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                                 Abstraet

   Natural occurrence of pyrrhotite in iron-sulfide mines in Japan was described in part l
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 palaeomagnetic interpretation.

                               Introduction

    The chemical composition of pyrrhotite is represented by the formula
FeSi-.x (0<x<0.20), and the crystcfi.llogvapkic structure belongs to dihexagonal
groupi). Its magnetic pi'operSies ha.ve been studied on botk sides of theory
and experiment2,3), shovvTing that pyrrhotite is basical}y antiferromagnetic
material accompanied by weak ferromagnetism, although some of the properties
change witk ckange of the value x ln FeSi.{tx.
    Regarding the natural occurrence, tkere are many studies`,S,6) reporting the
precise origin, formation or occurrence of this mikeral, but there have been a
few reports in which the author argued the significance of pyrrhotite in
rock magnetism. Recently, Kawai and the present attthor7) discovered many
Japanese sedimentary rocks of Mesozoic and Palaeozoic ages in wlaich pyrrkotite
is the host ferromagnetic mineral aRd respoRsible for the magnetization of
these rocl<s.

    In this paper tke present author will show occurrences of pyrrhotite in
iron-suifide mines and in sedimentary rocks in Japan, together wkh the results
of magnetic properties ef synthesized pyrrhotites, and also discgss the contri-
bution of the miRera} to rock magnetism.

Chapter 1. Pyrrkotite eccurring in Iron-Sulfide Ore-deposits

    107 rock samples were collected from two representative iron-sulfide mines
in Japan, Besshi Mine of Ehimi Prefecture and Yanakara Mine of Okayama
Prefecture. The co}lecting sites are shown in Fig. 1.
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Fig. 2,

   

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 frorn W, M,
0 and K.
B: Besshi ore-deposit (Ehime Prefecture), Y: Yanahara ore-
deposit (Okayama Prefecture),S: Sasayama (Hy6go Prefec-
ture), A: Asa (Yamaguchi Prefecture), W: Yoshimi (Yama-
guchi Prefecture), M : Miyako (Iwate Prefecture), O : Ofunato
(Iwate Prefecture), I< : I<ashima (Fukushima Prefecture).

  1. Measurements of remanent and saturatlon magnetization
   a) Rocfes from Besslzi ore-dePosit
    First, rocks were collected from several places in one ore-deposit with
different altitudes from sea level and next, the same way of tke coliection was
applied on several oredeposits to trace a relationship betsreTeeR the skapes of
ore deposits aRd their magnetizatioR.
   The rocks thus obtained were iron-sulfide ores, country rocks of crystalline
schist and rocks from the contact zone of ore-deposits and schists.
   Tlte measurements of the natural remanent magnetization (n.r.m.) were
made by rneans of an castatlc magnetometer8) and the thermo-magnetic ana}yses
by a Sucksmith type thermo-magketic balance9). The surnmarized results skown
in Figs. 3 and 4, and in Table I iRdice.te that the m"c.gnetizLn.tion of these rocks
is very strong and stable, and also there is a remarkable difference in the
direction of the n.r.m. between tlae upper part and ehe lower part of the
deposlt. The mean direction of magnetization is about NE 150 in declination
aRd 450 down iR inclination in the upper part, while that of the lower part is
about NW 31e and 530 down respective}y.
   This deposit whick belongs te Sambagawa met3.morphic zoRe has beeR
produced by a regiofia} dyRarao-metamorphism and consists of varieus kinds of
crystalline schists. In order to examine the relation between the structure of
the deposlt and the direction of tlte magnetization, a vertical section of the
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Table I

No.

1

2

3

4

5

6

7

8

9

10

11

12

13

l4

i5

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Sampling
  level

- 350 m

- 260 m

Rocl<

l

quartz

ore

ore & q.

ore

quartz

ore & q.

ore & q.

ore

ore

ore

green

ore

quartz

green

green

green

green

quartz

ore

ore

graphite

graphite

green & o.

ore & q.

ore & q.

green

green

ore

ore

ore & q.

ore

ore
graphite

quartz

quartz

ore

ore & q.

ore
o. & green

graphite

ore

 Direction of
Magnetization

Decl.

NW 170
    13

     8

Incl.

  5
  8
 12
  9

- 3

 37

22

23

17

 25
 32

- 10

 21

86

7

47

73

61

60

44

58

550D
49

53

49

42

54

47

46

59

68

53

43

43

40

50

48

51

63

66

56

se

55

58

62

     3r                 Ji
(Å~lo--3elllU)i(Å~lo-3elllU)

0.78

0.24

0.25

0.36

1.34

1.86

1.08

1.75

O.05

O.07

0.29

2.12

0.27

O.02

O.09

O.02

0.17

0.38

0.25

0.40

O.01

O.01

o.e3

0.76

    Js
(Å~lo-1eeu)

3.51

l.41

2.00

 2.14

 6.86

ll.35

 9.43

26.04

 0.48

2.42

Curie point
   (oC)

0.68

1.62

0.16

O.02

0.17

O.03

0.29

!.73

0.95

0.68

3.30

0.14

0.65

O.02

O.06

O.02

0.11

0.35

0.39

0.10

0.85

O.07

7.81

para.

