 55°D 0.78 0.27 3.51 300
3 ore & q. 13 49 0.24 0.02 141 300
4 ore 8 53 0.25 0.09 2.00 310 570
5 quartz
6 ore & q. 5 49 0.36 0.02 2.14 320
7 ore & q. 42 1.34 0.17 6.86 305 570
8 ore 12 54 1.86 0.38 11.35 290
9 ore 9 47 1.08 0.25 9.43 295
10 ore -3 46 1.75 0.40 26.04 295
11 green 37 59 0.05 0.01 0.48 280 550
12 ore
13 quartz 22 68 0.07 0.01 242 300
14 green
15 green 23 53 0.29 0.03 7.81 295
16 green
17 green
18 quartz para.
19 ore 17 43 2.12 0.76 26.06 305 565
20 ore
21 graphite
22 graphite
23 green & o. 25 43 0.68 0.65 1.40 300
24 ore & q. 32 40 1.62
25 ore & q. —10 50 0.16 0.02
26 green 21 48 0.02
27 green 280
28 ore para.
29 ore para.
30 —260m | ore&q. 86 51 0.17 0.06 0.30 300
31 ore 7 63 0.03 0.01 8.80 295
32 ore 47 66 0.29 011
33 graphite para.
34 quartz para.
35 quartz para.
36 ore 73 56 1.73 0.35 21.95 295
37 ore & q. 61 50 0.95 0.39 7.81 295
38 ore 60 55 0.68 0.10 6.14 295
39 o. & green 44 58 3.30 0.85 37.20 310 575
40 graphite 58 62 0.14 0.07 0.53 270 575
41 ore 300 660




Role of Pyrrhotite in Rock Magnetism

Table I (Continued)
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Direction of

Samplin, Magnetization Jr Ji Js i i
Mo | Miewa | T (07 caomsm comem) S
42 0. & green NW 52° | 43°D 14.90 4.80 300 580
43 green
44 0. & green 85 63 1.30 0.30 285 575
45 o. & green 73 68 331.81 298.62
46 ore & q. 63 52 339.84 234.52 575
47 ore 25 52 1.61 0.49 0.87 300
48 graphite 300 575
49 ore & q. 9 51 12.36 243 1.52
50 ore 19 42 1.01 0.63 3.97
57 4480 m | quartz
58 green
59 ore 34 69 43.47 153.61 580
60 quartz
61 quartz
62 ore — 5 42 498.58 478.65 275 570
63 quartz - 18 55 6.88 3.84
64 ore —55 48 62.80
65 ore
66 ore & g. 13 37 2.63 0.03 580
67 +660m | ore —10 39 45.34 39.42
68 ore —28 47 406.47 321.09 26.70 280 575
69 quartz para.
70 green
71 piedmontite 15 43 146 }
72 ore & q. —15 59 0.50 0.71 300 670
73 green
74 quartz
75 green&o.| — 9 51 288.64 251.05 310 570
76 green
77 +975m | green para.
78 ore & q. —36 26 2.81 0.60
79 ore & q. —43 29 266.03 274.04
80 ore para.
81 green para.
82 green | para.
83 ore & q. -~ 9 45 191.44 313.92
84 quartz
85 ore & q. - 27 15 968.90 121.10 575
86 ore & q. —27 34 427.91 380.80 575
87 ore & q. —13 36 2.63 0.70 042 300 575
88 quartz —21 45 0.40 041 0.30 275 575
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deposits and their surrounding area is drawn in Fig. 5. In this diagram the
direction of the n.r.m. of rocks were plotted at the spots where they were
collected. As can be observed in the figure, the direction of the nr.m. is
nearly parallel to the general trend of the ore-deposit.

The special remarks should be given to the following facts: (1) The
intensity of magnetization of the ore and the country rocks is too weak to
be measured but that of rocks from the contact zone is fairly strong, the
order of the intensity being nx 10~ e.m.u./g in average. As will be mentioned
later, this differs greatly from the case of Yanahara Mine. (2) There exists
a noticeable correlation between the direction of the magnetization and the
bending structure at the central part of the deposit, that is, the direction of
the n.r.m. is almost parallel to the average direction of each ore-deposit as
seen in Figs. 2 and 6.

Down
(a) )
Fig. 6. Schematic representation of the n.r.m. of Besshi mine. Full

lines show the direction of the lower part and dotted lines
that of the upper part. (a) Declination (b) Inclination.

Next the thermo-magnetic analyses of the rocks were carried out. The
intensity of saturation magnetization and the Curie points are measured on
nearly all of the samples. As seen in the results, (Fig. 7 and Table I), the
rocks contain three kinds of ferromagnetic minerals and they are considered
to be FeS,ix, Fe;0, and a~-Fe,O;, because their Curie points are 300°C, 580°C
and 670°C respectively and correspond to the above-mentioned three minerals.
It is also observed that magnetite and haematite are more predominant ferro-
magnetic minerals than FeS;.. in the upper part of the deposit, but the other
way in the lower, and the intensity of the magnetization in the lower is much
weaker than that in the upper.

The existence of these FeS,.., Fe;O; and a~Fe,0; can be observed even
by naked eye.
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Fig. 7. Some examples of thermo-magnetic analyses of rocks from Besshi ore-deposit.

b) Magnetization of Yanahara ove-
deposit

Kato mentioned in his precise
study on Yanahara Mine'™ that the
origin of the formation of this deposit
is due to the igneous activities. In
order to compare the magnetization of
this deposit with that of Besshi, rock
samples were collected, and the mea-
surements of the n.r.m. and the thermo-
magnetic analyses were carried out.
These results are shown in Figs. 8 and
9, and in Table II.

The rocks possess fairly strong
nr.m. in both of the deposit and the
country rock, the average direction

Fig. 8. Direction of the n.r.m. of Yanahara
ore-deposit.

X : Direction of the present dipole field.
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Fig. 9. Some examples of thermo-magnetic analyses of rocks from Yanahara

ore-deposit.

