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PREFACE

This volume is the annual progress report of the Rock

Magnetism and Paleogeophysics Research Group in Japan for the

year 1975. As the previous volumes were so, this volume is a

collection of summaries or extended abstracts of various

research works carried out in our group. Many of the reports
,;

contain substances which may be changed or revised as the

research work continues. In this respect, this volume con-

tains many tentative results.

Except for the ones written as pure progress reports,

the papers in this volume will be published in academic

journals in full detail and This volume may be

referenced, but if a paper is published in such an academic

journal, readers are requested to quote the paper from that

journal. We hope that this volume is a useful source of

advance information of recent works on rock magnetism and

paleogeophysics in Japan.

This volume also constitutes a scientific report of the

Rock Magnetism and Paleogeophysics Research Group in the

Geodynamics Project of Japan. The summary of the activities

of our group is reprinted from ,"National Report of the Geo-

dynamics Project of Japan" presented to the Inter-Union

Commission on Geodynamics in August 1975.

We would like to acknowledge the partial financial

for this publication and for the investigations

included in this volume from the Ministry of Education as

a part of the Geodynamics Project.

December 1975

Masaru Kono
Editor

I I



ROCK MAGNETISM AND PALEOGEOPHYSICS SYMPOSIUM

The seventh Rock Magnetism and Paleogeophysics Symposium
was held on 23rd and 24th November, 1975 at Shimane University.
Titles of papers presented at this symposium is as follows.

23 November
Y. Tanaka (Kyoto Univ. ) Polar wandering and plate

tectonics.
H. Aoki (Nagoya Univ. ) The down-going plate under the

Japanese islands.
N. Kawai (Osaka Univ. ) Geomagnetism and the climate

change.
S. Nishimura (Kyoto Univ . ) Age determination by fission

track method.
T. Ui (Yamagata Univ.) The relation between K20 content

of volcanic rocks and the plate
structure --- Quaternary volcanoes
on the Japanese islands.

H. Muneoka and H. Domen (Yamaguchi Univ.) Natural remanent
magnetization of Neogene andesite
from southeastern of
Yamaguchi Prefecture.

J. Nishida and S. Ishida (Kyoto Paleomagnetism of
marine and fresh water clays of
Osaka Group --- Matuyama-Brunhes
boundary. ,'.

H. Watanabe (Tokyo Univ.) Simulation of geomagnetic,rever-
sals by an a-w dynamo.

24 November
T. Furuta and J. Segawa (Tokyo Univ.) Geomagnetic anomalies

in Northeast Japan and Hokkaido
and the basement rocks responsi-
ble for the anomalies.

K. Hirooka, T: Kondo and S. Miura (Fukui Univ.) Paleo-
magnetism of Kyo-ga-take in
bkuetsu district of Fukui
Prefecture.

K. Maenaka (Hanazono Univ.) A reappraisal of paleomagnetic
stratigraphy of Plio-Pleistocene
in Kinki district.

T. Sato, T. Sueishi and N. Kawai (Osaka Univ.) Geomagnetic
variations from deep sea sediments.

M. Kono (Tokyo Univ.) The sampling trip to Madagascar.

III
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IMPURE TITAN01".AGNETITES CHARACTERISTIC TO SOME
ALKALINE BASALTS IN SOUTHNEST JAPAN

Sadao SASAJI.HA, Junichi NISHIDA

Dept. Geology and Mineralogy
Kyoto Univers , Kyoto 606

Takashi KATSURA

Tokyo Institute of Technology
Ookayama, Meguro, Tokyo 152

During the course of a paleomagnetic investigation of
Plio-Pleistocene alkaline basalts in Southwest Japan, Nishida
and ima(1974) have found that most of titanomagnetite
separates possess P-type magnetization with an exception of
Kozuike basalt which shows N-type magnetization. In the paper
we noticed that the chemical composition of titanoma-

in Kozuike basalt might be similar to
Schult(1968, 1971); i.e. described as titanomaghemites in

a strict sense. And basing on the assumption of pure
magnetite composition system) oxidation para-
meter(z) of the N-type titanomagnetites has been estimated to
be about 0.45.

On the other hand, an extensive study on petrogenesis of
these basalts was made by Takamura(1973). According to
Takamura(1973), those basalts are characterized by noticeable
amount· of inclusion of basic nodules, and inferred to have
been derived from some kind of essential magma, therefore, it
may be rather natural to suppose that titanomagnetites of such
rocks contain considerable amount of and/or ions in

of Fe)to and/or ions respectively. In view of this
we have carried out a precise wet chemical analysis of the
titanomagnetites in order to confirm exactly the existence
of such cation impurities and to make clear of their relevance
to rock- and paleo-magnetism.

Result of

Chemical analyses of 12 titanomagnetites were
conducted with a high precision by one of present authors
(T.K.). The result obtained is listed in Table 1. In addition,
Curie points and parameters of the 1 structure
of those specimens are also noted. As seen table 1 seven
out of twelve specimens were selected for further detailed

the remained ones were thought useless because of
contamination of silicates. The final result of

analysis validated our mentioned above, but
unfortunatel\! that of Kozuike basalt was failed to succeed.

It is clear from the data obtained that in all specimens
concerned the mole percent of both and MgO is too large
to be neglected. And if one the data(in mole fraction)

1



Tabel 1. Chemical Composition of Titanomagnetites

(1) (2) (3) (4) (5) (6) (7)

FeO 40.51%wt 39.44 37.95 40.25 41.35 30.69 41.46

Fe20 3 19.06 30.66 26.74 22.69 25.08 29.33 17.51

Ti02 19.46 21.17 19.97 21.50 19.23 15.12 21.31

A120 3 10.61 5.60 6.56 6.10 7.01 7.48 9.61,
MgO 4.65 1.56 4.69 5.23 3.18 8.92 3.96

cr20 3 1.56 - - - - - -
MnO 0.70 0.58 0.70 0.66 0.61 0.57 0.66

CaO 1.25 tr 1.55 0.75 0.83 2.05 1.47

Si02 2.92 1.31 1.91 2.99 3.55 5.96 4.86

Total 100.72 100.32 100·.07 100.17 100.84 100.12 100.84

Mole %

RO 59.3 53.4 57.2 59.4 58.4 59.2 58.9

R20 3 19.5 22.5 20.6 17.4 20.1 23.5 17.8

Ti02 21. 2 24.1 22.2 23.2 21.5 17.3 23.3
0

Tc(C) 150 250 105 95 245 85 10

a()\) 8.466 8.451 8.465 8.467 8.462 8.447 8.485

(8) (9) (10) (11) (12)

;FeO 24. 72%wt 30.99 28.27 36.32 24.19

";;;::'!203 17.37 17.B9- - 27.20 20.44 23.26

'riO2 12.35 13.94 12.67 16.04 9.02

Total 54.44 62.82 68.14 72.80 56.47

Mole %
Feo 56.64 60.08 54.47 ' 60.59 . 56.57

Fe20 3 17.91 15.60 23.57 15.34 24.46

Ti02 25.45 24.31 21. 95 24.07 18.97
Q

Te(C) 190 150 420 110 320

a(A) 8.463 8.445 8.441 8.468 8.447

Tc: Curie point a(t): lattice parameter

(1): 8guso-yama, Shimane Pref. (2): Taiza, Kyoto Pref. (3): Iwagase,

Hiroshima Pref. (4): Takashima, Saga Pref. (5): Yakuno, Kyoto Pref.

(6) : Saigo, Shimane Pref. (7): Une, Hiroshima Pref. (8): K8zuike, Hiro-

Shima Pref. (9): Myojin-yama, Okayama Pref. (10): Takashima, Saga Pref.

(11) : Kannabe, Hyogo Pref. (12): Miyaka Island, Tokyo City (Tholeiite)

2



onto such a ternary system as a diagram shown in
Fig. I can be obtained, where RO and R:: 0 1 means (Fe H +r1gH ) 0
and (Fe 11- +Al H )2 0 1

Discussion and conclusions

Fig.l. Equilibria diagram showing both
ranges of single phased ulvospinel-
magnetite solid solution and that con-
taining about 0.2 mole MgA1204 (dotted
boundary); data points 1-7 correspond
to respective specimen shown in Table 1.

" "- " "-

<RO>

The equilibrium in the system containing
about 0.2 mole fraction of in the stoichiometric

solid solution has been established by Katsura
et al(1975) 1 and the result is in comparison with
what having no component. It is concluded from the
study that titanomagnetites with high Ti02 contents crysta-
llized from basaltic magma might not be so affected thermoche-
mically by the presence of appreciable amount of spinel

In Fig. I a broadly parallel broken line along
tie line indicates the outer boundary of stable

single phase of ulvospinel-magnetite solid solution containing
0.2 mole MgAI20*. Almost all specimens dealt in this paper
seem to be plotted inside the stable range of single spinel
phase bounded by the two extreme lines. From the fact one
may recognize that all the specimens except for specimen No. 2
are proved to be stoichiometry or scantly oxidized; No. 2
being separated from Taiza basalt, of which \occurrence is an
intrusive sheet of Miocene age, and therefore such a progress
in oxidation state can be reasonably accepted by us. Anyway
result thus obtained" is quite defferent from our pr,evious
presumption, that is, cation deficient titanomagneti,tes which
have been resulted from a hypothetical assumption of pure

Recently/Prevot and
Mergoil{l973} have made
clear of three generations
of homogeneous impure
titanomagnetites in an
alkaline basalt by means
of electron microprobe
analysis; especially of a
systematic changes of AI,
Mg and Cr contents in
three kinds of titanomag-
netites crystals with
different generation 1-3.
They have also pointed out
that highly sUbstituted
titanomagnetites with AI,
Mg and Cr cations are
important as a positive
reflection of their
intratelluric origin.

On the other hand,
Creer and Ibbetson(1970}
have presented a method to
estimate the degree of
oxidation(z} of cation
deficient titanomagnetites
combining electron micro-
probe analysis and Curie

3



point-composition triangle diagram (Readman and O'Reilly,
1972). Recently Richards et al(1973) have advanced the work
and modified the method in order to cancel the effect due to
Al H and Hg·a involved in titanomagnetites.
According to result a large number of basalts in the
world possess unexpectedly higher oxidation parameters
(0.7-1.0), and therefore are assumed to have much possibility
of the self-reversal of their natural remanent zations.
This is very important in association with the common inter-

of ocean floor magnetic anomalies.
Our result of chemical compositons and Curie point data

were put into the, calculation of their oxidation parameter(z)
to check the reliability of Richards et aI's method. The'
obtained oxidation parameter(z) of these specimens are as
follows:

Sp. No.3, z=0.5; No.1, No.5 and No.7, z=0.6; No.4,
z=0.7; No.2, z=0.8.

There different results by two methods;
these specimens, of course, must be nearly stoichiometry
excepting specimen No. 2 as mentioned above. We can
not explain decisively the reason of such a
resulted from the two methods, but it may be pointed out that
the estimated Curie point of the substituted stoichiometric
titanomagnetite, Tc(est.) would not be correctly led solely
from on algebraic subtraction of each contribution due to the
Al and Mg contents.

In conclusion, it is mentioned that the alkaline basalts
dealt in this study are believed to have been derived from
some essential magma and those are characte-
rized by high concentration of MgO and From this fact
those impure titanomagnetites could be safely correlated with
the 'generation 11 defined by Prevot and Mergoil. Considering
from the present state of progress of EPMA technique it is
emphasized that for the purpose of oxidation problem of
titanomagnetite wet chemical of ferric and
ferrous irons of Mg and
Al into further studied in close
association of NRM.