26.06

1.40

para.

para.

0.30

8.80

para.

para.

para.

21.95

 7.81

 6.14

37.20

 0.53

300

300

310 570

32e

305

290

295

295

280

300

295

570

550

305 565

300

280

300

295

295

295

295

320 575

270 575

300 660
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No.

42

43

44

45

46

47

48

49

50

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

Sampling
  level

Rock

 Direction of
Magnetization

Decl. Incl.

    Jr
( Å~ io -' 39-MgY-)i< Å~ iO

+480 m

+660m

 o. & green

 green
 o. & green

 o. & green

 ore & q.

 ore
 graphite

 ore & q.

 ore

 quartz

 green

 ore
 quartz

 quartz

 ore
 quartz

 ore

 ore
 ore & q.

 ore

 ore
 quartz

 green
piedmontite

 ore & q.

 green
 quartz
 green & o.

 green
 green
 ore & q.

 ore & q.

 ore

 green
 green
 ore & q.

 quartz
 ore & q.

 ore & q.

 ore & q.

 quartz

NW s2o

   85
   73
   63
   25

'

I

9

19

34

- 5

- l8

- 55

 13

- 10

- 28

 15

- 15

- 9

'

430D

63

68

52

52

51

42

69

42

55

48

37

39

47

43

59

51

 14.90

  l.30

331.8!

339.84

  1.61

 12.36

  1.01

 43.47

498.58

  6.88

  2.63

 45.34

406.47

0.50

288.64

J i

39:.Um)(Å~10
IS,e:u) C une polnt

 (eC)

{- 975 m

:

l - 36

- 43

- 9

_-m
 27

- 27

- 13

- 21

l

l
1
i
;
I
:
I

26

29

45

l5

34

36

45

i

l
!

E

  2.81

266.03

191.44

968.90

427.91

  2.63

  0.40

l

l

  4.80

  0.30

298.62

234.52

  0.49

  2.43

  0.63

i53.61

478.65

  3a84

 62.80

  O.03

 39.42

321.09

0.71

251.05

  0.60

274.04

313.92

121.10

380.80

  0.70

  0.41

'

t

'

I
i

0.87

1.52

3.97

26.70

para.

 1.46

para.

para.

para.

para.

0.42

0.30

300

285

300

300

580

575

575

575

580

275 570

   580

280 575

300

310 570

   575
   575
300 575

275 575

670
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deposits and their surrotmding area ls drawR in Fig. 5. In this diagram the
direction of the n.r.m of rocks were plotted at the spots where they were
coliected. As can be observed in the figure, the direction of the n.r.m. is
nearly parallel to the general trend of the ore-deposit.
    The special remar}<s 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 styoRg, the
order of tke intensity beiRg nx, 10un4 e.m.u./g in average. As will be meBtioned
later, this differs greatly from the case of Yanahara Mine. (2) There exists
a noticeable correlation between the direction ef the magRetization and the
beRding structure at tke central part of the deposit, that is, the direction of
the n.r.m. is almost parallel to the average dlrection of eack ore-deposit as
seen in Figs. 2 and 6.

                       N

W

51o
ls{yr

_

g

/

E

N
4

53

/'

s

                                                     Down

                       (a) (b)
          Fig. 6. Schematic representation of the n.r.m. of Bes$hi rnine. Full
                lines show the direction of the lower part and dotted lines
                 that of the upper part. <a) Declination (b) Inclination.

    Next tke thermo-magnetic analyses oÅí tke rocks were carried out. The
intensity of saturatioR 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 FeSi-Fx, Fe30,t and a'-Fe203, because their Curie points are 3000C, 5800C
and 6700C Åíespectively aRd correspond to the above-mentioRed three minerals.
It is also observed that magnetite and haematite are more predominant ferro-
magnetic miRerals tkaR FeSi+x in the upper part of tlte deposit, but the other
way in the lower, and the intensity ef the magnetization in tke lower is mttch
wea}<er thaR that in the upper.
    The existellce of these FeSs+x, Fe304 and ev-Fe203 caR be observed even
by naked eye.
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   Fig. 7. Some examples of thermo-magnetic

    b) Magnetization of Yanalzara ore-
        dePOSit

    KATo mentioned in his precise
study on Yanahara Mine'0) that the
origin of the foymation of this deposit
is due to the i.crneous acSivities. In
order to compare the magnetization of
this deposit with tkat 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.

    Tke rocks possess fairly strong
n.r.m. in both of the deposit and the
country rock, the average direction

   0 IOO 200 300 400
analyses of rocks from Besshi

  5oo oe
ore-deposit.