Table II
- 1 MDireCtti'ontpf Jr Ji Js s ]
No. Rock E—-Egne—-l—zg*mhn—“ { % 10—32‘3}}) ( X 10—46_@) ( X 10—13{“}3)} ‘nl(eon)mnt
E Decl. i Incl. g g g

1 diabase NE43° | 55°D 0.42 0.67 0.74 330
2 porphyrite 63 53 0.14 0.20 2.56 330 400
3 diabase 35 47 0.76 0.53
4 ore 76 62 4.00 8.40 58.60 310
5 ore 51 77 1.48 3.11 67.10 320
6 ore 46 64 0.71 0.71 6.52 330 400
7 ore 89 64 0.74 0.59 4.34 330
8 porphyrite 75 62 0.23 0.12 041 315 400 580
9 ore 86 57 0.90 0.72

10 diabase 69 57 0.05 0.05 0.15 320

11 ore 47 44 0.57 0.68 3.62 335

12 diabase 53 62 0.69 1.24 1.01 315

13 ore 66 67 2.13 1.49 116.30 315

14 porphyrite 44 59 0.41 0.37 0.68 330

15 ore —23 71 1.04 0.73 16.01 315

16 ore 57 53 0.40 0.76 2.74 330

17 ore 19 61 1.25 2.13 70.23 320

18 diabase ! 23 56 0.16 0.05 0.06 315

19 diabase ; 72 62 1.98 4.95 2.97 320
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being NE 54° in declination and 62° down in inclination. Roughly speaking,
the direction of the magnetization of the deposit appears parallel to that of
the country rock, and the saturation magnetization due to FeS,.. is stronger
than that of Besshi deposit, suggesting that the mechanism of the formation
of the mine differs from that of Besshi.

2. Synthesis of FeS, .,

Néel pointed out that the spontaneous magnetization of FeS,., is due to
the ordered arrangement of vacancies of iron ions in the crystal?, and the
magnetic properties of FeS,,. change with the amount of sulfur atoms there-
in®t21%, The author made a synthesis of FeS,., under the atmospheric and
the high pressure to investigate the relations between its chemical composition,
the magnetic properties and the crystallographic structure.

a) Synthesis of FeS,.x under one atmospheric pressure

Pyrrhotite was synthesized by exposing H,S gas on iron in air at high
temperatures. This method can be represented by the following chemical
equation.

Fe+H,S latm FeS, ..+ (FeSy) +H, |
Lt tatm 4 (FeS) 4
2 400°C—1,000°C e/

Fig. 10 shows the relation between the heating temperatures and the chemical
composition of pyrrhotite in equilibrium at each temperature. As seen in the
figure, at temperature below 650°C, pyrrhotite with the composition of (Fe/S
~1/1.15) was formed in coexistence with pyrite. Above this temperature,
however, the ratio of sulfur to iron tends to decrease with the increase of
temperature and finally FeS, can be formed at about 1,000°C.

The composition of synthesized pyrrhotite was determined by measuring
the weight change of specimens to occur when they were calcined to a-Fe,O;.
Next, X-ray analyses were made to correlate the chemical composition to the
lattice costant (Fig. 11). In the results of the thermo-magnetic analyses (Figs.
12 and 13), it was found that the intensity of the saturation magnetization and
the Curie point change remarkably with the change of their compositions.

b) Synthesis of FeS,y1x under high pressures

Several runs of experiment were done, using the following three kinds of
specimens for the purpose of studying a certain condition of temperature and
pressure under which pyrrhotite has been formed from pyrite because the
chemical change of pyrite to pyrrhotite would teke place in the existence of
high pressures. The starting materials are (1) dry FeS, powders, (2) wet FeS,
powders containing water and (3) the mixture of Fe and S powders. In the
case of the dry FeS,, no change was found under applied pressures up to
20,000 kg/cm? at 350°C. However, as for the wet FeS,, the production of
FeS,., was detected in the results of the thermo-magnetic analysis as shown
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Fig. 10. Relationship between the chemical
composition and the heating temperature
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on the synthesis of pyrrhotite.
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Relationship between the

intensity of the saturation magne-
tization and the chemical composi-
tion of synthesized pyrrhotite.

Curie Temperature (°C)

0
3

Composition of FeSwx (S/Fe)

Fig. 11. Relationship between the chemi-
cal composition and the lattice con-
stant of the synthesized pyrrhotite.

(B 12 114 $18

Composition of FeSmx(S/Fe)

Fig. 13. Relationship between Curie
temperature and the chemical com-
position of synthesized FeS;.y.
Dotted line shows the result ob-
tained by Haraldsen (1937).
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in Fig. 14. The schematic chemical equa- (@ original
tion of this reaction is represented in the
following way.
3,500-8,000 kg/cm?
FeS FeS e+ (1—2x)S
* (H,0), 350°C et (1)
Next, the same experiment was at-
tempted with mixture of iron and sulfur.
3,300-7,000 kg/cm?®

F"}“S "F SJ-x
€ 200°C e

—_—

(b P=3,500 kg /b

———/,\_

(€) P=5.500 kg/om?

—‘“—/\k

) p=6,600 kg/em*

N

(e P=T7500 kg/cm’

Magnetization (arbitrary unit)

When pressure which is less than 3,300
kg/cm? or more 7,000 kg/cm* was applied
to the specimen at about 200°C, no change
was detected, but in the range from 3,300
to 7,000 kg/cm? the production of FeS,ix Fig. 14. Temperature dependency of the
was,con firmed as seen in Fig 15 Tﬁe magnetization of pyrrhotite synthesized

by heating pyrite powders at 350°C
range of pressures under which pyrrhotite under one-directional pressure.

06506 300
Temperature °C)

f=]

(1) P=aimosphefic pressure

|
%

R VNN RPNV JIPY. WWENSPRW, DI S NSV

(2) P=3300 kg tom®
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(lIo) (o) 102) )
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\ {102)
(i00) (o) {110y
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”WMWJ\,MW
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55 60 65 7

Scattering Angle 20 (Fe Ka)

Fig. 15. X-ray diffraction patterns of pyrrhotite made by heating the mixture of
iron and sulfur powders at 200°C under one-directional pressure,
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is synthesized in this case is nearly same as that under which the wet pyrite
convert to pyrrhotite.