Creer, K. M. and J. D. Ibbetson(1970) Geophys, J. R. astr.
Soc. 21, 485.
Katsura, T., R. Aoyagi and S. Sasajima(1975) J. Volcanology,
Japan, (in Japanese) in s.
N ishida, J . and S. . ( 19 74 ) , 1.1. R. as t r. Soc.
37, 453.
Prevot, M. and J. (1973) Mag. 39, 474.
Richards, J. C. W., J. B. O'Donovan, Z. Hauptman, W.
and K. M. Creer(1973) Phys. Earth Planet. Interior 7
Readman, P. W. and W. O'Reilly(1972) J. Geomag. .
69.
Schult, A. (1968) Earth Planet. Sci. Lett. 4, 57.
----------(1971) Zeit. . 37, 357. -
Takamura, H. (1973) Report of the Hiroshima Univ.,

1.

"Status" (To be published in Hem. Fac. Sci. Kyoto Univ. il).
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TITANOMAGNETITE AND TITANOMAGHEMITE
CONTAINING ALUMINIUM

Masato JOSHIMA

Geological Survey of Japan, 135
Hisamoto-cho, Takatu-ku, Kawasaki-shi
, Kanagawa Prefecture

1. Introduction
Study on magnetization of marine basalts is necessary

for understanding marine magnetic anomalies. The mineral
that bears the magnetization of marine basalts is mainly tita-
nomaghemite which is oxidized from titanomagnetite ( Ozlma and
Larson 1970 ). Synthesis of titanomaghemite was done by
several scientists, but there seems to be some discrepancies,
especially in lattice parameters, among their results.
I have studied some titanomaghemite separated from marine bas-
alts and measured oxidization level, chemical composition, Cu-
rie temperature, lattice parameter and saturation magnetizati-
on of those minerals ( Joshima 1973 ). A tentative conclu-
sion in that paper was that lattice parameters are too small
to be explained solely by contamination in them, particularly
Al and Mg. So Ihave studied the effect of Al contamination
in titanomagnetite and The effect of Al
contamination in titanomagnetite was also studied by'Richards
eta1 . (19 7 3 ).

2. Method
To samples of titanomagnetite and titanomagne-

ti te .containing AI, the method of vacuum sealing in silica tu-
be was utilized. Fe, Fe a , TiO and Al were calculated by
the following formulas;

x + 2y + Z + u = 3
3y + 2z == 4
ulvospinel ratio 3z /
molecular ratio of Al 0

x + 2y + z + U )
( u / 2 ) / ( x + y + z + U / 2 )

where x, y, z, u are molecular ratios of Fe, Fe 0 , TiO and
AI, respectively, of the samples. They were mixed in mort-
ar, and made into tablets 2mm in thickness and lcm in diameter

at 100 kg / em . After that, the samples were
sealed in silica at 10 torr, and kept at a temperature
of 1150°C for one day. Then, the samples were ground in
water by bal for 150 hours, and after dried, they were
oxidized at 160, 190, 210, 250, 270 and 320°C for one day.
Curie temperatures and lattice parameters of these samples we-
re measured.

3. Results
The change of particle size

by the form of peaks in x-ray
peaks at 20 of 45° and 80° ( Fe
mples after they were ground in
urs, and after oxidized for one

5
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Saturation magnetization - temperature curves are shown
in Fig.2.

Fig.l All are normalized.
axis is 20 (unit is

H=3kOe

Fig.2 Js-T curves of
es 1. zed titanoma-

2. after ballmilli-
ng for 150 hours 3. oxidiz-
ed at 160°C 4. the same at
190°C 5.the same at 210°C
6. the same at 250°C 7. the
same at 270°C 51. after ba-

. Ilmilled in acetone for 40
hours, oxidized at 200°C

In case of oxidized
of 0.6 to 0.8 ulvospinel
their Js-T curves show maxima at
about lSOQC. This phenomenon
is to be caused by
their unsaturated magnetization.

Fig.3 is Js-T curve of sam-
ple of 0.8 ulvospinel ratio bal-
Imilled for one day and oxidized
at 200°C. field is
7 kOe, 4 kOe, 2

degree) .
From inside to outside;
1. ground in mortar 2.
in ballmill for 150 hours
3. oxidized at 160°C 4. oxidi-
zed at 210°C

• 3

o

X:::O·B
batlmill2t.h
oxidized
at 290°C 24h

4KOe) "

Results are summarized in Table 1 .
Table 2 is for oxidized titanom-

containing AI.
In .4 to Fig.7, horizon-

tal axis is Curie temperature
and vertical axis is lattice pa-
rameter, therefore, are
plotted according to their Curie
temperatures and lattice parame-
ters. Temperature at which
thev were oxidized or oxidizati-
on level is written near the po-
int. For , I
the data of Ozima and Sakamoto
(1971) and Readman and O'Reilly
(1972), and showed in .4.
Parameter z is oxidization level.
The s of open circles is st-
eeper than that of open circles .

. 7 shows the results of 0.65
0.8 ulvospinel ratio, and

6



their slopes resemble to that of Readman and O'Reilly. The
of oxidized titanomagnetite containing Ai seem to be
than that of titanomaghemite, the more containing

Ai, more seems to be steeper. This means that lattice
parameter decreases faster than with oxidization.

·X"o.s

-1 C 100 200 3<:0 5<"

Fig.4 Horizontal axis--Curie
Vertical axis

.5 samples
shown in the same way to Fig.4
open circle is mine and closed
is others

• J.C.W. Richards etaL
(1973)

X;;uo

8.500-

8.4cc-1

0 IX 2'. • 3l"'C 400 :£\.'

Fig.6
ining Ai

conta-

7

and tit-
Ai.

0.65 and
0.8. oxidized at 160°C
2; at 3; at 210°C
4; at 250°C Dashed lines
are other experiments which
are AM49, mineral
from natural rocks, and oxidi-
zed of shorter ballmil-

time, ten hours.



Table 1 synthesised titanomaghemite

,Dlvo. Synthesis
ratio

after ball
milling

Oxidized Oxidized Oxidized Oxidi
at 160°C at 210°C at 250°C 270°C

0.35 1 8.440A 8.4l9A 8.396A
c 368°C 387°C

0.65 1 8.484A 8.460 8.424
c 172 243°C 362°C

c 0 314 388+12
5 7 5.7

c -109°C
s 5.27 (at

21 130
1.5 {at

c 170

c;
Saturation

maxima.

297
16

338

s; ma-
oxidized sample is

Table 2 Synthesized titanomaghemite containing Al

Sample
name

after Oxidized Oxidized Oxidized Oxidiz
ballmill at 160°C at 190°C at 210°C 250°C

1 8.454A 8.416A 8.319A

o 5% c 178 256°C 362°C

Al 0 2%c 223 363

Al 0 5%c 51 174°C 218

o 2% c -36 187

o 5% c -Ill 6 80 167
s 2.21 (at .' 118°C) 2.5 (at 2.4 (at 1.2 (at

4. Discussion
Because the oxidization level cannot be determined exactly

, only the pattern how Curie and lattice parameter
vary with increasing oxidization can be zed.
The pattern of the present results is to of Readm-
an and 0' up to 250°C. But over 250°C my samples beg-
an to contain In the case of samples containing
AI, the decrease of lattice is more rapid than that
of pure titanomaghemite. So we may explain the too low

8



value of the lattice parameter of marine basalts by oxidization
of titanomagnetite containing Al.

For oxidizing at low temperature we have
the method of wet , and inthis method water is expected
to playa important role. So I ground in
other liquid, in this case acetone. 5', Js-T curve in .2
and x-ray diffraction analysis showed that oxidization was occ-
ured remaining the sample in one phase. So the role of wat-
er seems to me to keep fine particles airy and enable oxygen to
be to go to the particles.

Reference

Joshima, (1973) Rock mag. and paleogeophys. 9.
Ozima, M. and E.E.Larson (1970) J. Geophys. Res. 75, 1003.
Ozima, M. and N.Sakamoto (1971) J.Geophys. Res. 76, 7035.
Readman, P.W. and W.O'Reilly (1972) J. Geomag. Geoelectlr.
69.
Richards; J.C.W., J.B.OiDonovan, Z. 1 W.O' and
K.M.Creer (1973) Phys. Earth Planet. Inter. 2, 437.
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INFLUENCE OF PARTIAL PRESSURE OF OXYGEN
ON THERMOREMANENT MAGNETIZATION OF BASALTS

Masaru KONO and Hidefumi TANAKA

Geophysical Institute, University of Tokyo, Bunkyo-ku, Tokyo 113

1. Introduction

Volcanic rocks such as basalts are the most frequently used
materials in paleomagnetism. The natural remanent magnetization
(NRM) in these rocks are often quite stable as it is most cer-
tainly of thermoremanent magnetization (TRM) In the
case of paleointensity determinations, they are ideal mate-
rials because they carry TRM, which is almost the only stable
magnetization of rocks that can be satisfactorily in
a laboratory. Therefore, most paleointensity investigations
have been performed with basalts or other volcanic rocks as

In such studies (e .. , Thellier and Thellier, 1959;
Wilson, 1961; van Zijl et al., 62), it is customary to measure
the magnitudes 'of NRM and TRM (or components of them) in
a same sample and to determine the using the

of TR\l with weak magnetic field, i.e.,

TRM
where F is the magnitude of the field in which the rock
acquired the NRM.

However, it has been frequently observed that, in contrast
to baked earths and other archeomagnetic objects which are usu-

stable to heat treatments, volcanic rocks often show ir-
reversible changes in magnetic when they are heated,
and consequently TRM a laboratory may not have
the same characteristics as the NRM (e.g., Kana, 1968, 1974; Coe
and 1973). The use of the above relation for such

will lead to an erroneous estimate of ity.
This is mainly because basalts and other volcanic rocks are
formed in a enviromment (Sato and \1right, 1966),
while heating are usual carried out in oxidiz
conditions (e.g., air, vacuum).

It is the aim of the present paper to investigate changes
in the properties of TRM in basalts by varying the oxygen
cities of the furnace in experiments. A new electric
furnace was built for this (Tanaka and Kana, 1974).
Oxygen is varied mixtures of H2 and in
different volume ratios. All the measurements of
were carried out at room by a Schonstedt spinner

As of TRM, the magnitude and the
field (AF) spectra were measured in

most cases and were compared with those of the Nm1. The present
are only preliminary and the results cannot be ex-

plained in a , systematic way. We , however, that
such data will of use in understanding the nature of TRM in
igneous rocks as well as in obtaining sities of good

Samples were taken from the present or recent basalt
Oshima, Japan and Kilauea, Hawaii. The NRMs of these
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rocks are very stable to AF demagnetization and only very small
amount of secondary components are present. The magnitudes of
the ambient geomagnetic field when these rocks were cooled are
fairly well known (Table 1), so that the comparison of NRM and
TRM intensities gives a measure of changeability of TRM capacity
of a sample. Magnetic properties of the samples are listed in
Table 1.

Table 1. Magnetic Properties of the Samples
0

Lava No. Year P, Oe , °C a, A

0550 055061 1950 0.46+.04 330, 515 8.436+.016
HA 1 HA 1-4 1972 0.36+.02 580
HA 2 HA 2-4 1750 Il 485
HA 3 HA 3-4 1955 II 535
HA 4 HA 4-2 1840 II 470 8.431+.003
HA 5 HA 5-4 1868 " 295

F, Intensity of the ambient geomagnetic field; I N, Intensity'ofthe NRM; T , Curie Temperature; a, lattice parameter of cubic
of minerals.

2. Experiments and Results

AIR

0.40ll'
600'C
1 hour

TRl'1/NRM ratios.

ATMOSPHERE

0.5

0.1 '---...........-_'---_-L-_--l._....l

Fig. 1.
differ
lava flows.

The following experiments were performed.
Experiment 1

To see roughly the effect of atmosphere in the furnace on
the TRM, Hawaiian samples were heated in four different gas or
gas mixtures. The atmospheres used were (1) air, (2) CO2 , (3)
a mixture H2 and air with unknown voloume ratio, and H2 ,with oxygen fugacities changing from high to low in the above
order. were heated to and kept at 600°C in the speci-
fied atmosphere for one hour before they were cooled to the .room
temperature in a magnetic field of 0.4 Oe. .