Fig. 8. Direction
 ore-deposit.
  Å~ : Direction of

of the n.r.m. of Yanahara

the pre$ent dipole field.
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Table II

No.

i
I
1
i

Rock
i
I
l

 Direction 6f
Magnetization

Decl. Incl.
i

    Jr
(Å~10-39t:rmu.)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

27

18

19

diabase

porphyrite

diabase

ore

ore

ore

ore

porphyrite

ore

diabase

ore

diabase

ore

porphyrite

ore

ore

ore

diabase

diabase

l

i

I
I

'

NE 430

   63

   35

   76

   51

   46

   89

   75

   86

   69

   47

   53

   66
   44

 -23
   57

   19

   23

   72

i 550D
53

47

62

77

64

64

62

57

57

44

62

67

59

71

53

61

56

62

0.42

0.14

0.76

4.00

1.48

0.71

0.74

0.23

0.90

O.05

0.57

0.69

2.l3

0.42

1.04

0.40

1.25

0.16

1.98

    Ji l Js
(Å~lo-4e:U)I(Å~lo-i9Ig.B

           ]wwim"

i
 ' / lCurie point) ' '     (oC) ' ' ' ' ' ' ' ' ' j

0.67

0.20

0.53

8.40

3.11

0.71

0.59

0.12

0.72

O.05

0.68

1.24

1.49

0.37

0.73

0.76

2.13

O.05

4.95

0.74

2.56

58.60

67.10

 6.52

 4.34

 0.41

 0.15
 3.62
  1.01

116.30

 0.68
 16.01

 2.74
 70.23

 O.06
 2.97

F

330

330 400

310

320

330

330

315

320

335

315

3i5

330

3i5

330

320

315

320

400

400 580
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being NE 540 in declination and 620 down in inclination. Roughly speaking,
the direction of the magneSization of the deposit appears parallel to that of
the country reck, and the saturation magRetization d"e to FeSi.yx is stronger
thaR that of Besslti deposit, suggesting that the mechanism of the formation
of the mine differs from that of Besshi.

  2. Syntkesis of FeSi+x

    Neei pointed out tkat the spontaneous magnetization of FeSi+x is due to
tke ordered arrangement of vacancies of iron ions in the crysta12), and the
magnetic properties of FeSi.{.x change with the amount of sulfur atoms tkere-
in3,i',i2,i3). T!ae author made a synthesis of FeSi.{.x under tke atmospkeric and
the high pressure to investigate the relations between its chemical composition,
the magnetic properSies and the crystallographic strucÅígre.

    a) Sy?zthesis of FeSi..x "Rder one atmospiteric pressure

    Pyrrhotke was synthesized by exposing H2S gas on iron in air at high
temperatures. This methed can be represented by the following chemical
equation.

                            1 atm
                                  •::.-:--A_A FeSi+x -•g- (FeS2) -tr H2 ?               Fe -t- HI2S
                        4ooec-1,oooec

Fig. 10 shows the relation between tke heating tempet"atures and the chemica}
composition of pyrrhotite in equiilbrium at each temperature. As seen ln the
figure, at tem.perature below 650"C, pyrrhotiÅíe with the eomposkion e'f (Fe/S
rvl/1.15) was formed in coexiseence with pyrite. Above this ternperature,
however, the ratio of sulfur to iron tends to decrease vtTith the increase of
temperature and fincfi.11y FeSi.o6 can be formed at about 1,0eeOC.
    The composition of synthesized pyrrhotite was determined by raeasuring
the weight ckange of specimens to occur wl3en they were calcined to cu-Fe203.
Next, X-ray analyses were mncde to correlate the chemical composition te the
lattice costant (Fig. Il). In tke resulÅís of the thermo-magnetic analyses (Figs.
12 and 13), it was found that tke intensity of the s.a.Åíuration magketization and
the Curie point change remarkably witlt the change of tkeir compositions.

    b) SN7tthesis of FeSi.-x under ht.alt pressu'res

    Seveyal 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 pyrrhotke has been formed from pyrite becattse tke
cltemica! change of pyrite to pyrrhotlte would take place in the existence of
higli pressures. The starting materials ai'e (1) dry FeS2 powders, (2) wet FeS2
powders conte.ining water and (3) the mixÅíure of Fe and S powders. In the
cacse of the dry FeS,, no change was found uRder ftepp}ied pressures up to
20,000kg/cm2 at 3500C. However, as for the wet FeS2, the production of
FeSi.Fx was detected in the results ef the thermo-magnetic analysis as shown
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in Fig. 14. The schematic chemical equa-
tion of this reaction is represented in tke
following way.

  F,s,3_,590rm8,000 1<g/CII]g F,s,.. _y (i_.)s

              , 350oC        (H,O)

    Next, the same experiment was at-
tempted with mixture of iron and su!fur.

     F, rc, s gteruOO-7•umewwO.Owhtumg.ZEIme. F,s,..