3. The effect of pressures on the magnetic properties of FeS, .,

Recently, many works have been carried out on the effect of pressures
upon the magnetic properties of haematite, magnetite and other ferrimagnetic
minerals in rocks®!®%17 except the influence of pressures on pyrrhotite in
which the author is interested'®.

a) Decrease of saturation magnetization by pressure

It is said that the spontaneous magnetization of pyrrhotite is due to the
ordered arrangement of vacancies of iron ions in crystal>®. When a mechanical
force is applied to this material, the decrease
of the magnetization can be expected, if this

force is strong enough to destroy this ordered g%
arrangement. 2.‘}
The present author made an experiment of &
the pressure effect on pyrrhotite using the so- f
called Bridgemann’s anvil type of squeezer®®, ﬁgus
According to the obtained results (Fig. 16), it %
can be found that the intensity of saturation
ol

magnetization decreases gradually with increasing §T %
applied pressure at room temperature, and also PressureIcky/cm)
that the reduced magnetization thus observed by

the squeezing can be restored to the original Fig. 16. Pressure dependency of

the saturation magnetization of

intensity by annealing at 100°C as seen in Fig. 17. pyrrhotite. Full circles show
This can be explained in the following way the results for the natural
that the disordered arrangement of vacancies re- specimens and hollow  circles

sulted by the application of the mechanical force is for the synthesized specimens.

recovered by the thermal annealing to the ordered

state pyrrhotite. Same tendency of the decrease of saturation magnetization
has been observed when the specimen was quenched from high temperatures
by Bertaut. The fact was also observed by the present author (Fig. 19).

b) Generation of remanent magnetization by pressure

When a one-directional pressure was applied to pyrrhotite in the geomagne-
tic field at room temperature, the generation of remanent magnetization which
by Domen was called by the name piezo-remanent magnetization®® was cbserved.
As seen in Figs. 20 and 21, these results show that the intensity of remanent
magnetization increases gradually with increasing applied pressure in the range
from 700 to 20,000 kg/cm? and up to the range between 5,000 kg/cm® and 7,000
kg/cm? the inclination gradually increases, while above 7,000kg/cm? the in-
clination decreases and becomes nearly perpendicular to the axis of applied
pressure as shown in Fig. 21.
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Fig. 19. Decrease of the saturation magnetization of
pyrrhotite due to the quenching effect.
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nitude of the applied pressures is applied pressure is shown in this diagram.

shown in this diagram.

4. Interpretation available to the magnetization of Besshi Mine

In order to examine in detail the magnetization of pyrrhotite occurring in
Besshi mine, it is interesting to compare the data with those obtained at
Yanahara and the nature and characteristic magnetism of the synthesized
pyrrhotite (Fig. 22). It is noticed that the intensity of magnetization of the
former mine is weaker than that of the latter mine and also that j—transition
of the ordinary pyrrhotite to occur at 210°C?’ appears at lower temperature
(about 180°C).

On the other hand, there is no noticeable difference in the magnetic pro-
perties between the pyrrhotite synthesized at high temperature in air and
Yanahara’s one. Geology of Yanahara Mine suggest that the formation was
mainly due to a low grade hydrothermal reaction and, therefore, the condition
of the formation is very close to that of the synthesized pyrrhotite. As already
mentioned, the condition of formation of the ore-deposit in Besshi varies in a
wider way. But it is reasonable to assume that at least some parts of the
mineral have made under very high pressure, since kyanite occurrs at very
ploximity of the ore-deposit. Therefore, if the effect of pressure is taken into
consideration, the above-mentioned difference of the magnetic properties of the
pyrrhotite at two mines may reasonably be explained, though the influence of
some chemical impurities like Cu, Zn or Ni should be taken into account.

In the previous section, the present author already showed the results of
the observation of the saturation magnetization of pyrrhotite at room tem-
perature which decreases with increasing the applied pressure. Moreover, the



Role of Pyrrhotite in Rock Magnetism 505

I.OF
N
4
= 05
N
L
2
~/
{_!',
]
@ 1o} Y. No. 3
k3
3
e
2 os}
=
[+
=
o
o
=
[ s
o
=
5 1.0f
-
<
w

os} i

o 100 200 360 °C

Temperature

Fig. 22. Characteristic difference in
thermo-magnetic curves of Besshi,
Yanahara and the synthesized
FeSy.q2-

Saturation Magnetization

o 100 200 00
Temperature CC)
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is expected by annealing the
original mineral.

thermo-magnetic curves themselves are
very much complicated indeed. For ex-
ample, Fig. 17 shows that the magnetization
once reduced by the application of pressure
begins to recover as the temperature of the
specimens is elevated, and reaches the
maximum value at about 100°C. As for
the knick point which should correspond to
y—transition, it can be found that the transi-
tion temperature is lowered as the applied
pressures increase (Figs. 17 and 18).
Intensity of the squeezed specimens
increases during heating in the thermo-
magnetic analyses recovering the Bertaut’s
order and the ferrimagnetism as shown in
Fig. 23, where the arrow shows the recovery.

Whereas in the thermo-magnetic curves of Besshi pyrrhotite there appears no
such recovering but lowered knick point at about 180°C. Therefore, to account
for this curve the present author assumed the natural annealing in geosyncline
to have taken place after the squeezing of the very mineral

It is likely that pyrrhotite occurred from FeS, or FeS-nH,0 in the original
sedimentary deposit by the applied pressure in the range from 3,500 kg/cm? to
8,000 kg/cm? as our pressure experiment of squeezing of water-containing
pyrite and mixture of iron and sulfur. It is also probable that piezo-remanent
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magnetism took place during the squeezing of the bed by the more or less
one-directed pressure. Thus the pressure might produce host magnetic mineral
of the ore-deposit and its remanent magnetism.

Some mining geologists, on the contrary, insist that pyrrhotite is the syn-
genetic product with the bed being made by submarine volcanic activity®*#®,
Regardless the mechanism of the formation of pyrrhotite and the acquisiting
of the remanent magnetism, one can say that the ore-deposit has been bent in
such that the lower part of the deposit is rotated relative to the upper part
as the remanent vector indicate as schematically shown in Fig. 24.

Fig. 24. Schematic diagram showing the relation
between the bend of ore-deposit and the
direction of magnetization in Bessh Mine.
Arrows show the direction of the n.r.m..