Fig. 1 shows the TRM/NRM ratios
obtained by heating samples in these
atmospheres. The thick dash-dot
line and the thin solid lines indicate
the TRM/NRM ratios needed to a

estimate of FLAB/F and 10
percent error There is a
clear correlation Po and TRM
capacity, the latter 2increased
(decree sed) for oxidizing (reducing)
conditions. Also to be noted is that
extreme val ues of !'7R!'1/TRtvl ratios may
be obtained for some samples. For

le, HA 3 samples attain TRMs 20-
greater than when heated

in air or C02, while in neutral (H2 +
air) or reducing (H2) atmospheres the

ratios are between 0.8 and 2.
Another interesting thing is that the

of the TRM/NRM ratios
amon?" different

, the ratio

11



HA1- HA5 600°C I hour
··AIR "'C02 ""H2+AIR uH2

Fig. 2. AF demagnetization
of the Hawaiian samples of Fig. 1.
Inset shows the field intensities
expected from the gradient of the
demagnetization diagram.

(not

llJo

NRM

of maximum to minimum values of TRM/NRM is about 40 for HA 3,
about 10 for HA I, but only about 4 for HA 2. For HA 4 and
HA 5 heating in H2 was not carried out, but it appears that the
variability of the TRM/NRM ratios may be even smaller.

The coercivity
spectra of NRM and TID1
are compared in Fig. 2
where the points cor-
respond to demagneti-
zation steps of 0, 50,
100, 200, 300, and 400
peak Oe. The compari-
son of NRM and TRM at
various AF demagneti-
zation stages is the
basis of paleointensity
determination by van
Zijl's method (van Zijl
et al., 1962). More
recent method modified
from van Z lIs method
(e.g., Schwarz and
Symons, 1973) use the
proportionality of NRM
and TRM at many stages
as an additional crite-
rion of reliability of a datum. Such proportionality was ob-
served in some of the present samples heated in H2' but the
t1inferred paleointensities" F are about 0.5 and 1 Oe, consider-
ably different from the field intensity of 0.36 Oe.
It should be remarked that, while the present experiments are
not intended to evaluate the reliability of paleointensity
methods, the internal consistency criteria commonly employed in
such methods may not be sufficient for distinguishing
good paleointensity data from bad ones.

Another important feature of Fig. 2 is that almost all
curves are concave down, showing that TRM is usually magnetically
harder than NRM, i.e., smaller portion of TRM is demagnetized at
low AF fields compared to NRM. This seems to be a common fea-
ture of artificially produced TRM except those in
extremely reducing conditions.
Experiment 2

The former was repeated with Oshima samples.
This time, the were heated to 800 0 e for one hour and the
oxygen the furnace was monitored by an yttria-doped
zirconia probe The results are shown in Fig. 3.
For the Oshima sample OS5061, the trend that TRM/NRM ratio is

for higher f02 and smaller for lower f0 2 is similar tothe Hawaiian samples, but the range of TRM/NRM values is much
smaller than those for the Hawaiian rocks. However, the manner
of change is not monotonic with the change of oxygen fugacity.
A local minimum exists near f02 10-7 atm. The TRM/NRM ratios
after AF zation of 200 Oe show this more ; TRMI
NRM ratios are nearly constant and close to the expected value
(0.87, shown by dash-dot line) between the of
f02 of 10-5 to 10- atm., except for the minimum at 10- atm.
The of the local minimum was not further studied in
the present study.

The zation diagram for the Oshima
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0.5

shown) also show that TRM.s have more
high-coercivity components than NRMs
and the are concave-down.
The is the TRM obtained in
the H2 atmosphere which is more
easily demagnetized than the Nm1 up
to the field of 300 Oe. Samples
heated in 10-17 and 10-19 oxygen

pressures show sublinear
curves in NRM-TRM diagram. The
"paleointensity" indicated from such
relations is about 0.5 Oe, in close
agreement with the observed field
intensity of 0.46 + 0.04 Oe.
Experiment 3 -

The former experiment was per-
formed on different samples from a
same lava flow. The foregoing
results may therfore be due, at least
'in part, to the difference among dif-
ferent samples. In order to elimi-
nate such effects, the same sample
was heated in this in
various atmospheres. The results
are shown in Fig. 4. For one
(triangle in Fig. 4), the heating
was started in air and proceeded to

o

o \I

\I

055061
.. ORIGINAL

o DEMAGNETIZED
(2000(')1.5

lit
o

TRM
0.4 Oe 800°C 1hour

o
-25 -20 -15 -10 -5 0

log f02 (atm)

Fig. 3. TID1/NRM ratios
of the Oshima samples.
Solid and open circles
represent ratios at AF
demagnetization stages
of 0 and 200 Oe, respec-
tively.

::E
1.0 /-'-----.t"\--=---11I"\-----------.-----j

2.0

055061
0.40e 800°C 1hour

0.5

1.5

-25 -20 -15 -10 -5 0
log 102 (atm)

::E
0:::z 1.0.....
::E
a:::
t-

Fig. 4. 0 f TRM/
NRM ratio observed by
heating the same samples
in successively different
conditions. Solid and
open symbols are for AF

- zation stages of
o and 200 Oe,

less oxidi conditions reaching
to H2. The other sample
was treated in the reverse

order. Apparently, the TRM/NRM
ratio is not uniquely determined by
the oxygen fugacity in the furnace;
rather, it is a function, at least,
of f02 and the former heat treat-
ments. Such is
natural if one considers that true
equilibrium is not expected to pre-
vail at moderate temperatures such
as 800°C in the experimental
That TRM/NRM values for two samples
are close to each other at the
extreme fugacities (air and H2 ) may
indicate that nearly the same states
were attained at these conditions in

of the difference in the pre-
treatments.
The results of this

is inconclusive as to the
fugacity relation, but the fol
remarks may be appropriate. The
Tffi1/NRM ratio is larger (smaller)
for more (less) oxidizing atmospheres.
It is also from the figure
that TRMs in oxidiz con-
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ditions are magnetically harder than the NRM.

3. Change of Ferromagnetic Minerals due to Heating

in

800

o 7
38
4.5
7 3
129
13 2

600
('C)

055061
5xlO-!) Torr
4.5 kOe

200 400
TEMPERATURE

o

zo
i=«
N
i=w
Z
I!J«

Fig. 5. Thermomagnetic'
curves of Oshima
after were
various atmospheres at
800°C for one hour (Fig.
]) . The intensity is
normalized by the room
temperature values.

It is probable that most, if not all, of the variations in
TRM properties are caused by chemical of
minerals such as oxidation, reduction, , or homogeni-
zation. The most sensitive method to observe such changes is
to compare the thermomagnetic curves of the samples before and
after the heat treatment. , thermomagnetic
were carried out after
2 of Section 2. The
shown in 5. In this figure
the intensity of magnetization is
normalized by the room temperature
values of individual The
comparison of magnitudes are there-
fore impossible, but in most cases
changes in the absolute magnitudes
were not greater than 50 percent.

The original sample contain
two magnetic phases with Curie tem-
peratures at 330°C and 510 Q C, res-
pectively. As shown by Akimoto
(1955), the Oshima lava of 1950-
1951 contains titanomagnetite solid
solution with 42 percent ulvospinel
as the main ferromagnetic constitu-
ent, so that the lower Curie
can be identified with this
The higher Curie point must repre-
sent a spinel phase with less Ti
content (less than 20 percent),
which is a product of high tempera-
ture oxidation of the former.

It is clearly seen from this
figure that the amount of high
Curie increased when
the sample was previously heated in
oxidizing atmospheres and decreased
when heated in reducing s.
The sample heated in air to 80°C
for one hour shows almost no trace
of low Curie point component, sug-

a complete unmixing to mag-
netite solid solution and ilmenite
solid solution (Ozima and , 1970). For the range of oxy-
gen fugacities between 10 and 10- 20 atm., the relative amount
of the high Curie in the total magnetization dec-
reases successively, the prevalence of the reverse
reaction (homogenization).

At extremely reducing condition ), the Curie
iron (770°C) appears in the curve.
scheme of oxidation-reduction is consistent with the
present data, and so it may be concluded that a major part of
the changes in the TRM characteristics revealed in the present
study is due to the chemical of ferromagnetic minerals
caused However, an examination of phase diagrams
of ti (Buddington and Linds f 1964) show that
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equilibrium was not realized in our experiments. For instance,
heating in air or in H2 shoud result in oxidation or
reduction of iron at 600°C or 800°C. , however, spinel
phase containing both Fe2+ and Fe 3+ still exist in samples heated
in air or in H2' Such non-equilibrium condition must be quite
cornmon in paleomagnetic experiments where heatings are usually
restricted to short intervals sufficient for attaining a homo-
geneous distribution in the , and to tempera-
tures are for equilibrium to
An important point to note is that chemical changes may take
place in such low temperatures within experimental time.

Qualitatively" the changes in TRM capacity and in coercivity
be explained in terms of reduction or oxidation of
oxidized contain less titanium and the

saturation magnetization increases with the decrease of Ti in
the spinel phase (Akimoto, 1955), while the coercivity increases
proportionally with the magnitude of TRM (Nagata, 1961). How-
ever, such phenomenological interpretation should be made with
caution, since it is certain that the reactions in the present

are not taking place in equilibrium. Factors other
oxygen fugacity should be taken into account for the com-
understanding of the Tm1 changes.

4. Implications for Paleointensity Determinations

There are some important implications for paleointensity
First of all, the TRM/NRM ratios cannot be taken

as a reliable measure of It was
that for some lavas ratios almost two orders of magnitude dif-
ferent from each other can be obtained by simply heating in
different conditions.

Secondly, TRM is usually largest when a sample is heated
in air! which means that paleointensities smaller than the true
values will be obtained if TRM/NRM ratios of heated in
air are used in estimation. The such bias in
the paleointensity data been out
by Kono (1974). The proportionality between some portions of
coercivity or blocking temperature spectra of NRM and TRM, the
reliabil criteria often employed in van Zijl's or Wilson's
methods, not be good enough condition for rejecting bad

data.
, the difficulty of producing a TRM which has the

same properties as the is to be noted. Though we compared
only the magnitudes and coercivity spectra of NRM and TRM! there
was hardly TRM which was bhe same as the NRM in these
respects. I we take other such as blocking tempera-
ture spectral the dl may be more pronounced. This must
reflect the fact that it is not to in a labo-
ratory the actual 1 conditions of the of a lava
in nature.

With considerations to the above points, we think that we
should consider reliable only paleointensity data which have
positive of the absence of changes in TRM characteristics
by the Reults from the Thelliers' method
are reliable in respect since it is, in other words, an

to detect the occurrence of in the blocking
temperature spectrum. Kono (1971, 1974) therefore used only
(l:lta obtained by the Thelliers I method in his compilation.
For some samples, reliable data may be obtained other method
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(e.g., McElhinny and Evans 1 1968). However, it is very diffi-
cult to satisfy the criterion suggested above, and usually this
point is neglected in other methods. It may therefore be a
reasonable idea to use the results of the Thel1iers' method
until a better criterion is established.
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NATIVE IRON DISCOVERED IN THE LAVA FLOW
OF NISHINOSHIMA-SHINTO, JAPAN

Kan-ichi MOMQSE

Department of Geology, Shinshu University
Asahi 3-1-1, Matsumoto 390, Japan

As previously reported by Momose(1974), through the
thermomagnetic measurement the occurrence of native iron
has been ascertained in the lava of a new-born volcanic
island "Nishinoshima-shinto"" However, at that time, the
grains in question were not detected by the reflection
microscope.