                2000C

When pressure which is less than 3,300
kgfcm2 or rnore 7,000kg/cm2 was applied
to the specimen at about 200"C, no ckange
was detected, but in the range from 3,3eO
to 7,000kg/cm2 the production of FeSi"x
was confirmed as seen in Fig. 15. The
range of pressures under whick pyrrhotite
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Fig. 14. Temperature dependency of the
 magnetization of pyrrhotite synthesized
 by heating pyrite powders at 3500C
  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 en tke magnetic properties of FeSi+x

    Recently, many works have been carrled out on the effect of pressures
upon the magnetic properties of haematite, magnetite and other ferrimagnetic
minerais in rocks'`•i5,'6,i7) except the influence of pressures on pyrrhotite in
which the author is interestedZS).

   o.) Decrease of saturation •nzag"etization by Pressure

    It is said that the spoRtaneous magnetization of pyrrhotite is due to the
ordered arrangement of vacakcies of iron ions in crysta12,i9). When a mechanical
force is appiied to this material, the decrease
of the magnetization can be expected, if this
force is strQng enough to destroy this ordered
arrangement.
    The present author made an experlment of
the pressuye effect on pyrrkotite using the so-
called Bridgemann's anvil type of squeezeri`).
According to the obtained results (Fig. 16), it
can be found tltat the intensity of saturation
magnetization decreases gradually with increasing
applied pressure at room temperature, and also
that the reduced magRetization thus ebserved by
the squeezing can be restored to the original
intensity by anneaiing at 1000C as seeR in Fig. 17.

    This can be explained in the following way
that the disordered arrangement of vacancies re-
sulted by the applicatlon of the mechanical force is

recovered by the thermai annealing to the ordered
state pyrrhotite. Same tendency of the decrease
kas been observed when the specimen was
by Bertaut. The fact was also observed by the

    b) Generatton of remanent magnetization
    When a one-dlrectiona} pressuye was
tic field at room temperature, ehe generation of
by Domen was calle
As seen in Figs. 20 and 21, these results skow
magnetization increases gradually with increasing
from 700 to 20,eOOkg/cm2, and up to the range
kg/cm2 the inclination .qradua}ly increases, while
clixxatlon decreases and becomes nearly perpend'
pressure as shown iR Fig. 21.

       $"
Pressure(xlQ'kglcmi)

Fig. 16. Pressure dependency of
 the saturation magnetization of
 pyrrhotite. Full circles show
 the results for the natural
 specimens and hollow circles
 for the synthesized specimens.

                             of saturation magnet2zation
                       quenched from high temperatures
                           present author (Fig. 19).

                        by PreSSUre
                    app}ied to pyrrhotite iB the geomagne-
                          remanent magnetization which
d by the name piezo-remanent magnetization2") was observed.
                          that the intensity of remanent
                             applied pressure in the range
                          between 5,QOO kg/cm2 and 7,000
                             above 7,000kg/cm2 the in-
                           icular to the axis of applied
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    magnetizatien of pyrrhotite. The re- netization of pyrrhotite. The relationship
    lationship betweentheintensityof the between the inclination of the remanent
    rernanent magnetizatien and the mag- magnetizatien and the magnitude of the
    nitude of the applied pressures is applied pressure is shown in this diagram.
    shown in this diagram.

  4. Interpretation ayailable 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 ckaracteristic magnetism of tke syRthesized
pyrrkotite (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 )'-transition
of the ordlnary pyrrkotite to occur at 2100C2i) appears at lower temperatgre
(about 1800C).
    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 Mlne suggest that the formation was
mainly due to a low grade hydrotkermal reaction aRd, 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 assurne that at least some parts of tke
mineral have made under very higlt pyessure, since kyanite occurrs at very
ploximityof the ore-deposit. Therefore, if the effect of pressure is taken into
coRsideratlon, the above-mentioned difference of tke magnetic propertles of the
pyrrhotite at two mines may reasonably be explained, though the iRfiuence of
some chemical impurities iike Cu, Zn or Ni should be taken into account.
   In the previous section, the present author already showed the results of
the observation of tke saturation magnetization of pyrrhotite at room tem-
perature which decrease$ witk increasing tlte applied pressure. Moreover, thq



Role of Pyrrhotite in Rock Magnetism 5e5

,- X
'

Dco

Å~
.e,

vl

 st'

(zs

Åí

'tli

.s

k
igpt

.es-

g
s

i.o B.No.2

:
;
:

Q5 i
:
:

:
;
:
:

:
;
;

;.o Y.Ne.3

:
:

Q6 l
;
:
:
:
:
:
;
,

synthesized
l.0

:
:
:

as :
:
:
:
;
:
;
:

    0 IOO 200 500 "C
            Temperature

Fig. 22. Characteristic difference in
 thermo-magnetic curves ef Besshi,
 Yanahara and the synthesized
 FeSl.12•

Whereas in the thermo-magnetic curves
such recovering but lowered knick point
for this curve the present authoy assumed
to have taken place after the squeezmg
    It is likely tkat pyrrhotite occurred
sedimentary deposit by the applied
8,000kg/cm2 as our pressure experiment
pyrite and mixture of iron and sulfur.