Chapter II. Role of FeS,.. on Magnetism of Rocks

1. Occurrence of pyrrhotite in sedimentary rocks

Many investigators*®.2® have suggested that occurrence of FeS,., covers
a wide range in Japanese ingeous rocks such as gneissose mignatite and granites
etc. and this mineral plays an important role on magnetization of rocks. The
author reported”?” that FeS,., has wide occurrences in sedimentary rocks in
Japan. The collecting sites of rocks containing FeS,.. are shown in Fig. 1
and some results are shown in Figs. 25 and 26. Further, he discussed that
pyrrhotite is an intermediate product in the removing process of pyrite to be
oxidized to magnetite or haematite. Mapstone® also found that both of FeS, .
changes into Fe,0, or a-Fe,O; when the oxidation proceeds. This fact suggests
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Fig. 25. Representative examples of the thermo-magnetic

curves of black shales and red sandstones.
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Fig. 26. X-ray diffraction patterns of ferromagnetic minerals which were
extracted from black shales and sahdstones.

that there is a possibility of the generation of chemical remanent magnetiza-
tion (c.r.m.) on the process of oxidation mentioned in the above.

Consequently, several minerals are responsible to the n.r.m. of those rocks,
and each one might have been magnetized by the past geomagnetic dipole field
with different direction and intensity and sometimes at different geologic times.
In such a case, thermal demagnetization of the n.r.m. seems to be one of the
experiments by which one can clarify the process of magnetization or dis-
tinguish the original magnetization from the secondary.

2. The remanent magnetization of black and red beds

The n.r.m. of black shales and red sandstones were measured. They all are
fairly strong and stable. The results are illustrated in Fig. 27 and in Table IIL
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(a) Sasayama red bed (b) Asa red bed

(c) Yoshimi red bed (d) Yoshimi black bed
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(e) Miyako black bed (f) Kashima black bed

(g) Ofunato black bed

Fig. 27. Direction of the red and black beds plotted on Schmidt’s equal areal projection.
Local geological dip is not corrected. X : Direction of the present dipole field.
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Table III (a) Sasayama red bed

Direction of

Ji

Is

Magnetization : Je/Js
No. —semu —gemul/ . ~-.emu\ Ji/Jr a
Decl. | Incl (10 )(x10 z )(MO g ) (X107
1 |NE 42° 66°D 0.68 2.45 0.36
2 4 74 0.80 4.32 0.54
3 60 49 0.89 1.78 2.35 0.20 0.38
4 7 45 0.80 1.52 2.97 0.19 0.27
5 5 76 0.45 1.98 0.44
6 17 43 0.88 0.97 1.48 011 0.59
7 32 57 0.85 5.78 0.68
8 15 83 0.60 2.16 0.36
9 10 78 1.54 4.00 1.63 0.26 0.94
10 16 55 13.10 33.70 0.26
11 46 46 2.70 5.04 6.55 022 0.41
12 13 49 1.25 3.13 0.25
13 15 57 0.32 0.58 0.18
14 41 59 0.87 1.13 0.13
15 46 74 0.90 2.34 0.26
16 4 63 1.52 2.74 317 0.18 0.48
17 53 53 3.26 3.26 0.10
18 81 77 3.81 343 6.67 0.09 0.57
19 42 64 4.92 6.40 9.33 0.13 0.53
20 37 50 4.87 12.66 0.26
21 42 56 5.69 13.09 2.76 0.23 2.06
22 60 49 5.49 3.84 9.70 0.07 0.57
23 60 61 3.33 8.33 0.25
24 40 57 3.46 3.70 4.02 011 0.86
25 29 53 4.54 20.43 0.45
26 20 60 4.96 9.92 7.47 0.20 0.66
27 36 58 511 12.26 14.84 0.24 0.34
28 46 62 2.65 2.65 0.10
29 36 59 4.26 9.37 0.22
30 26 63 412 10.71 5.67 0.26 0.73
31 31 73 4.72 14.63 10.08 0.31 0.47
22 24 54 6.99 13.98 0.20
33 51 73 2.61 3.13 0.12
34 2 70 9.08 19.98 0.22
35 30 46 5.95 5.36 0.09
36 32 60 4.71 8.95 9.01 0.19 0.52
37 50 67 7.08 20.53 9.35 0.29 0.76
38 26 65 3.21 6.42 0.20
39 36 62 3.63 2.18 0.06
40 7 57 4.34 8.68 0.20
41 43 61 5.27 6.32 10.64 0.12 0.50
42 21 56 4.92 7.38 0.15
43 33 49 9.43 9.48 0.10
44 21 57 414 3.73 2.71 0.09 1.53
45 16 62 3.75 5.63 0.15
46 23 36 1.12 0.90 0.08
47 4 65 2.49 1.24 0.05
48 18 51 2.18 218 0.20
49 13 55 1.01 2.73 0.27
50 17 60 5.14 4.36 2.50 0.10 2.06
51 28 51 1.45 1.16 0.08
52 7 61 1.40 1.40 0.10
53 5 46 2.24 2.46 0.11
54 16 62 4.54 27.24 17.50 0.60 0.26
55 — 5 69 7.80 33.54 47.58 0.43 0.16
56 50 65 2.24 1.34 0.06
57 33 70 1.70 10.88 0.64
Mean 28 61 3.54 7.37 854 0.22 0.71
Error 3.0 1.98 545 3.59 0.11 0.37
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(b) Asa red bed