Recently, a few grains( approximately 30pacross ) of
native iron were recognized microscopically in the hand

The electronprobe microanalysis made on these
samples also confirmed the grains being native iron( Momose,
1975 )0

The grain occurs as an enclosure within a silicate
mineral grain which coexists with grains of titanomagnetite
in the groundmass : hence it is very difficult to explain
the generation of the native irono

This report concerns the fact that native iron was
discovered in lava"

References
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Reflecton microscopic photograph of polished surface of
native iron. ( white point) contained in rock.
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GROWTH OF NICKEL OLIVINE SINGLE CRYSTALS
BY THE FLUX METHOD

Mituko OZIMA

Institute for Solid State Physics, University of Tokyo
106, Japan

Nickel orthosilicate, Ni2Si04 is one of the olivine group minerals
and is named liebenbergite (de Waal and Calk(1973» in mineralogyo In
contrast to other olivines such as Mg2Si04, C02Si04, and Mn2Si04 which
melt congruently, Ni2SiO+ melts incongruently to NiO plus melt at about

°c (Phillips, Hutta and Warshaw(1963»Q This resulted in the
of growing single crystals of Ni2Si04 olivine 0 Although this

mineral occurs seldom in nature, crystal chemical properties of Ni2Si04
olivine have attracted much attention in the field of earth science
(Matsui and Syono(1968), Ringwood(1962), Akimoto, Fujisawa and Katsura
(1965), Ma(1974» because of its substitution forsterite natural
olivines"

Several attempt s have been made to obtain single crystals of Niz Si04 ,
but no success in single crystals have been reported yet and
almost all experimental work have been done using polycrystalso Flux

is one of the promising method to grow incongruent-melting crystals o
This report describes of transparent single crystals of NizSi04
olivine together with some physical propertieso

air.
were easily ·.. n:'om
Olivine
crucible as

X-ray
X-ray microanalyser
JXA-5 with 40
as standard materials
Bence and Albee(l968) (Nakamura and Kushiro
these crystals were measured using a Berman balance
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PrOduction of olivine crystals is
much sensitive to the composition of the
flux 0 The flux LizMo207 (Li20-2Mo03) and
Li2Mol.sOs.s (Li l O-lo5Mo0,3) did not produce
olivine at all and reacted with the
nutrient so that a new material of NiO-
Li 1 0-Mo03 system (determined as
Li:zM03NhOI2. by chemical analysis (Ozima
and Zoltai(1976») and were producedo
The flux LizMoO+ worked most

Even in this case, processes
seem to be much complicated and NiO
or lithium-silicate phases besides olivine
crystals were grownQ Detailed report on
the phase relations are now in

Single crystal of Ni2 SiO+
olivine is transparent and has a color
of dark green like an emeraldo

The crystal habit of the olivine
seems to be controlled by the composition
of the nutrientQ Both in the case of the
excess NiO or excessSi02, comparatively
large rectangular plate-shaped olivines
grew as well as numerous small euhedral
ones, On the other hand, only euhedral
crystals were grown in the case of the
stoiChiometric nutrient (NiO/SiOz = 2,0)0

Figure 2 shows some as-grown Nickel
olivine crystals by this methodo
Euhedral crystals are characterized by
the (010), (021), and (001) faces and
this is identical with the habit of

olivinesQ Plate has always (010)"
face, These were confirmed by Laue-
photograph and measuring d-spacings of
these planes by an X-ray diffractometero

Lattice parameters were determined
by an X-ray diffractometer
reflections and are given in

Table 1. In the lattice
parameters by other authors are also
listed. X-ray density was calculated
using these lattice parameters and this
is compared with the measured
densityo The origin of this
shotud be attributed to impurities or
inclusions which are inevitable in the
flux method,

Chemical analysis was carried out
for these crystals, Unfortunately,

olivine is very hard of
dissolving and we failed to have a result
for NiO and Si02 contents by the wet-

Fig. 1 Top view of
the crucible before
dissolution of the flux.

Fig. 2 As-grown
olivine crystals.
Upper: Small euhedral
Lower: The largest
One division of the scale
shmlS 1 mm.

11/111111111!\II\\\\\\\11
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chemical analysis.. Instead, the composition of the crystals were determined
with an X-ray microprobe analyser.. The result is compared with the ideal
value as shown in Table 2 0

Magnetic properties were measured at low-temperatures on the
olivine crystals using a torque-meter" Like

as and COlSiO+ (Kondo and Miyahara(1963),
Ni2SiO+ was found to show antiferromagnetic
The easy axis of the spin is parallel to b-axis"
elsewhere.

Table 1

Lattice parameter and X-ray of
Ni1SiO+ olivine at room temperature

Lattice Parameter This work ASTM-card Matsui and Syono
(A) L-l No ..15-388 Ni8

a 4 .. 7285(2) 4,,725 4,,7287(3)
b 1001179(7) 100118 1001214(6)
c 509132(4) 50908 5,,9153(3)

X-ray density 4,,917(1) 40925
Specific gravity 4093

Table 2

Chemical composition of Ni2Si04 olivine crystals

Chemical Composition Stoichiometric X-ray microprobe analysis
wt% wt%

NiO 71" 32 . '71 007
Si02 28.68 28068

total 100,,00 99,,75 100,,16
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EXPERIMENTAL DATA ON THE ARCHEO-MAGNETIC FIELD INTENSITY
DETERMINED BY THE STEPWISE DE- & RE-MAGNETIZATION IN

THE PRESENT GEOMAGNETIC FIELD

Haruo DOMEN

Institute of Physical Sciences, Faculty of Education,
Yamaguchi University, 753 Japan

The method presented in this report is such that a couple
of test specimens was partially demagnetized and remagnetized
successively by the stepwise thermal treatment in the present
geomagnetia field. The remanent magnetization of the thermally
treated specimen was measured before and after every stepwise
successive thermal treatment. And the ratio of the ancient geo-
magnetic field intensity to the present one was decided.

The natural remanent magnetization (NRM) of the sample,
whose NRM should be given by thermal origin i say thermo
remanent magnetization (TRM), was measured by means of an ordi-
nal astatic magnetometer at first as well as general paleomag-
netic investigations. Several pillars of the specimen (rod like
long shaped, square pillar specimens) were cut out along the
original NRM direction and/or meridian from the old roof tiles
or rocks. A couple of-test specimens thus prepared were put in
the non-inductively wound electric furnace such a way that one
of them should be placed its NRM direction in parallel to the
present geomagnetic field and another specimen in anti-paralleL
These specimens were heated up to a certain temperature, T,
then, cooled down to the room temperature. The NRM of the test
specimen may be destroyed partially and replaced by the
TRM within the temperature interval between the room tempera-
ture and T.

Now, let assume that the partial TRM of specimens is pro-
portional to the week ambient magnetic field of both ancient
and present respectively and also to the treating temperature.

Finally, the following equation was obtained;

NRM - {Ha/Hp)I_/2

sample,
thermal
several sets

. The
squares as

diagram for the

where Ha and Hp are the geomagnetic field intensities for the
ancient and the present, in which original NRM was given and
partial TRM was given respectively. 1- is the subtraction of
remanent magnetization of leled specimen and anti-paral-
leled one after thermal treatment up to T and 1+ for addition
of these two intensities.

For a of specimens cut out from the same
having the same dimension, the successive stepwise
treatments and remanent magnetic measurements
of 1_ and 1+ combinations for each treating
mean Ha/Hp ratio is decided by the method of
a tangent of the straight line on the 1_ 1+
equation mentioned above.

In general, the NRM direction may deviate from the long
axis of the roof tile specimen, then the original field inten-
sity Ha* affects to the axis of the prism specimen as Ha*aos ,
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where e is the angle between NRM direction and the long axis of
the specimen. The present geomagnetic field Hp* makes an angle
I which is the geomagnetic field inclination, and the thermal
treatment mentioned here is generally performed along the long
axis of specimen keeping in the horizontal north. Then Hp in
the preceding equation should be read as Hp*aosI.

Table 1 shows some numerical examples of the paleo/archeo
magnetic field intensity thus decided.

Table 1

Specimen Ha*/Hp* Ha*

Tiles
NT; Present 0.81 0.38 oe
TT; 40 yBP 1.10 0.53
RT; 80 II 3.04(?) 1.44(?)
OTilOO " 1.25 0.60
KTj200 II 1.37 0.65
FT; 300 " 1.21 0.58

Rock
CRiEarly Holocene 1.62 0.77

A minute calculation concerned with the present work have
been published (Domen 1974). This work with some data was read
on the IAGA Meeting at Grenoble, France in 1975 and it will
appear as one of papers submitted to the meeting in "Physics of
the Earth and Planetary Interiors" as a special issue for the
sympos.ium in the near future.
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PALAEOMAGNETISM OF LAKE BIWA SEDIMENT

Naoto KAWAI, Tadashi NAKAJIMA, Katsumi YASKAWA*,
Masayuki TORII and Nobuyoshi NATSUHARA

Department of Physics, Faculty of Engineering Science,
Osaka University, Toyonaka, Japan

I} Introduction

When Horie succeeded in drawing out a long boring core
from Lake Biwa (1971), he asked one of the present authors(N.K.)
to make use of it for the paleomagnetism. Several small blocks
were first tested with a sensitive magnetometer installed in
Osaka University ( in Jan., the next year).

Despite the magnetic susceptibility, each had a stable
permanent magnetism sufficiently determinable. A preliminary
survey, therefore, was started subsequently. Three small
specimens vertically adjointing were cut off at 40 points of
the entire core at every 5 m interval. When all the pieces
were measured within a short period of two months, the first
report (Kawai et al.(1972) appeared in the Proceedings of the
Japan Academy.

Meanwhile, reports on the geochemical (Koyama 1972, Handa
1972, Nakai 1972), pollen (Fuji and Horie 1972) sedimentational
(Horie 1972 and 1974) analyses followed, using the same specimens.
Summing up the data, Kawai (1972) published a paper entitled
"The magnetic control on the climate in the geologic time n •

Next, the entire core was split up into a vertical sequence
of cubic samples so that unavoidable gap between one sample and
another might be made as thin as possible. The measurement of
the cube near the core-top had no sooner started than a measure-
ment plan was laid in"detail.

The work proceeded slowly at first but progressively
quickly, so that it soon became a routine. The measured part
of the core is now fathomed as 60 m from the core-top. The
measured samples have increased in number up to 3,000
by now. The results summed up are shown in this paper.

The informations gathered the ·upper 30 m of the same
core were in some journals (Yaskawa et al. 1973,
Nakajima et al. 1973, Nakajima and Kawai 1974, Yaskawa 1974).
Two papers (Nakajima and Kawai 1974, Yaskawa 1974) have appeared
on the basis of the. same results with different interpretations.

2} Age-depth relation in the core

Prior to the study, a representation of the geomagnetic
field in the historical time, using baked clays, had been
undertaken by the same group of Osaka University. The data

*Present Address; Faculty of Science, Kobe University,
Nada, Kobe, Japan
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amassed in the laboratory were compiled by Hirooka into his
thesis (1971).

Lake Biwa is located in proximity to the places from
which the historical secular change has been disclosed.
If the remanent vector in each cube can be considered as
frozen geomagnetism which existed -while the layer thickened
up to 2 em (for about 80 years), the NRM of one cube and that
from the baked must agree within the experimantal error
in case the two have the same age. The geomagnetic three
elements found from the core and those from the baked clays
vary with time quite concordantly. The depth at any point
in the upper core is determinable, when the obtained two
curves are.assumed to possess common respective maxima and
minima as approximately as possible (Nakajima and Kawai 1974).
Big questions still remain as to how fast the remanent vector
is to be frozen, and how quickly the consolidation of the oozy
upper layer of sediments is to be completed.