8
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Fig. 23. Thermo-magnetic analysis
 of pyrrhotite from Besshi Mine.
 The dotted line is a curve which
 is expected by annealing the
 origina! mineral.

thermo-magnetic curves themselves are
very much complicated indeed. For ex-
ample, Fig. 17 shews that tke 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 1000C. As for
the knick point which should correspond to
T-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 recoveriRg the Bertaut's
order and the ferrimagnetism as shown in
Flg. 23, where the arrow shows the recovery.

    of Besshi pyrrhotite there appears no
    at about 1800C. Tkerefore, to account
       the natural annealing in geosyncline
 ' of the very mineraL
   from FeS, or FeS•nH20 in tke original
pressure in the range from 3,500 kg/cm2 to
       of squeezing of water-containing
    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
oRe-dlrected pressure. Thus the pressuste might produce host magnetic minera!
of the ore-deposit and its remanent magnetism.
    Some miBing geologists, on the contrary, insist that pyrrhotite is the syn-
genetic product with the bed being made by submarine volcanic activity22•23•2`).
Regardless the mechanism of the formation of pyrrhotlte and the acquisitiRg
of the remanent magnetism, ene can saytkat the ore-deposlt has been bent in
such that the lower part of the deposit is rotated relative to the upper part
as the remaneRt vector indicate as sckematica}ly shown in Fig. 24.

/ /

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

Chapter II. Role of FeSi+x on Magnetism of Rocks

  1. 0eeurrence of pyrrhotite in sedimentary roeks
    Many investigators`,25•26) have suggested that occurrence of FeSi+x covers
a wide range in Japanese ingeous rocks such as gneissose mignatke and grankes
etc. and this mineral plays an impertant role on magnetization of recks. The
author reported7,27) that FeSi+x has wide occurrences in sedimentary rocks in
Japan. The collecting sites of rocks containing FeSiÅÄx are skowR iR Fig. 1
and some results are shown in Figs. 25 and 26. Further, he discussed that
pyrrhotite is an intermediate product in the removiBg process of pyrite to be
oxidized to magnetite or haematite. Mapstone5) also found that both of FeSi+x
changes into Fe304 or a-Fe203 when the oxldation proceeds. This fact suggests
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Fig. 26. X--ray diffraction patterns of ferromagnetic minera}s which
       extracted from blacl< shales and sahdstones.

were

that there is a possibility of the generation of chemical remanent magnetiza-
tion (c.r.m.) on the process of oxidation mentioned ln the above.
    CoRsequeRtly, several minerals are responsible to the n.r.m. of those rocks,
and each one might have been maglletized by the past geomagnetic dipole field
wkh different direction and intensity and sornetimes at different geologic times.
In such a case, thermal demagnetization of the n.r.m. seems to be one of tke
experirnents by which one can clarify the process of magRetization or dis-
tinguish the original magnetization from the secondary.

2. The remanent magnetization of b}ack and red beds

   The n.r.m. of biacl< shales and red sandstones were measured.
fairly strong and stable. The results are Mustrated in Fig. 27 and

They all are
in Table III.
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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 biack bed

Fig. 27. Direction of the
    Local geo}ogical

red
dip

and black beds plotted
is not corrected. Å~:

 on Schmidt's equal areal projection.
Direction of the present dipole field.
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Table III (a) Sasayamared bed

No.

2

2
3
4
5
6
7
8
9

10

11
12
13
14
15
16
l7
18
l9
2e

 Direction of
Magnetization
Decl. I Incl.
     i

21
22
23
24
25
26
27
28
29
3e

31
32
33
34
35
36
37
38
39
40

41
42
43
44
45
46
47
48
49
50

51
52
53
54
55
56
57

I

i
i

I

l

NE 420
    4
   60
    7
    5
   17
   32
   15
   le
   16

Mean

46
13
15
41
46
4

53
81
42
37

42
60
60
40
29
20
36
46
36
26

31
24
51
42
30
32
50
26
36

7

43
21
33
21
16
23

4
18
13
17

 28
  7
  5
 16
- 5

 50
 33

(
   jr
Å~lo-s.eumm.._u_

      g
)(

   Ji
Å~10-fi9Mu
      g

)

660D
74
49
45
76
43
57
83
78
55

Error

46
49
57
59
74
63
53
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50

56
49
61
57
53
60
58
62
59
63

73
54
73
70
46
60
67
65
62
57

61
56
49
57
62
36
65
51
55
60

51
61
46
62
69
65
70

2s l 61

l.