Direction of

on ! Jr Ji Js
Magnetization : Jr/Js
No. -sgr_n_e) ¢ sz_ng)( -ze_mg) Ji/Jr 3
Decl. [ Incl. ( x10 g ( x10 g x10 g (x107%)
1 NE102° 72°D 2.59 1.30 0.05
2 102 69 1.89 3.21 0.17
3 108 72 0.85 1.79 0.21
4 80 73 1.28 0.77 2.31 0.06 0.55
5 118 72 1.99 1.59 1.40 0.08 1.42
6 58 61 1.97 1.18 0.06
7 121 63 231 1.85 0.08
8 124 74 1.68 '1.85 0.11
9 86 72 1.65 2.81 0.17
10 96 74 5.50 7.70 3.37 0.14 1.63
11 102 57 3.93 0.39 1.64 0.01 2.40
12 49 54 1.49 2.38 1.68 0.16 0.89
13 52 48 2.18 2.83 0.13
14 37 36 0.68 1.56° 0.23
15 60 61 214 3.00 2.72 0.14 0.79
16 52 44 2.62 3.67 0.14
17 48 62 491 4.42 0.09
18 41 66 3.61 4.69 0.13
19 13 49 3.82 8.02 0.21
20 17 44 7.16 13.10 7.81 0.19 0.92
21 21 50 4,57 11.88 0.26
22 16 51 4.42 6.19 0.14
23 1 55 4,84 15.30 0.31
24 23 50 4.01 4.01 0.10
25 19 41 5.01 17.03 24.88 0.34 0.20
26 9 62 2.65 3.18 0.12
27 18 55 4.73 17.97 0.38
28 23 55 3.85 11.55 11.82 0.30 0.33
29 35 57 3.37 2.36 0.83 0.07 4.06
30 43 51 4.87 6.82 0.14
31 35 63 2.32 3.94 0.17
32 58 42 3.06 3.98 0.13
33 39 44 5.95 13.09 0.22
34 47 56 2.34 4.46 0.19
35 28 73 1.80 1.98 1.50 0.11 1.20
36 16 73 0.78 7.02 0.09
37 9 67 0.93 2.05 0.95 0.22 0.98
38 7 64 3.25 5.20 0.16
39 37 83 2.03 2.23 0.11
40 0 69 2.39 0.24 0.01
41 11 63 2.29 1.60 0.07
42 15 70 2.22 3.14 0.14
43 20 69 2.56 2.30 0.09
44 16 68 1.85 0.56 0.85 0.03 2.18
45 7 61 1.59 2.39 0.15
46 25 64 0.64 0.64 0.10
47 21 60 0.45 0.95 1.19 0.21 0.38
438 0 80 2.14 3.64 0.17
49 34 77 191 3.82 0.20
50 60 77 0.72 3.02 0.42
51 80 58 1.03 2.58 0.25
52 2 73 1.31 144 1.60 0.11 0.82
53 43 85 1.40 1.54 0.11
54 53 79 0.24 0.38 0.16
55 131 84 1.71 3.25 1.70 0.19 1.01
Mean 39 66 2.61 4.34 4.14 0.16 1.61
Error 4.4 1.07 3.07 3.97 0.06 0.85
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(¢) Yoshimi red bed

Direction of

on ¢ Ir Ji Js
Magnetization ; Jr/Js
No. _semul/ . ;,_cemu _gemul| Ji/Jr -~
Decl. Incl. ( x10 g ) ( 10 ( *10 ?) (10x=2%)
1 |NE 72° 54°D 4.36 12.90 0.30
2 55 50 2.05 2.46 0.12
3 41 52 5.19 18.16 0.35
4 47 65 5.83 18.07 1.20 0.31 4.86
5 54 56 4.36 13.95 0.32
6 18 55 511 12.88 0.25
7 29 43 5.51 11.02 16.96 0.20 0.32
8 19 66 144 1.87 0.13
9 29 52 464 12.64 0.26
10 20 46 3.24 3.89 0.12
11 — 4 55 1.24 2.36 0.19
12 — 6 60 1.51 0.91 0.06
13 7 70 224 6.72 0.30
14 — 6 67 7.91 31.64 242 0.40 3.27
15 12 60 2.79 18.69 0.67
16 6 50 2.80 7.28 0.26
17 —21 67 1.49 2.38 0.16
18 — 6 68 1.82 9.10 0.50
19 19 49 3.27 18.97 0.58
20 65 74 2.31 9.12 0.36
21 32 53 2.23 7.81 175.67 0.35 0.01
22 23 63 3.12 8.74 0.28
23 —15 66 1.10 0.99 0.09
24 9 66 1.20 0.96 0.08
25 40 59 9.21 57.68 76.09 0.80 0.12
26 17 68 3.39 18.31 0.54
27 8 57 7.05 26.79 0.38
28 37 55 7.00 16.10 28.68 0.23 0.24
29 0 54 5.88 12.91 0.24
30 14 64 434 9.98 0.23
31 56 53 4.43 13.81 0.31
32 28 65 3.17 6.97 0.22
33 —11 54 5.22 19.31 0.37
34 36 56 3.56 19.88 0.47
35 6 63 3.96 11.88 0.30
36 3 60 6.29 19.50 32.32 0.31 0.19
37 9 61 6.45 36.12 0.56
38 17 51 5.44 1741 0.32
39 7 60 5.81 17.43 0.30
40 6 65 8.18 40.90 43.26 0.50 0.19
41 -5 58 7.42 23.00 0.31
42 7 59 7.03 1547 0.22
43 6 48 7.91 25.31 0.32
44 20 53 7.80 33.54 0.43
45 13 63 7.37 22.85 62.50 0.31 0.12
Mean 18 58 4.53 15.52 48.80 0.32 1.04
Error 1.5 1.92 8.41 37.31 011 1.35
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(d) Yoshimi black bed