In regard to the pre-historic period we have no such
means by which to data the core. But the core involves
specimens which reflects the latest geomagnetic stage called
the Blake event. It is assumed to exist between 108,000
and 114,000 yrBP by Smith and Foster(1969). In Lake Biwa
it corresponds to the sediment layers ranging from 49 to 56 m
in depth. The correlation was reported in detail in the
previous papers (Kawai et al. 1972, Nakajima et al. 1973,
Yaskawa et al.1973). Besides, three volcanic ash layers
were perceived at places 38, 63 and 100 m downward from the
core-top. They all were dated by the fission track method
as 80,000, 110,000 and 180,000 yrBP, respectively, by
Nishimura and Yokoyama (1973). It is quite likely that we
have acquired an almost continuous geomagnetic record in a
long, geologic time since 110,000 yrBP.

3) Measurement and the results

Prior to the measurement of natural remanent magnetism
(NRM), each cubic sample is cleaned up with AC decreasing
field from 100 to zero Oe smoothly in a non-magnetic space
made up of three metal layers. The viscus component of
magnetism is assumed to have completely been removed.

On the other hand, in order to obtain the isothermal
saturation magnetism (ISRM), each cube is placed under a
steady field of 7,000 Oe and the remanent vectors are similary
measured, using the same instrument.

The ratio, NRM!ISRM is then calculated and the change
of the ratio with (or time) is shown in the upper part
of . 1, while in lower part of it that of NRM alone
with time is indicated.

The inclination change is also shown as a function of
depth in the core.

The mean is calculated out of 5 vertically adjoining
specimens in both cases of intensity and inclination as shown
in Fig. 2. A vertical line drawn at each point indicates
the standard deviation.
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4) Change in inclination

The core of Lake Biwa sediments obtained is exactly
197.2 m long. Unfortunately, it is broken up into a large
number of vertical columns. We have tried to unite two
adj columns, magnetically ass·uming that the specimens
near the joint poss have the same magnetization. Too
large an experimental error is unavoidable in this method
of displaying the secular declination in one diagram.

In contrast, the inclination in each cubic specimen
can be shown because the axis of the core is nearly parallel
to the plumb line of the spot and perpendicular to the
strata in the lake sediments. Thus, we can now disclose
the inclination all from the core-top down to the
of 60 m.

As shown in Fig. 1 dip angle fluctuates
as well as they do so frequently with the

for the abnormal points described later, dip
to point so that it may

to draw a curve by mean value
of every inclinations as shown in . 2. The fluctuation
demonstrates as if such a field as the archaeosecular variation
had existed throughout the entire

A sudden flip of dip angle appears at A, B, C, D, E,
H I, J, K, L M'3each occurring in a short interval of
of the order 10 . Almost horizontal or even
inclination is seen each ate, where it
almost + 90°. Of these A and E were regarded
as the times when excursions of the occurred

ima et ala 1973, Yaskawa et 1973. K is
from L by an interval shorter than 1,000 years. G, Hand
I appear success likewise within a short interval. A weak
field intens is associated with each particular interval.
The interval K and M is considered to be that of the
Blake event, as it is a of

inclination.
Next, a fact reciprocal to the above relation is to be

So long as the high intensity is retained, the
dip angle a mean. value of about 50 degrees, however
greatly it may fluctuate in 50 degrees is very
close to the present dip angle now observable around the lake.

5) in intensity

Irving and Major(1964) made an experimental test to confirm
the time when NRM could be during sedimentation.
They concluded that the NRM not when falling magnetic

in water reach and set in the layer of sediments
but evidently after that time, and post-depositional
remanent magnetism or PDRM. Kent (1973) refined the experiment
later and found that the remanent vector of sediment is almost
proportional to the applied geomagnetic vector. We also have
found that the ratio NRM!ISRM is the best scale to measure the
the palaeomagnetic intensity, since it is independent of the

of magnetic contained in the sediments.
Yaskawa (1974) tried to estimate the time when the particles
become fixed in the nonmagnetic matrix in case no leakage but
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the upward replacement of water occurs to make the oozy sedimets
more consolidated.

The change of the NRM/ISRM ratio we have obtained from the
core is also shown in Fig. 1, with the change

NRM itself.
Although the ratio NRM/ISRM and the NRM move concordantly

on the time span, the above relation is broken up at several
points. The NRM/ISRM goes up, while NRM gose down in a region
around 57 m. This region is considered to correspond to the
time when the Blake event sets in and begins.

We first should be aware of that the non-magnetic matrix
of the sediment decreases rapidly, making bigger magnetic
particles/cc and NRM and secondly that the geomagnetic intensity
drops, as the NRM/ISRM ratio decreases in the early stage or
even to it. The non-magnetic matrix is made up of

and substances derived from the past living
matters, as discovered by Handa (1972).

Kawai (1972) predicted (1) that such a rapid decrease of
organic substances is the consequence of very low photo-synthetic
activity in and around the lake, (2) that the field prior to
each Brunhes event is quite high but suddenly drops, as soon as
the event starts and (3) that a climatic soon follows
the magnetic decline.

In addition to the one of the authors (N.K.)
is conscious of a fact particles themselves
increase in the early of the event. When the field
declines, the magnetosphere must shrink three dimensionally.
Not only the high energy but also the charged

dusts by external line of force are all
gathered and carried towards the earth, although many of them
are scattered into space by solar wind. But some can trespass
on the atmosphere through magnetic windows up above the north
and south poles. They are soon uniformly distributed in the
atmospheric convection cells till all fall directly on the
earth or as the of icy or water particles. If so,
a very small ratio of NRM/ISRM is due to this reason.
Such a case has been comfirmed at the time of the geomagnetic
extinction in the transitional from the Matuyama and
the Brunhes epoch (Kawai et al. 1975, Kawai and Nakajima 1975).
Besides, it is quite likely that the green house effects
around the earth become much reduced too in the event of the
geomagnetic weakening as suggested by Kamiyama and Yamamoto
(private communication) .

30



References

Fuji, N. and S.Horie (1972) Proe. Japan Acad. 500.
Handa, N. (1972) Proc. Acad.48 510.
Hirooka, K. (1971) Mem. Fac. Sci. Univ., Sel. Geol.
Mineral. 38, 167.

Horie, S. (ed. 1972) Paleolimnology of Lake Biwa and the
Japanese Pleistocene (First Issue), 93pp.

Horie, S. (ed. 1974) Paleolimnology of Lake Biwa and the
Japanese Pleistocene (Second Issue), 288pp.

Irving, E. and A. Major (1964) Sedimentology.}, 135.
Kawai, N., K. Yaskawa, T. Nakajima, M. Torii and S. Horie
(1972) Proc. Japan Acad. 48, 186.

Kawai, N. (1972) Proc. Japan-Acad. 48, 687.
Kawai, N., Y. Otofuji, T. Nakajima and K. Kobayashi (1975)
Proc. Japan Acad. 51, 634.

Kawai, N. and T. NakaJima (1975) Proe.Japan Acad. 640.
Kent, D.V. (1973) Nature 24 32.
Koyama, T. (1972 ) Proc. Acad. 48 1 505.
Nakai, N. (1972) Proc Japan Acad. 48-,-516.
Nakajima, T., K. Yaskawa, N. Natsuhara, N. Kawai and S. Rorie
(1973) Nature Phys. Sci. 244, 8.

Nakajima, T. and N. Kawai (1974) Paleolimnology of Lake Biwa
and the Japanese Pleistocene (Second Issue), 65.

Nishimura, S. and T. Yokoyama (1973) Proe. Japan Acad. 615.
Smith, D. and J.R. Foster (1969) Science 163, 565.
Yaskawa, K., T. Nakajima, N. Kawai, M. Torii, N. Natsuhara
and S. Horie (1973) J. Geomag. Geoelectr. 5 447. r

Yaskawa, 'K. (1974) Rock Magnetism and Paleogeophysics 2, 15.
Yaskawa, K. (1974) Paleolimnology of Lake Biwa and the-Japanese
Pleistocene (Second Issue), 77.

31



PALEOMAGNETIC STUDY OF OSAKA GROUP USING MARINE AND NONMARINE

CLAYS NEAR KOMYOIKE, OSAKA PREFECTURE

Junichi NISHIDA & Shiro ISHIDA
Department of Geology and Mineralogy, Faculty of Science, Kyoto
University, Kyoto Japan
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Stratigraphic column of Osaka Group
near Komyoike.
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Fig. 1

Samples
We collected clays and

Azuki tuff from nonmarine
clays below Ma 3 to Ma 4
succesively. The locality
is situated at the western
clif of road of southwest
of Komyoike, Izumi City,
Osaka Prefecture. As Ko-
myoike is considered to be
the margine of subsiding
basin of Osaka Bay, the rate
of sedimentation is not so

Introduction ,
Osaka Group represents the typical Plio-Pleistocene strata in South-

west Japan(Ishida S. 1970). Ishida et.al.(1968) and Torii et.al. (1974)
reported paleomagnetic results of volcanic ashes in Osaka Group.
Ishida et.al. assumed Matuyama-Brunhes boundary between Azuki tuff in Ma 3
and Fukakusa tuff in fresh water clay, upper than Ma 4. Torii et.al. re-
ported Matuyama-Brunhes boundary as near Sayama volcanic ashes intercalat-
ed in nonmarine clay just below Ma 3.

Nishimura and Sasajima(1970) reported 0.87± 0.07 m.y. for the age of
Azuki tuff by fission track method. It can be safely assumed that the
stratigraphic sequence of Matuyama-Brunhes boundary lies near Sayama vol-
canic tuff between Azuki tuff and Fukakusa tuff. In these previous works,
the measurement of NRMs of marine and nonmarine clays are not achieved since
the intensity of NRMs of these clays are too weak to measure in those days.
So, the precise stratigraphic sequence of Matuyama-Brunhes boundary is not
determined up to date.

Our prime purpose of
this study is to decide the
stratigraphic sequence of
Matuyama-Brunhes boundary.
We considered that successive
measurement of marine and
nonmarine clays can afford
the information not only of
the stratigraphic sequence
of Matuyama-Brunhes bounda-
ry but also of the detailed
feature of the change of
paleomagnetic field since
the sedimentation rate of
Osaka Group is far greater
than that of deep sea sedi-
"ments.
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large as that in Lake Biwa.
The stratigraphic succession of
the samples is shown in column
(Fig. 1). The lowermost horizon
of the exposure is nonmarine clay
below Ma 3. The uppermost hori-
zon of the exposure is Ma 4.
Sixty-five samples are collected
from the bottom to the top of
this road cutting.

Experimental procedure
Thirty samples are chosen for

the present study from the collect-
ed samples. About 10 specimens
are prepared from each sample.
Measurement was carried out by
spinner magnetometer. The NRMs
of the specimens are measured be-
fore and after the magnetic clea-
ning. Ideally, a progressive
demagnetization curve should be
obtained for each individual sam-
ple. In view of the large num-
ber of specimens involved in the
present study, this would have
been impractical. For the pre-
sent study, all the specimens
were demagnetized in a peak field
of 100 Oe alternating field using
three axis tumbler.

In Fig. 2, the example of
the result for alternating field
demagnetization is shown. As
shown in this figure, the NRMs
deviate to the present north pole
along large circle before demag-
netization. After demagnetiza-
tion, they gathered together on
southern upper hemisphere.
In Fig.3 is also shown another
example. As shown in this fig-
ure, the NRMs are distributed
in lower hemisphere before magne-
tic cleaning. After magnetic
cleaning, the directions of NRMs
appeared in southern upper hemi-
sphere. Normal NRMs are also
affected by secondary soft compo-
nent, and the directions of NRMs
move significantly after magnetic
cleaning. Fig.4 and Fig.S are
the results of magnetic cleaning
for normal NRMs. It may be notec
that in these two cases, the mean
direction of NRM moves towards the

108

w-

s

Fig. 2 Example of the result for
AF of reversed sample.
Open clrcles are on the upper hemi-

Square represents mean direc-
tlon.