3.0

 0.68
 0.80
 0.89
 0.80
 0.45
 0.88
 0.85
 0.60
 1.54
13.10

2.70
1.25
0.32
0.87
0.90
1.52
3.26
3.81
4.92
4.87

5.69
5.49
3.33
3.46
4.54
4.96
5.11
2.65
4.26
4.12

4.72
6.99
2.61
9.08
5.95
4.72
7.08
3.21
3.63
4.34

5.27
4.92
9.43
4.l4
3.75
1.12
2.49
2.18
l.01
5.14

1.45
l.40
2.24
4.54
7.80
2.24
1.70

t
I

I

I
l
i
I
I
c
I
I
i
i

 2.45
 4.32
 1.78
 1.52
 1.98
 0.97
 5.78
 2.16
 4DO
33.70

 5.94
 313
 0.58
 1.13
 2.34
 2.74
 3.26
 3.43
 6.4e
i2.66

13.09
 3.84
 8.33
 3.70
20.43
 9.92
12.26
 2.65
 9.37
10.71

l4.63
23.98
 3.13
19.98
 5.36
 8.95
20.53
 6.42
 2.18
 8.68

6.32
7.38
9.48
3.73
5.63
0.90
l.24
2.18
2.73
4.36

 1.16
 1.40
 2.46
27.24
33.54
 l.34
10.88
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I

7.37

1.98 5.45

(Å~10
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- 2emu
g

)

:
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1.63
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3.17
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9.33
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I
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4.02
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2e.os

9.01
9.35

10.64
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2.50

17.50
47.58

l
l

i

:
i
i
I
I
I
i

i

I
i
l

I
I
I
i
i

i
1

i
i
l
l
i

0.36
0.54
0.20
0.19
0.44
0.11
0.68
0.36
0.26
0.26

0.22
0.25
0.18
O.l3
0.26
O.l8
0.10
O.09
0.13
0.26

0.23
o.e7
0.25
0.11
0.45
0.20
0.24
0.10
0.22
0.26

0.31
0.20
0.12
0.22
O.09
0.19
0.29
0.20
o.e6
0.20

0.12
0.15
0.10
O.09
0.15
O.08
O.05
0.20
0.27
0.10

O.08
0.10
0.11
0.60
0.43
O.06
0.64

 IrfJS
(Å~10-3)

I
t

0.38
0.27

0.59

0.94

0.41

0.48

0.57
0.53

2.06
0.57

0.86

0.66
0.34

0.73

0.47

0.52
0.76
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1.53

2.06

0.26
0.16
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0.37

51i



g12 Yong-ho KANG

(b) Asa red bed

No.

1

2
3
4
5
6
7
8
9

10

11
12
13
14
15
16
17
18
19
20

21
22
23
24
25
26
27
28
29
30

31
32
33
34
35
36
37
38
39
40

41
42
43
44
45
46
47
48
49
50

51
52
53
54
55

 DireÅëtion of
Magnetization

Decl.

NEI02o
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108
 80
l18
 58
121
124
 86
 96

102
 49
 52
 37
 60
 52
 48
 4i
 13
 17

21
16

1

23
19

9
18
23
35
43

35
58
39
47
28
16

9
7

37
o

11
15
20
16

7
25
21

o
34
60

 80
 2
 43
 53
131

Meanl
     }

Incl.
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69
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73
72
61
63
74
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48
36
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44
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49
44
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42
44
56
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61
64
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4.91
3.61
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4.57
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4.01
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2.32
3.06
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1.80
0.78
0.93
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2.03
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0.13
0.21
0.19

0.26
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(c) Yeshiml red bed

No.

1

2
3
4
5

6
7
8
9

10

11
12
13
14
15

16
!7
18
19
20

21
22
23
24
25

26
27
28
29
30

31
32
33
34
35

36
37
38
39
4e

 Direction of
Magnetization
Decl. I Incl.
     i

41
42
43
44
45

I

f

NE72o
55
41
47
54

18
29
19
29
2e

- 4

- 6
  7
- 6
 12
  6
- 21

- 6

 19
 65
 32
 23
- 15
  9
 40

17
8

37
o

14
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 28
- 11
 36
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3
9
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7
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5
7
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20
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43
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4.36
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5.l9
5.83
4.36

5.11
5.51
1.44
4.64
3.24

1.24
1.51
2.24
7.91
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2.80
l.49
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3.27
2.31
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( Å~lo--6emu
       g

)(Å~10
Js

m2emu
   g

)

t

i
1

]

l
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63
66
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s6 I
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E
I

l
l

l
i
I
i

i
I

2.23
3.12
1.le
1.20
9.21

3.39
7.05
7.00
5.88
4.34

4.43
3.27
522
3.56
3.96

6.29
6.45
5.44
5.81
8.18

7A2
7.03
7.91
780
737

12.90
 2.46
18.16
18.07
13.95

12.88
11.02
 1.87
12.64
 3.89

 2.36
 0.91
 6.72
31.64
18.69

    7.28
' 2.38
    9.10
   18.97
    9.12

i
1

l

 7.81
 8.74
 0.99
 0.96
57.68

l8.31
26.79
16.10
12.91
 9.98

13.81
 6.97
19Bl
19.88
11.88

19.50
36.12
17.41
17.43
40.90

23.00
15.47
25.31
33.54
22.85

l

i
1.20

i 16.96
l

l
]

i
'

l

L
i
i
i

1
l
l
i

l

l
I
i

[

2.42

175.67

76.09

28.68

32.32

43.26

Mean ls I ss 4.53

Error 15 1.92

62.50

l5.52

8.41

48.8e

37.31

Ji/Jr

I

0.30
O.l2
0.35
0.31
0.32

0.25
o.2e
0.13
0.26
0.12

0.19
O.06
0.30
0.40
0.67

0.26
0.16
0.50
0.58
0.36

0.35
0.28
o.eg
O.08
0.80

0.54
0.38
0.23
0.24
0.23

0.31
0,22
0.37
0.47
0.30

0.31
0.56
0.32
0.30
0.50

0.31
0.22
0.32
0.43
0.31

 JrlJs
(IOx-3)

l

l

0.32

0.11

4.86

0.32

3.27

O.01

0.12
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1.04

1.35
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(d) Yoshimi black bed

No.