Direction of

Jr

Ji

Js

Magnetization : Ir/Js
No. | TSI o-semy _eemu\l( o emu)  Ji/Jr s,
Decl. Incl. 10 g )(XIO g )(/ 0 g ) (X107%)
1 |NE31° 65°D 2.39 4.54 0.19
2 63 64 28.37 42.56 4.85 0.15 5.85
3 70 66 16.85 26.96 5.77 0.16 2.92
4 82 64 2.19 1.75 0.08
5 75 69 3.56 3.92 0.11
6 53 69 2.05 2.46 0.12
7 19 66 3.47 5.55 0.16
8 65 76 34.62 4847 3.49 0.14 9.92
9 79 76 51.03 51.03 0.01
10 73 70 33.39 31.07 0.08
11 34 69 28.33 23.21 0.07
12 44 60 31.75 19.05 13.40 0.06 2.37
13 43 66 19.69 3.94 0.02
14 34 58 29.88 32.87 0.11
15 42 63 4.25 1.28 0.03
16 33 55 32.64 39.17 2.02 0.12 16.16
17 28 53 19.65 13.76 0.07
18 27 54 10.50 12.60 012
19 43 70 27.37 24.63 1.14 0.09 24,01
20 30 54 21.08 14.76 0.07
21 50 62 1.27 0.51 0.04
22 32 57 0.57 0.85 0.15
23 6 69 0.86 0.53 0.07
24 39 63 0.75 0.23 0.03
Mean 45 64 16.94 16.90 511 0.10 10.21
Error 45 12.88 13.80 2.98 0.04 6.59
(e) Miyako black bed
Direction of Ir Ji Js
Magnetization : Jr/Js
No. _semu _gEmu _zemu\l Ji/Jr a
Decl. l Incl. (><10 g )(XIO g )(XlO g ) (x107%)
1 | NW71° 32°D 12.60
2 63 35 6.28 3.69 1.70
3 75 44 5.88
4 82 22 7.24
5 66 44 6.47 6.52 0.99
6 66 25 1.12
7 68 29 3.55
8 85 29 2.83 3.83 2.29 0.14 1.24
9 56 42 10.00 7.03 0.07
10 66 42 25.40
11 69 36 25.40 1.35 3.85 0.01 6.60
Mean 70 35 971 4.07 417 0.25 2.66
Error 5.9 6.29 1.95 1.57 0.18 2.00
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(f) Kashima black bed

515

" Direction of Jr Ji Is [
Magnetization : Jr/Js
No. ~semu ~eemu\ (o yo-emu) Ji/Jr s
Decl, 1 Incl. <X1° r )(xm = ’)(MO p ) (x107%)
1 |NW43° | 50°D| 534 |17 3.20
2 35 58 12.70 i
i i
3 32 60 713 | ; 8.78 0.81
4 | 24 61 1.29 |
5 | 46 48 5.08
6 | = 50 3.20
7 ? 27 66 0.92
8 | 49 46 2.60
9 f 42 55 3.80
{

Mean 40 \ 55 467 5.23 2.01
Error 5.5 2.57 3.55 1.20
(g) Ofunato black bed

| Direction of .
Magnetization Jr Ji Js R Jr/Js
I e -4emu ( ~5emu -semu)l Ji/Jr -
Decl. ] Incl. (XlO g ) *10 g )(XlO g ) (%107%)
1 INW 8°| 54°D 2.68 2.04 0.08
2 6 45 3.81 3.63 0.09
3 2 55 3.27 3.54 0.11
4 5 55 2.96
5 9 55 2.00
6 6 40 4.24 2.04 477 005 | 889
7 48 76 0.28
8 31 72 0.41
9 26 62 1.54
10 28 62 0.32 021 9.89 007 | 032
11 22 63 2.01 12.80 157
12 37 62 142
13 33 57 1.69
14 36 58 1.78
15 25 65 0.16
16 25 60 0.14 051 14.90 036 | 001
Mean| 19 | 59 1.80 1.99 i 1059 013 | 270
Error 52 1.08 109 | 301 008 | 285
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Fig. 28 is also the results of the measurements of the n.r.m. in which the
corrections for the strata are made. As seen in the figure, the results becomes
more scattered when the correction was made, suggesting that the so-called
secondary magnetization took place after the folding of the sedimentary beds.

3. Thermal demagnetization of rocks

As was previously stated, Japanese sedimentary rocks occasionally contain
FeS,ix, Fe,O, and «-Fe;O,. And it was put into a qusetion whether or not
the time of those magnetization is later than the formation of the beds. If
the existence of intermediate state from FeS,.. to other iron oxides can
be considered due to a certain chemical reaction through geologic time, the

(a) Sasayama red bed (b) Asa red bed

(c) Yoshimi red bed (d) Yoshimi black bed
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(e) Miyako black bed (f) Kashima black bed

(g) Ofunato black bed

Fig. 28. Direction of the n.r.m. of the red and black beds plotted on Schmidt’s
equal areal projection. Local geological dip is corrected. X : Direction
of the present dipole field.

direction of remanent magnetization measured should be that of the resultant
remanent vectors, some being acquired at certain geologic time and some in
the other. Therefore, it is necessary to distinguish one from the other by
demagnetization of rocks. Of which thermal demagnetization is useful, since
FeS, iz, Fe,0,and a-Fe,0O; have different Curie points in the order of increasing
temperature, and, therefore, by heating and measuring at each Curie point one
can seperate the vector due to each ferromagnetic phase,
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First, the samples were cut off into cube of the size of (3.3cm®), and were
rotated inside a quartz furnace put under the astatic magnetometer. To make
the furnace, a2 quartz tube of 6.5cm in diameter and 70 cm in length was pre-
pared, and platinum wire of 0.5 mm in diameter and 10 m in length was wound
non-magnetically in such that the number of turns are greater at the end of
the tube and smaller in the center so that the temperature inside may be as
uniform as possible. The tube was enclosed with quartz wool and quartz tape
as thermal insulators. In this non-magnetic furnace, by rotating the sample
with a specially equipped sample holder three components of the magnetization
of rocks were measured at appropriate temperature. A schematic diagram of
this apparatus is in Fig. 29.

...... R
IR SRS S RS EETIE a

W
Nl

Fig. 29. Schematic diagram of thermo-demagnetizing apparatus.
M: astatic magnetometer, C: water cooler, P: platinum
wire heater (non-inductively wound), H: sample holder,
S: sample, J: thermo-junction, R: rotating rod, Q:
quartz tube, W: quartz wool, Y : quartz tape.

69 samples whose remanent magnetization was already observed at room
temperature were selected and each change of the magnetization with increasing
temperature was examined. Some of the curves thus obtained are shown in
Fig. 30. As already examined, Curie point of FeS,.. is about 300°C above
which the component vector due to this phase disappears and, therefore, the
remanence to be due to the phase having higher Curie point, for example to
Fe, O, or a-Fe,0;. By subtracting the remanent vector at 300°C from original
vector, one can find the component vector due to FeS,.». When the similar
procedure is carried out at 575°C remanent vector due to magnetite or haema-
tite is to be seperated.