109

5

Fig. 3 Example of the result for AF
demagnetization for reversed sample.
Open circles are on the upper hemi-
sphere. Closed circles are on the
lower Sqare represents
mean direction.
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Fig. 4 Example of AF demagnetization
for normal sample. Symbols are equi-
valent with those in Fig.3.

Fig. 5 Example of AF demagnetization
for normal sample. Symbols are equi-
valent with those in Fig. 3.

direction of axial geocentric
dipole. We cannot explain
the cause of soft component
in these samples hitherto.

It may be noted here
that the direction of NRMs
after magnetic cleaning of
100 Oe do not exhibit satis-
factorily the direction of
original remanent magnetiza-
tion. Further demagnetiza-
tion is considered to be
needed.

In Fig.6 , declination
and inclination of each sam-
ples are plotted against
the stratigraphic sequences
of sampling sites.

Discussion
As shown in Fig.6 , only

normal polarities are ob-
served in Ma 4 except to
the lowermost part and re-
versed polarities in upper
part of Ma 3. Another
measurement on Ma 4, near
Fukakusa in Kyoto Prefec-
ture made by use unpublished
data) suggest the normal to

.'

Fig. 6 Summary of paleomagnetic results
after magnetic cleaning. Points in the
column corresponds to the specimen number
in Fig. L
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reversed transition in lower part of Ma 4. It may be assumed that the
stratigraphic sequence of Matuyama-Brunhes boundary is the lower part of
Ma 4.

Two normal polarities are recognized in our measurement, one on the
upper horizon of Azuki tuff, one the bottom of this stratigraphic succes-
sion. Watkins (1968) suggested the possibility of short duration normal
event at about 0.82 m.y., which is non-dipole activated or global extent.
The normal event on the Azuki tuff may be correlated to B-zone of Watkins.

The normal polarities are observed in the bottom of this exposure.
Ishida et.al. (1968) correlated the Komyoike tuff, normally magnetized,
with Jaramillo event. The horizon of the Komyoike tuff is below Ma 2.
Recently, Maenaka et.al. (1975) assumed it as normal polarity not reported
yet in Matuyama epoch. They considered Jaramillo event as Kamikatsura
tuff between Ma 2 and Ma 3. The normal polarity in the bottom of this
exposure also may be correlated to Jaramillo event.

It is also noted from the result shown in Fig.6, that the inclination
of reversed polarities are shallow and declination deviate to the west.
Similar directions of NRMs are also observed in some volcanic rocks in
southwest Japan. Though the alternating peak field of 100 Oe is not
enough to remove the secondary viscous component, it may have some unex-
plained meaning. This problem is now in progress by using volcanic
rocks.
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PRELIMINARY REPORT OF MAGNETOSTRATIGRAPHY OF TOKONAME GROUP
IN CHITA PENINSULA

Yo-ichiro OTOFUJI, Takeshi MAKINOUCHI
AND

Junichi NISHIDA
Department of Geology and Mineralogy, Faculty of Science,

Kyoto University, Kyoto, Japan

Introduction
In the there existed larger lake in the present Ise Bay and

the surrounding areas. This extinct lake is called as n Lake Tokai lt
(Takehara et. al., 1961, 1964), at present. The sediments accumulated
in this Lake are spread around the Ise Bay, namely, the Group in the Ise
district, the Seto Group in the Nagoya district and the Tokoname Group in
the Chita peninsula. The " Tokai Group If is a general term for them
(Ishida and Yokoyama, 1969). The Tokoname Group occupies the lower part
of the Tokai Group (Makinouchi, 1975).

In order to correlate the Pliocene-Pleistocene strata with global scale,
paleomagnetic survey has been made of the Ceno2oicstrata. Ishida et. al.

(1968) established the time
table of Cenozoic strata
in Kinki and Tokai district
of magnetostratigraphy by
using volcanic ashes inter-
bedded in sediments.
On the other hand, Tokai
Group is left behind from
their paleomagnetic survey.

It is very interesting
to suppose the period of
the deposition of Tokoname
Group pleomagnetically.
Since Tokoname Group is
one of the first sediments
in Lake Tokai of the Plio-
cene-Pleistocene basin,
the knowledge about the
age of beginning of sub-
sidence may be expected
to render great information
about the historical geo-
logy of Setouchi Province.

Another purpose of
our study is to estimate
the degree of paleosecular
variation by using thick
ash layer. The hypothe-
sis of correlation between
volcanic activity and the
geomagnetic reversal pro-
posed by Kennett and
Watkins (1970) might be
examined.

Fig. 1 Geologic map of the Chita Peninsula
and sampling sites.
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Geological Outline
The Chita Peninsula is composed of the Miocene Morozaki Group,

the Pliocene Tokoname Group, the lower Pleistocene Taketoyo Formation and
the terrace deposits.

The Morozaki Group is exposed in the southern extremity of the peninsula.
The Tokoname Group, which covers the Morozaki Group unconformably, consti-
tutes hills over the whole peninsula, and is partly covered by the Taketoyo
Formation and the terrace deposits with unconformity. Lithologically,
the Tokoname Group is divided into three formations, the Toyooka, the Kouwa
and Futto Formations in ascending order, in the southern part of the penin-
sula. The Toyooka Formation, 65 to 100 m in thickness, is characterized
by gravelly beds with intercalation of mud layers. The Kouwa and Futto
Formations, 150 to 180 m and more than 280 m thick respectively, are composed
of alternation of sand and mud beds. Slight differences are recognized
between these two formations in lithology, supply of sediments and so on
(Makinouchi, 1975). The Kouwa and Futto Formation have intercalations of
eleven volcanic ash layers. Among them, we sampled eight layers for the

measurement. They are the Kofu, Chita Pink, Shirasawa-no-
ike, Kaminoma, Sakai, Kosugaya,Ohtani and Koba Volcanic ash layers in ascend-
ing order ( Fig. 1 and Fig. 2 ).

Fig. 2 The latitude of the VGPs.
Left column indicates the horizon
of the ash layers.
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Methods and Results
Oriented samples were collected from each ash layer as blocks 10xlOx5 em.

TWo or more block samles were obtained from the bottom to the top of ash
layers of which thickness was more than 20 em. Six or more specimens,
about 2 em cube, were cut from each block sample. Natural remanent mag-

tization (NRM) was measured by
spinner magnetometer.

One pilot specimen from each
sample was demagnetized in alter-
nating field (AF) in steps with
peak field value of 50, 100, 150,
200, 300 and 400 Oe. Some of
pilots with reversal ( T-l, T-5,
T-7 ) revealed the intensity rise
at the initial AF demagnetization·
stage, up to 150 Oe. And, in
most samples, the direction of NRM
moved toward the direction of north-
ern or southern geocentric dipole
after AF demagnetization up to
300 Oe.

The results of measurement,
before and after AF demagnetization
(peak field 300 Oe), are summarized
in Table 1. Since the direction
of NRM for T-ll from Shirasawa-no-
ike tuff scattered after AF demaqne-
tization, the result was excluded
from paleomagnetic consideration.
However, T-12 collected from same
tuff shows normal vlith
small Ctg 5 . There fore it
is that the Shira-
sawa-no-ike tuff has a normal po-
larity.
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Table 1. Summary of Paleomagnetic Data of the Tokoname Group.

Volcanic ( N R M ) _( After AF Dema. ( V G P )
ash layer Si te NQ. <_<___<__D__ I a. 95 J D I a. 95 Lat. Long.

Koba T - 1 154.0 -53.4 2.7 4.3 152.4 -53.3 3.3 4.0 -67.2 221.5
T - 2 117.5 -49.3 8.4 2.6 138.0 -65.4 5.3 2.1 -56.4 262.1

Ohtani T - 3 133.5 -15.1 5.5 1.0 136.4 -55.9 15.4 0.19 -54.8 262.4
T - 4 139.4 -36.9 2.6 1.7 149.6 -61.0 5.3 0.78 -65.3 252.8
T - 5 175.8 -49.8 13.6 , 0.46 -169.2 -55.4 6.0 0.33 -81.2, 56.7
T - 6 -102.0 -40.7 10.3 0.19 -129.6 -50.7 7.8 0.12 -48.1 36.8
T - 7 -127.5 -60.4 0.28 -153.8 -54.4 8.4 0.27 -68.5 54.5

Kosugaya T - 17 -165.2 -55.6 8.5 0.23 -173.1 -52.6 9.4 0.22 -84.0 61.8

Sakai T - 16 -177.0 -37.9 6.7 3.5 170.0 -41.7 8.1 2.7 -76.1 178.2
T - 15 -179.3 -53.8 4.3 1.3 173.1 -53.0 2.2 1.0 -84.1 215.4

\...N T - 14 -179.5 -53.5 2.4 0.93 175.1 -55.5 2.8 0.76 -85.5 210.4
00

Kaminoma T - 13 34.2 16.9 27.5 0.09 32.2 10.5 18.0 0.05 4f3.0 264.3

Shirasawa- T - 12 1.4 54.9 7.1 0.83 4.4 52.2 7.4 0.54 85.8 255.1
no-ike T - 11 11.1 11.8 55.8 0.13

Chita pink T - 10 24.0 44.1 46.1 0.16 -42.0 9.1 52.5 0.15 40.1 19.5

Kofu T - 9 -21.4 29.0 2.7 0.48 0.4 48.1 5.0 0.19 80.6 323.2
T - 8 -15.6 15.9 3.1 55.1 -1.2 43.8 11.0 9.2 84.6 313.6

J = Mean intensity of magnetization in emu cc-1 x 10-6
Sites are arranged in descending order from the younger to the older.



From the result shown in Table 1 and Fig. 2, it is evident that the ash
layers above the Sakai have reversed polarity and those below the Karninoma
normal. It is considered from this fact that only one polarity change
from normal to reverse has occurred in the time when the Tokoname Group
has been deposited.
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Fig. 3 Change of the VGPs from T-7
to T-3 for the Ohtani ash layer.

3)

2)

Discussion
1) Magnetostratigraphy

The absence of key ash layers spreading over the Tokoname and Kobiwako
Groups has made it difficult to assume the age of the former. However,
the existence of N-R polarity pattern in the Tokoname Group would·give some
hold on this problem•.

It must be -noted that earya pollen is not found in the strata above
the Ohtani tuff (Nasu, 1971). The extinction of this flora suggests that
this group was formed in upper Pliocene. In the Tokoname Group, the thick-
ness of the strata with normal polarity, from the Kofu to the Kaminoma ash
layer is about 140 m and that with reversal, from the Sakai to the Koba is
about 280 m. From this fact both of normal and reversal periods may be .
assumed as significantly long polarity intervals.

Next three boundaries may be considered for the N-R polarity boundary
of the Tokoname Group.

1) Gauss-Matuyama boundary; the boundary falls on 2.34 m.y. The
maximum polarity intervals are supposed 37xl04 years for normal and
30xl04 years for reversal, respectively.
Lower boundary of Mammoth event in Gauss epoch; the boundary
on 3.06 m.y. The maxi-
mum intervals are assumed
26xl04 and 26xl04 years,

In this
case, we presumed that the
volcanic ash was not depos-
ited.between Kaena and
'Manunoth events in the Toko-
name Group.
Upper boundary of Cochiti
event in Gilbert epoch;
the boundary falls on
3.7 m.y. The maximum
intervals are 22xl04 and
38xl04 years.
Ages of the polarity bound-
aries are based on the geo-
magnetic polarity epoch
time table of McElhinny
(1973). )

We cannot decide which N-R
boundary corresponds to this group
precisely from the information described above, at present.
age determination is now in preparation by us.

2) Ohtani ash layer
Ohtani ash layer is the thickest one ( 3-10 m ) in the Tokoname Group.