 Direction of
Magnetization

l

I
Decl. I Incl.
     t

1
2
3
4
5

6
7
8
9

10

11
12
13
14
15

16
17
18
19
20

21
22
23
24

Mean

NE 31e
63
70
82
75

53
19
65
79
73

34
44
43
34
42

33
28
27
43
30

50
32

6
39

l
l

I
i

l

(Å~10
Jr
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)

650D
64
66
64
69

69
66
76
76
70

69
60
66
58
63

 2.39
28.37
16.85
 2.19
 3.56
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(      emu Å~le-G__"
       g

)

Error

55
53
54
70
54

•62

57
69
63

4.s l 64 I

4.5

 2.05
 3.47
34.62
51.03
33.39

28.33
31.75
19.69
29.88
 425
32.64
!9.65
10.50
27.37
21.08

 1.27
 0.57
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<f) I<ashima black bed
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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 iB the figure, the resu}ts 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. Therma} demagnetization of rocks

   As was previously stated, Japanese sedimentary rocks occasionally contain
FeSi+x, Fe304 and a'-Fe203. And it was put into a qusetion whether or not
the time of those magnetization is Iater than the formation of the beds. If
the existence of intermediate state from FeSi.{_x to other iron oxides can
be considered due to a certain chemical reaction through geologic time, the

(a) Sasayarna red bed

(c) Yoshimi red bed

(b) Asa red bed

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

Fig.

                   (g) Ofunato black

28. Di.rection of the n.r.m. of the red and
   equal areal projection. Local geological
   of the present dipole field.

bed

black
 dip is

beds plotted
 corrected.

on
Å~

 Schmidt's
: Direction

direction of remanent magnetization measured should be that of the resultant
remanent vectors, some being acquired at certain geolegic time and some in
the other. Therefore, it is Recessary to distinguish one from the other by
demagnetization of rocks. Of wkich thermal demagnetization is useful, since
FeSi+x, Fe304 and ev-Fe203 have different Curie points in the order of increasing
temperature, and, therefore, by heating and measuring at each Curie point one
qan seperate the vector due to each ferromagnetic phase,
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    First, the samples were cut off into cube of the size of (3.3cm3), aBd were
rotated iRsidea quartz furnace put under the astatic magBetometer. To make
the furnace, a quartz tube of 6.5cm in diameter and 70cm in length was pre-
pared, and platinum wire of 0.5 mm in diameter and 10 m in length was wound
non-magnetically in suck that the number of turns are gyeater at the end of
the tube and smailer in the centey so that the temperature inside may be as
Bniform as possible. The tube was enclosed with quartz wool and quartz tape
as thermal insulators. IR this noR-magnetic fuynace, by rotating the sample
with a specially equipped sample holder three components of the magRetization
of rocks were measured at appropriate temperature. A schematic diagram of
this apparatus is in Fig. 29.

1!r!j

__=p}zzwawaaaL__-- c

Fig. 29.

J
Hue

ptt/ .Q
Schematic diagram of thermo-demagnetizing
M: astatic magnetometer, C: water cooler,
wire heater (non-inductively wound), I{ :
S:sample, J: thermo-junction, R:
quartz tube, W: quartz wool, Y: quartz

R

      apparatus.
    P: platinam
  sample holder,
rotating rod, Q:
   tape.

    69 samples whose remcanent magnetization was already observed at roorn
temperature were selected and each change of the magnetization with increasing
temperature was examiRed. Sorae of tke curves thus obtained are shown ln
Fig. 30. As already examined, Curle point of FeSi+. is about 300eC 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
Fe304 or cr-Fe203. By subtracting the remanent vector at 3000C from original
vector, one can find the component vector due to FeSi+x. When the similar
procedure is carried out at 5750C remanent vector due to magnetite or haema-
tite is to be seperated.
    However, tke measurement above 5800C was practically impossible. Table
IV shows the results thus obtained. In those results, the correction for tke
tilt of the strata was made. Individual errors of measurement of each rock
samp}e were fairly iarge, however, if we take mean direction of component
vector due to pyrrhotite and the other, they all differ from each other as showR
in Fig. 31. For example, both in the black bed and in the red bed the remanent
magnetization due to FeSi+x differs slightly from that due to otker iron oxides.
   As skown in Fig. 30 and Table IV the remanent magnetization of black
skale depends mainly on FeSiÅÄx and partly on Fe30-, the rate of dependency
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being about 70:30 in average, whi!e that of red saRdstones depends on FeSi•t-x,
Fe304 and ev-Fe203, the rate being about 35:45:20 respectively in average.
    Accordingly, one can say that the ferromagnetism of FeSi.{_x is not only
of great importance in black beds, but a!so plays a fairly important role even
in red beds.