However, the measurement above 580°C was practically impossible. Table
IV shows the results thus obtained. In those results, the correction for the
tilt of the strata was made. Individual errors of measurement of each rock
sample were fairly large, however, if we take mean direction of component
vector due to pyrrhotite and the other, they all differ from each other as shown
in Fig. 31. For example, both in the black bed and in the red bed the remanent
magnetization due to FeS,:, differs slightly from that due to other iron oxides.

As shown in Fig. 30 and Table IV the remanent magnetization of black
shale depends mainly on FeS,., and partly on Fe,O,, the rate of dependency
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being about 70:30 in average, while that of red sandstones depends on FeS, .,
Fe,O, and a-Fe,O,, the rate being about 35:45:20 respectively in average.

Accordingly, one can say that the ferromagnetism of FeS,., is not only
of great importance in black beds, but also plays a fairly important role even
in red beds.

Table IV
(a) Sasayama red bed

Direction of Magnetization Inﬁ:gsilz'ir;%%n()f
No. Ir Jr’ 7
Iv/Je | x/Jr
Decl. Incl. Decl. Incl. Decl. Incl.
19 NE 11° 56°D | NE 18°] 48°D | NE —2° 64°D 0.51 0.49
20 18 42 23 27 14 52 0.35 0.65
21 10 46 —16 40 45 44 0.48 0.52
22 23 42 16 30 29 51 0.44 0.56
23 26 58 —27 56 48 51 0.38 0.62
24 15 49 —3 50 27 53 0.50 0.50
25 10| 43 -19 43 40 35 0.49 0.51
29 11 49 32 68 4 37 0.36 0.64
31 —6 60 10 51 —29 67 0.42 0.58
33 3 64 26 54 —37 69 0.45 0.55
34 4 60 —16 70 14 50 0.45 0.55
36 104 75 119 68 20 75 0.64 0.36
36 112 76 137 74 71 71 0.65 0.35
38 122 78 —173 72 82 69 0.51 0.49
40 51 85 —129 59 67 42 0.30 0.70
42 78 79 100 72 0 80 0.71 0.39
43 74 68 100 52 3 70 0.44 0.56
45 109 82 65 77 161 80 0.44 0.56
47 154 79 32 79 170 65 0.35 0.65
49 94 80 144 84 69 68 0.58 0.42
50 115 78 109 43 —163 85 0.20 0.80
55 178 85 —71 70 125 66 0.40 0.60
I|NE 12°0 52°D|NE 4° 50°D | NE 20° 55°D
Mean |— 0.46 0.54
II | NE 104°| 80°D | NE 122° 78°D | NE 78° 79°D

I: Mean values of Jr, Jr/, and Jr” of rocks collected from north dipping strata.

II: Mean values of Jr, Jr’ and Jr” of rocks collected from south dipping strata.

Jr: The n.r.m. measured at room temperature, Jr’: The magpetic moment disappeared
by heating to 330°C, Jr”: The remanent magnetic moment at 330°C.
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(b) Asa red bed

Direction of Magnetization I%Z%i;{{;:ggnd

No. Jr Jr’ I A

1 I/ I/
Decl. | Incl. Decl. ‘ Incl. Decl. ; Incl.

I NE 28° 70°D | NE 17° 22°D | NE 42° 78°D 0.13 0.87
2/ -3 59 21 31 —13 64 0.22 0.78
8 21 75 —34 38 60 76 0.18 0.82
9 23 64 25 53 23 77 0.56 0.44
16 35 38 24 41 44 36 0.46 0.54
17 7 52 8 52 —2 55 0.65 0.35
18 —2 51 4 39 —20 71 0.37 0.63
19 —4 30 —21 36 8 26 0.46 0.54
22 —2 32 25 58 —16 12 0.35 0.65
24 3 33 -1 32 8 44 0.70 0.30
25 —24 40 —40 46 —19 39 0.35 0.65
26/ —14 30 —20 11 —13 4 0.26 0.74
27 —4 36 7 30 —26 54 0.40 0.60
31 —15 24 1 32 —20 20 0.30 0.70
32 15 27 36 31 —5 20 0.38 0.62
34 —2 26 5 31 -9 29 0.35 0.65
Mean NE 2° 44°D I NE 1° 38°D | NE 4° i 49°D 0.38 0.62

(¢) Yoshimi red bed

Direction of Magnetization Irll\}le;ngsg?tfi-zr:ttilgnof
No. Ir I J”
/e | v/
Decl. Incl. Decl. Incl. Decl. Incl.
11 NE 80° 67° D |NE 106° 72°D | NE 66° 58° D 0.32 0.68
12 92 68 61 69 40 66 0.10 0.90
19 73 53 52 87 81 22 0.32 0.68
26 108 55 104 65 113 42 0.47 0.53
27 89 60 86 56 80 53 0.00 1.00
28 90 45 59 36 123 49 0.39 0.61
28 111 56 109 43 114 65 0.33 0.67
34 92 46 23 83 96 30 0.14 0.86
35 94 41 75 43 104 40 0.22 0.78
37 97 59 133 55 72 54 0.35 0.65
3 39 74 42 64 —144 88 0.44 0.56
40 104 61 52 52 121 58 0.17 0.83
41 91 61 126 62 70 57 0.38 0.62
45 100 57 90 51 121 61 0.37 0.63
Mean NE 92° 58°D | NE 84° 63°D | NE 94° 55 °D § 0.29 0.71
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(d) Yoshimi black bed

Direction of Magnetization Ixﬁzrésggi-;:ggnof
No. Ir I’ J”
j « - /e | Je”/Ix
Decl. \‘ Incl. Decl. Incl. Decl. [ Incl. |
2 NE 32° 62°D | NE 32° | 54°D | NE 28° 72° D 0.54 0.46
4 49 66 53 60 —4 79 0.65 0.35
19 63 90 82 5 20 0.80 0.20
7 0 55 5 64 —24 44 0.58 042
12 12 61 17 59 —14 66 0.59 041
15 6 64 13 65 —26 31 0.89 0.11
16 8 54 13 52 —13 59 0.68 0.32
18 4 51 5 51 —10 57 0.83 0.17
19 —5 68 0 68 —25 65 0.86 0.14
21 14 65 26 76 9 51 0.50 0.50
22/ 45 55 40 54 151 67 0.76 0.24
Mean ; NE 17| 61°D | NE 31° | 62°D|NE 7°| 60°D o 1 0.30
Jr (xicamu/g) Jr (xl0emu/g)
8