We collected five samples at interval of 1.5 m. Inclination of five sam-
ples show nearly the same value. However, declination seems to change
systematically from east to west more than 90 degrees, from lower to upper
horizon. In Fig. 3, the change of the VGPs is shown.
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In other tuffs. such as the Koba, the Sakai and the Kofu, directions of
NRM for the same ash layer agree well with each other. The directions
of these samples locate around geocentric dipole and the values of a 95 ofeach sample are small. This suggests that the remanent magnetism 1n these
layers would have been acquired at the time when the ash layer was formed
and that the remanences have not been affected by the diagenetic re-magne-
tization.

In the Ohtani ash layer, if direction changes were caused by the re-
magnetization, larger change could be expected for inclination as much as
declination, and larger value for a95 would be expected. Therefore, we
should consider that changes were caused by the change of ambient
magnetic field at the time when ash layer was deposited.

If the sedimentation rate of ash fall is not so fast as has been pre-
sumed geologically, it may be considered that the magnetic record in this
ash fall merely reflects large paleo-secular variation. In such a case,
it may be cons1dered that the fall of this tuff continued for more than a
few hundred years.

From the geological view point, volcanic ash layer has been cansidered
to be formed for a few decades at most. It is difficult to explain such
a rapid change by the movement of the non-dipole component of the geomagnetic
field, since westward drift of it moves only 0.2°/ a year and its magnitude
is at most 20% of the dipole component (Yukutake and Tachinaka, 1968).
So, swing of the direction must be caused by the extraordinarily rapid change
of the geomagnetic field.

Kennett and Watkins (1970) suggested that the close correlation existed
between volcanic activity and the reversal of the geomagnetic field.
This suggestion is attractive for explaining the cause of rapid change of
NRMs direction in the Ohtani ash layer, since this layer is so thick compared
with other ash layers in Osaka, Kobiwako and Tokoname Group, that a vast vol-
canic activity might be expected. At this stage, it is not adequate to
present such hypothesis easily. We will be, however, able to examine this
hypothesis by the use of thick layer.
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It was in 1951 when the i\I<..M of the volcanic ash specimens of Osaka
Group , representative 'Kuaternary sediments in ;::)outh-west Japan, was first
measured. Kawai (1951) mentioned the reversed magnetization of the
volcanic ash which is one of the best key beds in Osaka Group. Ishida et al.
(1969) collected the volcanic ash specimens from each of 156 sites (954
specimens in aU) in Kinki and 'Iokai district, and measured their NRMs.
The results were briefly described as follows.
1) 'Ire ash specimens from seventy sites out of the 156 sites in all were
measurable by means of an astatic magneto-meter, whose limit of dependable
measurement is Of these seventy, specimens from forty sites
exhibited the normal polarity, while thirty the reversed one. Examination
of the twenty-eight layers horizon by horizon disclosed that eighteen layers
had the normal, ten layers the reversed polarity.
2) Everyone of the five reversed polarity times was found filling an interval
between normal polarities. There were at least ten affairs of change in
polarity. The paleomagnetic data disposed according to the stratigraphic
succession by Ishida and Yokoyama (1969) was correlated with the time scale
of polarity change presented by Cox and Dalrymple (1967). Geomagnetic
polarity episodes were classified into three epochs; the upper normal
polarity epoch. They were correlated respectively with the Brunhes normal
epoch, the Matuyama reversed epoch and the Gauss normal epoch. Short
period during each epoch were correlated with polarity events.

Recently, 'IorH et al. (1974) reported the paleomagnetic results on the
water-laid volcanic ash layers in the Osaka Group, ,sennan and Senpoku hills
in Osaka prefecture. They showed that their results agreed well with those.
of Ishida et al. (1969). On the other hand, some newknowledges have been
added to the stratigraphical and geochronological field on Plio-Pleistocene

in Kinki and Tokai district since the paleomagnetic stratigraphy was
presented by Ishida et al. (1969). Then the reconstruction of the paleo-
magnetic stratigraphy was carried out by eliminating the data of the specimens
belonged to the indistinct horizon and adopting the data of the fission track
age (Maenaka et al. 1976). The results are shown in Figs 1 and 2. Fig. 1
shows the columnar section with the paleomagnetic data and the fission track
age's data of the individual areas in Osaka, Kobiwako and Tokai Groups .

. 2 shows the summarized paleomagnetic stratigraphy of Plio-Pleistocene
in Kinki and Toliai district. As shown in these figures, it is as

before that the "geomagnetic polarity episodes are classified into three epochs.
The horizons above the Fukakusa volcanic ash layer in Osaka Group or

the Ogoto volcanic ash layer in Kobiwako Group are correlated with the
Brunhes normal epoch \0-0.69 f\1. '( . ), the horizons from the Biotite to the
Shimakumayama volcanic ash layer in Osaka Group or the Komazuki volcanic
ash layer in Kobiwako Group are correlated with the reversed
epoch (0.69-2.43 Y.L and those below the T-2 volcanic ash layer in Osaka
Group or the Kaigake B volcanic ash layer in l-'::obiwako Group are correlated
with the Gauss normal epoch \2.43-3.32 .). Considering from the
fission track age and the thickness of the sediments, normal event of
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Fig. 1.. Columnar sections of the individual areas in Osaka, Kobiwako and
Tokai '_1"_""''"''1-'''';'

Fig. 2. Correlation of paleomagnetic stratigraphy, biostratigraphy and
climatic changes in the Plio-Pleistocene series in :":::inki and Tokai
district.
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Kamikatsura horizon, and Ikenowaki horizons, and Kono II horizon in
age are respectively correlated to the Jaramillo (0.89-0.95 M.Y .),

the Olduvai (1.64-1. 79 M.Y.) and the Reunion (1.95-1.98 and 2.11-2.131v1.Y.)
normal event. Similarly, the Dacite volcanic ash horizon in the Gauss
normal epoch is correlated to the reversed event (2.94-3.06 M. Y. ).
On the contrary, normal polarity of the Komyoike, Pink and Tatsugaike
horizons is not rigorously correlated with any known event. The fission
track age of Komyoike volcanic ash layer is given as 1.1 M.Y. (Nishimura and
Sasajima 1970). This age is considered to be reasonable age from
the thickness of the sediments between the Azuki (0.89 M. Y. fission track
age) and the Grey (1.5 M. Y . fission track age). This means that a new
event may be required to be prepared there. If this is true, somewhat
symptoms are considered to be appeared in so far reported paleomagnetic
data. So this was examined from all angles.

The polarity time scale presented in the left column of Fig. 2 is based
upon the paleomagnetic data with ages all the world. Fig. J-A is
cited from the report of Cox at al. In the report, 184 paleomagnetic
data with K-Ar ages for the last 15.81 M.Y. (109 data for the Brunhes-
Nlatuyama ages as shown in Fig. J-A) are listed up. In the report, Cox et
al. (1968) themselves pointed out some problems to be remarked. For
example, near some of the polarity boundaries, the magnetic polarities and
the radiometric ages do not follow in perfect sequence because of errors in
the dating. It is difficult to obtain accurate estimates of the duration of
events directly from radiometric dating because the dating errors are of the
same magnitude as the events. The pattern of the polarity change is still
uncertain because of the distribution of K-Ar ages from volcanic
rocks. Cox et al. (1968) also suggested that there is growing evidence for at
least two, and possibly more, events within the Matuyama reversed epoch.

"
__

The record of polarity change in )'iatuyama age.
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Lately, Earrison (1974) analyzed the paleomagnetic data of seventy-one
cores which penetrated the boundary. He the
relative positions of the normal events in age as a percentage
distance from the top of the }'latuyama epoch. In the same way, the writer
tried to reexamine the residual data which the ratio of the length of the
Matuyama age material to the length of the Brunhes age material given in
Harrison I s report is smaller than two or larger than three is removed. The
reason is that they are felt strange considering from the ratio of the duration
of the rvlatuyama epoch (1. 74 M.Y.) to that of the Brunhes epoch (0.69 1\A.Y.)
is about 2.5. The extracted data from above-mentioned seventy-one cores
is given in Table 1. 'Fig. 3-D gives the histogram of ages of normal event
as a percentage distance (n) from the top of the epoch. As a real
operation, the number of events between (n-2) and (n+2) is counted by varing
the value of n from 0 to 100. As shown in Fig. 3-D, three striking peaks of
n=12 (0.9 M.Y.), n=60 (1.7 M.Y.) and n=72 (1.95 M.Y.) are remarked.
These are possibly correlated with the Jaramillo, Olduvai and Reunion events
respectively. Besides these, it may be recognized that there are five
lesser peaks as n=5 (0.75 M. Y .), n=38 (1. 35 £VI. Y .), n::.-A7 (1. 5 M.Y .), n=80
(2.1 M.Y.) and n=90 (2.25 rvl.Y .). Among them, the event which is correlated
with the known events is only one.

Length of Matuyama Length of Brunhes
Core No. age material (em) age material (em) A Position of events

A (B) 13
E-13-20 310 144 2.15 3 22 38 50 74 91

E13-3 600 222 2.70 3 7 14 55 70

E17-29 420 170 2.47 20 74 91

E17-28 422 144 2.93 10 17 71

E27-2 1040 500 2.08 13 70 88

Cll-193 49-2- 180 2.73 12 57 80

C12-63 312 108 2.89 17 60

V20-88 244 106 2.30 10 65

V18-72 159 2.13 12 60

V24-62 540 '242 2.23 10 45

V20-105 410 158 2.59 7 47

V21-173 750 362 2.07 13 59

E17-l0 400 2.38 7 50

E15-11 288 100 2.88 45 91

KH68-4-18 581 263 2.21 15 57

KH68-4-25 423 179 2.36 59

V20-65 202 86 2.35 no event

Table 1. The position of events in :Vlatuyama age appeared in the paleomagnetic
record of ocean bottom sediments.
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Paleomagnetic data of the ocean bottom sediments were also analized
from another view point. Of the specimens which penetrated the Brunhes-
}.latuyama boundary, the specimens that at least one measured data of NRM
every ten thousands years is in the original paper is selected
for avoiding of the omission of the shorter event as brief as five thousands
years. Only thirteen data were choosed out from over two hundred fifty
data (Ninkovich et al. 1966, Opdyke et al. 1966, Glass et al. 1967, Hays
and Opdyke 1967, Watkins and Goodell 1967, Goodell and Watkins 1968,
Opdyke 1968, Steuerwald et al. 1968, Hays et al. 1969, Opdyke and Glass
1969, Foster and Opdyke 1970, Kent et al. 1911, Opdyke 1912).

Then the figures as shown in Fig. 3-B were pictured, supposing that
the age of the Matuyama-Brunhes boundary is 0.69 M.Y. and that the
concerned data have the constant rate of deposition. The frequency of
appearance of normal event in the Matuyama age were calculated every ten
thousand years from the above mentioned figures. The result is shown in
Fig. 3-C. From the figure, it is noted that the frequency curve of appear-
ance of normal event in the Matuyama age have five remarkable peaks and
some lesser peaks. It is illustrated that there are a general agreement
between Fig. 3-C and Fig. 3-D. It is noticeable that the results obtained
from the different ways on the different data agree well with one another.

Summarizing these matters, it maybe said that the possibility of the
existence of unknown events in the Matuyama age is large. To be
regretted, the existence of the event of 1.1 M.Y., from which the discussion
was begun, was not supported by any positive proof. The measurement of
the remanence of the successive sediments having rapid rate as Osaka Group
will be required to solve this problem.
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CONSISTENCY CHECK OF MAGNETOSTRATIGRAPHIC DATA IN PARALLEL SECTIONS

Ken-ichi MANABE

Department of Earth Science, Faculty of Education, Fukushima University
Fukushima 960, Japan.
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Fig. 1 Geological map of the north-
western portion of the Aizu Basin.
The dotted line indicates the locat-
ion of sections examined in this
study.

Potassium-argon dating and paleomagnetic studies of igneous
have led to establishment of the geomagnetic polarity time scale for the
past 5 m.y. (Cox, 1969). Cenozoic polarity changes have now been

, recognized throughout the world in deep-sea sedimentary cores and outcropp-
ing late Cenozoic sediments (examples by Opdyke, 1972; Bucha, 1970; Kennett
et a1., 1971; Kennett and Watkins, 1974).