     Table IV

(a) Sasayama red bed

No.

1

l
'

Direction oÅí Magnetization

l•--------
i Deci.
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Jr:

Mean values of jr, Jr', and Jr" of rocks collected from north
Mean values of Ir, Ir' and Jr" of rocks collected from $outh
The n.r.m. measured at room temperature, Jr': The magpetic
by heating to 330eC, Jr": The remanent magnetic moment at

dipping strata.
dipping strata.
 mernent disappeared
 3300C.
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(b) Asa
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(d) Yoshimi black bed
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        (a) Sasayama red bed
Group (I) is the results obtained
north-dipping stratum, and group
the south-dipping sti'atum.

from the
(II) frorn

(b) Asa red bed

Fig.

 (c)

31.

 Yeshimi red bed (d) Yoshimi b;ack bed
Relation of the mean direction of the n.r.m. to the magnetization due
to pyrrhotite and other ferromagnetic minerals contained in same rocks.
Å~ : direction of the present geomagnetic field (H), e: direction of the
n.r.m. (Jr), A: direction of magnetization due to pyrrhotite (Jr'), pa:
direction of magnetization due to magnetite and haematite (Jr")
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4. CoRsideration on the magnetization of rocks

    AccordiRg to the present author's investigations, it was confirrned that the
red and black beds geRerally contain pyrrhotite with other iron oxides such as
Fe30.i and a'-Fe203 as wel} 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 blacl< 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 foi"mation2S),29), while the origin of Japanese red bed in gener-
ally associated with volcaRic activities30?.

    Some important facts were suggested from tke previously obtained results.
Of whick the oRe is that in the red skndstones the deviation of the remanent

vector due to FeSi+x from that of the present geomagnetic dipole field is
sma!ler as compared withthose 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 rnarkasite, pyrrhotite, melnikovite
and hydrotroilite deposited and stratified in marine by some submarine volcanic
activities or by some biochemical procedures etc.3i). The results obtained by
thermal demagnetization of Yoshimi's biack bed suggest that the above pre-
sumption is very plausible ; that is 'to say, a chemical cha.nge 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 tkem beiBg Sasayama red bed, dKer distinctly
from those of the b!ack 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 circ!e, triangle and square. Of these symbols, circles represent
the mean direction of the remenent magnetization of pyrrhotite and squ.ares that

of ferromagnetic minerals with the Curie points higher than 330eC (they are
proved to be magnetite and haematite by X-ray and thermo-magnetic analyses).
Tke group (I) in the diagro.m 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 fieid (H) from that of the
n.r.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
 (I) and on the same side of (H) from (Jr) in group (II).
    To explain these facts, a schematic diagrarn is di"awn in Fig. 32. In this
diagram, it is assumed that pyrrhotite has been magnetized after the bend of
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/7e,

v

 stX•   ..-y7n   t
             coc). <")
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 330Åé (magnetization due to
       FeSi.t..), ------Jr": remanent magnetic moment at 330.C (magnetization
       due to Fe304 and a-Fe203). (a) Direction of remanent magnetization of
       the bed, whose local dip is not corrected, (b) Direction of rema'nent
       magnetization of the bed, whose local dip is corrected.

strata took place, the direction of magnetization in noyth-dipping strata being
nearly parallel to that in south-dipping strata if we do not correct the iocal
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 iR north-dipping strata is parallel to that in south-dipping
strata when the cerrection of the }ocal dip is made. Consequently, when tke
dip of strata is corrected, the directiofi of magnetization due to pyrrhotite
becomes sha!iower in north-dipping sites and becomes deeper ln south-dipping
sites. When the dip of strata is not corrected, the magnetization due to
magnetite and haematite in llorth-dipping strata becomes deeper compared with
that in south-dipping strata. This idea ismerelya simple hypothesis and does
not show a perfect agreement withtthe experimental fact but sti}l suggests that
nearly the same sort of the mechanism of magnetization as this a.ssumption
'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 1<inds of magnetite
and haematite are contained in one'rock, one being original minerals which
kad existed at tke time of foymation of rocks and tke other being secoRdary
minerals produced by oxidation process represented as follows :

                pyrite ---> pyri'hotite --•> mct.gnetite ---> haematite

    In this case, the magnetlzation of the primayy magnetite and he.ematite
should differ from that the secondary ones. If it were possible to distinguish
.the former fyom the latter and if we could discuss the magnetizatlon due to
primari}y existed mfic_gnetite and haematite, tlae above-stated hypothesis could
.more useful to explain the.experimental results.
    Therefore, what the prgsent writer can summ"arize kis data at present is
that in red beds the remanent magnetic vector due to iron oxides is more
important tp the pala.eomagnetic investigations thaR tlapse due to pyrrl-iotite
and vice versa in black beds.
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