—@—Sasayama No.37T br ——@——Yoshimi No..14-

-=-®----Yoshimi No. 39 & -—@—-Kashima No. 2

o - —®—-Asc No. 29 ) -~ @---Yoshimi No. i8

I3 1 1
] 200 400 60 °C 0 200 400 600 °C

(a) red sandstones (b) black shales

Fig. 30. Temperature dependencies of remanent magnetizatian of red sandstones and
black shales,
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(a) Sasayama red bed (b) Asa red bed
Group (I) is the results obtained from the
north-dipping stratum, and group (II) from
the south-dipping stratum,

(c) Yoshimi red bed (d) Yoshimi black bed

Fig. 31. Relation of the mean direction of the n.r.m. to the magnetization due
to pyrrhotite and other ferromagnetic minerals contained in same rocks.
% : direction of the present geomagnetic field (H), @ : direction of the
nr.am. (Jr), A: direction of magnetization due to pyrrhotite (Jr'), B:
direction of magnetization due to magnetite and haematite (Jr”)
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4. Consideration on the magnetization of rocks

According to the present author’s investigations, it was confirmed that the
red and black beds generally contain pyrrhotite with other iron oxides such as
Fe;0, and a-Fe,0; as well as in the iron-sulfide mines and they possess fairly
strong and stable remanent magnetizations which are to be considered as a
fossil geomagnetism of the past geomagnetic dipole field. It is generally accepted
in geologists that the black bed is a product of marine or lacustrine deposition
under a warm and damp climate where biochemical reaction may take place
in favour of its formation®.?”, while the origin of Japanese red bed in gener-
ally associated with volcanic activities™.

Some important facts were suggested from the previously obtained results.
Of which the one is that in the red sandstones the deviation of the remanent
vector due to FeS,.. from that of the present geomagnetic dipole field is
smaller as compared with those due to:other iron oxides, whereas in the black
shales the deviation is greater than due to the latter.

It is presumed that the coexistence of pyrrhotite with other iron oxides
is due to oxidation of iron sulfides such as markasite, pyrrhotite, melnikovite
and hydrotroilite deposited and stratified in marine by some submarine volcanic
activities or by some biochemical procedures etc.®”. The results obtained by
thermal demagnetization of Yoshimi’s black bed suggest that the above pre-
sumption is very plausible; that is ‘to say, a chemical change from iron sulfides
to iron oxides actually took place very slowly through the geological time and
a chemical remanent magnetization (c.r.m.) should be taken into consideration
to the magnetization of black bed. On the other hand, the results obtained
from the red beds, typical one of them being Sasayama red bed, differ distinctly
from those of the black bed.

The results of thermal demagnetization of Sasayama red sandstones are
summarized in Fig. 31 (a), where two groups of plots are seen, each group con-
sisting of one circle, triangle and square. Of these symbols, circles represent
the mean direction of the remenent magnetization of pyrrhotite and squares that
of ferromagnetic minerals with the Curie points higher than 330°C (they are
proved to be magnetite and haematite by X-ray and thermo-magnetic analyses).
The group (I) in the diagram illustrates the results of rocks collected from
north-dipping stratum and the group (II) illustrates that from south-dipping
stratum. The local dips of the strata have been corrected. As seen in the
diagram, the direction of magnetization due to pyrrhotite (Jr") of group (I)
situates on the same side of the present dipole field (H) from that of the
nr.m. (Jr). In group (II), however, (Jr") situates on the opposite side of (H)
from (Jr). The magnetization due to magnetite and haematite shows the
opposite situation, that is, it is on the opposite side of (H) from (Jr) in group
(D) and on the same side of (3) from (Jr) in group (ID.

To explain these facts, a schematic diagram is drawn in Fig. 32. In this
diagram, it is assumed that pyrrhotite has been magnetized after the bend of



524 ) ' Yong-ho KanG

£ 37 P
I8 7 o
i / P

€2

Fig. 32. Configuration of remanent magnetization of Sasayama red bed in relation
to the bending of stratum. — Jr: natural remanent magnetization,
~~~~~~ Jr’: magnetic moment disappeared at 330°C (imagnetization due to
FeS;.+y), ~Jr”: remanent magnetic moment at 330,C (magnetization
due to Fe;O, and «-Fe,0;). (a) Direction of remanent magnetization of
the bed, whose local dip is not corrected, (b) Direction of remanent
magnetization of the bed, whose local dip is corrected.

strata took place, the direction of magnetization in north-dipping strata being
nearly parallel to that in south-dipping strata if we do not correct the local
dip and, it is also assumed that magnetite and haematite had been magnetized
before the bend of strata happened and naturally the direction of magnetization
of these minerals in north-dipping strata is parallel to that in south-dipping
strata when the correction of the local dip is made. Consequently, when the
dip of strata is corrected, the direction of magnetization due to pyrrhotite
becomes shallower in north-dipping sites and becomes deeper in south-dipping
sites. When the dip of strata is not corrected, the magnetization due to
magnetite and haematite in north-dipping strata becomes deeper compared with
that in south-dipping strata. This idea is merely a simple hypothesis and does
not show a perfect agreement with-the experimental fact but still suggests that
nearly the same sort of the mechanism of magnetization as this assumption
had proceeded in nature. It is needless to say that actual process of magneti-
zation has been more complicated and it is likely that two kinds of magnetite
and haematite are contained in one rock, one being original minerals which
had existed at the time of formation of rocks and the other being secondary
‘minerals produced by oxidation process represented as follows:

pyrite — pyrrhotite — magnetite — haematite

In this case, the magnetization of the primary magnetite and haematite
should differ from that the secondary ones. If it were possible to distinguish
the former from the latter and if we could discuss the magnetization due to
primarily existed magnetite and haematite, the above-stated hypothesis could
more useful to explain the experimental results.

Therefore, what the present writer can summarize his data at present is
that in red beds the remanent magnetic vector due to iron oxides is more
important to the palaeomagnetic investigations than these due to pyrrhotite
and vice versa in black beds.
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