Similarly, paleomagnetic
stratigraphic methods have been
applied to late Cenozoic sedimen-
tary sequences in Japan (Nakagawa
et 1969; Ishida et al., 1969;
Manabe at al., 1970; Kawai et al.,
1972). In contrast, it has
been suggested that a reliable
establishment of the polarity
stratigraphy is seriously 4iffi-
cult in some cases because of
post-depositional normal overprint
resulted from the chemical precipi-
tation and aquisition of VRM (Kent,
1973; Kennett Watkins, 1974;
Watkins et al., 1974).

It is substantial problem
whether original depositional
polarity has been preserved in
sediments or not. But there
is no complete experimental
technique to remove the post-
depositional overprint or to distinguish the original magnetic component
from the secondary one. It is considered that, therefore, the most
convincing way to demonstrate the validity of paleomagnetic interpretation
is to reproduce the results in parallel, separated sections with different
lithology and sedimentation rate. Accordingly, multiple sampling 'of
parallel sections and consistency checks of results are necessary.

It is the purpose of this report to describe the outline of the
results of paleomagnetic measurements on four separate sections of the
Fujitoge Formation.

Geology and sampling
As shown in Fig.l, the sections sampled in this study are in the north-

western portion of the Aizu Basin (139.7°E, 37.7°N). The Fujitoge
Formation contains a total thickness of about 300 m of the late Miocene and
early Pliocene mostly continental sediments. The Fujitoge subdivided into
four parts: the upper, middle, lower and lowermost part on the basis of the
lithostratigraphic characteristics.

The upper part consists of poorly-consolidated conglomerate, sandstone
and mudstone interbeded with lignite and tuffaceous beds. The middle part
consists mainly of conglomerate and numerous distinct strata of volcanic
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Fig. 2 Changes in relative intensity and direction with
progressive "alternating field demagnetization of the
NRM of specimens from single site in the Oobayashi
section (a) ana Miyako-gawa Ambient field
up to 300 r may have been presented.

material. Specially the biotite-bearing tuff marking the top of the middle
part is remarkably distinct and can be traced as marker horizon. The lower
part is composed of alternated strata of fine-grained sediments. The lower-
most part consists of massive white coarse sandstone.

paleomagnetic samples were taken, by using a portable drill, at each
of 41 sites in the four separate sections: Kamifujisawa, Miyako-gawa,
Oobayashi and Wakarenochaya section. The sampling sites were chosen where
possible to maintain a stratigraphic interval of about 10 m, and the
outcrops were cleaned off to a depth of 20-30 em before drilling. In most
cases, tuffaceous fine-grained sediments were sampled, and three cores
3.3 cm in diameter and averaging 10 cm in length were taken at each of the
sites.

For the paleomagnetic analysis, a segment of 3.3 cm in length was
sliced from each core. NRM was measured with an astatic magnetometer
set up within a two-layer mumetal shield.
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Fig. 3 Compilation of four established
magnetozones. Solid line of correlation
between sections coincides with strati-
graphic subdivision of the
Formation. The polarity scale is
according to Cox (l969) and Opdyke (1972).
Black represents normal, white reversed

polarity.

Unstable component of
the remanence was examined
by progressive demagnetiza-
tion in alternating magnetic
fields as high as 400 Oe
using a 3-axis tumbler. The
demagnetization was carefully
performed in a field-free
space.

Changes in intensity and
direction during progressive
stepwise AF demagnetization
of pilot specimens are shown
in Fig.2. These reversely
magnetized specimens showed
substantial changes in direc-
tion. Their intensities
increased with increasing

fields up to
about 200 Oet then decreased
at higher fields while the
directions began to stabilize
near a reversed field
orientation.
It may be considered that

the significantly large normal
component has been superposed on a more stable origiIlal reversed component.

Therefore t on the basis of the AF demagnetization experiments on pilot
specimens, .a field of 200 Oe was chosen for magnetic cleaning treatment of
all specimens. ·Typically a peak alternating field of 200 De reduced the
magnetization to 60 percent of its original value. The scatter of
direction within sites generally decreased with the treatment.
The unstable component minimized by AF demagnetization is probably VRM
created in the past geomagnetic field.

The paleomagnetic stratigraphy established for eaeh section is
summarized in Fig.3. For each the latitude of the virtual geomagne-
tic pole (VGP) is adopted as the expression of polarity and is considered
in principle to be normal for latitude above 100NJ reversed with latitude
higher than 100 S, and intermediate for latitude of less than 10Q o

Compilation of four magnetostratigraphic columns based on the strati-
graphy is shown in Fig.3, and these four overlapping polarity sequences
present a single reversed magnetozone, which is correlated with the Gilbert
reversed epoch on the basis of stratigraphic and chronologie evidences.

In the established reversed magnetozone, the Gilbert epoch, three short
normal polarity zoneS were recognized. They are correlated with the
Cochiti, Nunivac and Gilbert C event respectively. The lower short normal
zone in the Kamifujisawa section is best matched in character by the split
Gilbert C event. In contrast, such a split character is uncertain in the
other three sections. The Cochiti event is recognized only in the
Miyako-gawa section. The event is comparatively short in duration, so
that it may be distinguished only where the sedimentation has been rapid.

In the present study of the Fujitoge Formation, the reversed magneto-
zone believed to represent the Gilbert epoch was confirmed in four parallel
sections with different sedimentation rate and lithology. The great
similarity of the paleomagnetic data between the sections is convincing
support for the validity of the results.

The above-mentioned consistency check and AF demagnetization treatments
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suggest, therefore, minimal effects by post-depositional chemical precipi-
tation and sufficient removal of unstable overprint.
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PROGRESS REPORT ON PALEOMAGNETISM OF ANDESITIC ROCKS FROM THE
SOUTH·CENTRAL YAMAGUCHI PREFECTURE, WEST JAPAN.

Haruo DOMEN, Hiroshi MUNEOKA and Takashi YOKOYAMA

Institute of Physical Sciences, Faculty of Education,
Yamaguchi University, 753 Japan

More than a hundred oriented samples of hornblende
andesite come from seven localities covering the south-central
part of Yamaguchi Prefecture, west Japan have been examined
their paleomagnetic properties.

The geologic age of these rocks investigated has been
reported as the early Pleistocene (Kawano et aZ, 1975) ..

Obtained samples were cut into about three hundreds,. of.
Scm-cubic specimen, who had been submitted to the NRM measure-
ment. The af demagnetization test for their NRM is beiuq car-
ried on.

Table 1
Locality N R M

Normal Reversed Oblique
1. Maru";"Yama 17 5
2. Ii-no-Yama 12 10
3. Shirai-ga';;:Oake 12 3
4. Choja-ga-Hara 10
5. Mt. Kimpo 20 2
6. Shiguma-9a - Dake 12 10 10
7. Dake-San 39 27

Numerals show numbers of samples

As shown in table 1, two-third of the directions of NRM of
measured samples are showing the normal polarity. The rest
shows oblique directions such as that NRM directions have
pointed rather north of the declination but having upper incli-
nations. Few of samples have showed the reversed NRM direction
but widely deviated from the present geomagnetic south pole in
declination.

Reference
Kawano, M. , Y. Okamura, Y. Murakami, T. Mikami, Y. Nishi-

mura and E. Takahashi (1975) Geological Map of Yamaguchi
Prefecture {Yamaguchi Prefecture}.
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THE NATURAL REMANENT MAGNETIZATION OF PLIO-PLEISTOCENE
ANDESITES COME FROM THE SOUTHEAST YAMAGUCHI PREFECTURE,

WEST JAPAN

Haruo DOMEN, Hiroshi MUNEOKA and Masatsugu KIMURA

Institute of Physical Sciences, Faculty of Education,
Yamaguchi University, 753 Japan

Natural remanent magnetization (NRM) of andesites come
from both islands of Nagashima (Kaminoseki Town) and Yashiro-
shima (Oshima, Tachibana and Towa Towns), southeast Yamaguchi
Prefecture, west Japan have been measured. From the geological
view point, it seems that these rocks are about one or two mil-
lion years old and have overlaid Mesozoic granites .. More than a
hundred oriented samples were collected at eight sites in these
districts 0 The NRM measurement of them had been carried out by
means of an astatic magnetometer.

Obtained NRM directions are shown in figure 1. As shown in
this , the reversed directions are found at the sites; A,
H, D, E and F. Samples from site C show the polarity pointing
north but having dip, those from site G show normal
NRM. Most of all NRM at site H show normal but
rather scattered. At site E, NRM directions having down-
ward are towarding to the east However the age of samples
come from sites, G and H is little older than that of others,
A - F, it is hard to be known even relative ages each other.

Some of come from site A are submitted to mag-
netic stability test af demagnetiz field. The
ofNRM is not so much by the demagnetizing field up
to 400 Oe. The intensity of NRM slowly decreases as increasing
intensity of exte:r:-nal demagnetizing field. These af demagneti-
zation fashions are-shown in 2. The specimens come from
other sites, B - H are being tested their stability also in af
demagnetizing fieldo

Thermo magnetic about the rock from site A was
out. The test specimen submitted to the analysis has

two different solid solutions whose Curie points are
about 400 DC and 600 DC respectively. At. the first run of the
analysis, heating and cooling curves are slightly irreversible,
but as second and third runs of the same specimen, those of
thermal treatment became gradually reversible. Moreover, curves
turned to straight .lines in accordance with repeating thermal
treatments. This that two phases of solid solutions have
splitted to polyphases.

On the ferromagnetics from the same specimen (from site A),
X-ray analysis had been performed. Unit cell of them
are classified into two groups at around 8,40 and 8,424 A re-
spectively. These correspond to the chemical composltions of
{l-O.1)Fe30q-(l-O.9)FezTi04 and (1-0.25}Fe304-(1-O.75)Fe2Ti04
respectively. These correlations are shown in 3.

The present authors are carrying on further experiments on
the specimen from other sites than A as well, and planning the
fission truck absolute age determination of these rocks.
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Bottom; Intensity changes of NRM.
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A .PALEOMAGNETIC RECORD OF POLARITY TRANSITIONS OF
THE EARTH'S MAGNETIC FIELD IN PLIOCENE

Haruaki ITO and
Physics Department, Shimane University, Japan

The granitic complex is exposed in the Tanzawa mountain-
land, Kanagawa Prefecture, Japan. According to Takita (1974),
the complex is composed of many granitic intrusions and the
main part of this complex is occupied by tonalite rocks. The
four intrusive are discerned in the main part of the
body. The gabbroic rock is likely to have existed already be-
fore intrusions. of tonalite rocks. This shows that the gab-
broic rock is the oldest in the complex. The Azegamaru type
appears to have been formed at the second stage within four
intrusive stages.

The apparent size is 20 km in length along the east-west
direction and 5 km in \<lid th" The agE! of the body is approxi-
mately 4,,3 or 5,,2 million years according to the K-Ar age de-
termination (Kawano and Ueda, 1966).

Oriented rock samples have beencolleeted from two bodies
of the gabbroic rock and the Azegamaru type occupied the main
part of the body, as shown in Fig" 1. The gabbroic rock was
sampled from three sites along the Sagase creek being a tribu-
tary stream of the Doshi river. Samples of the Azegamaru type
were taken from 14 sites on successive outcrops along the Inu-
koe road that crosses the contact zone. Core samples of 1.6
em in diameter and 2.2 em long were drilled from the hand sam-
ples in the laboratory.

Fig.l Geological map of the Tanzwa tonalite complex.
12) Azegamaru type (tonalite, quartz diorite).
17) Gabbroic rock.
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The NRM of all hand samples was preliminarly measured by
an astatic magnetometer and then the NRM of the core samples
was measured by the SCT cryogenic magnetometer. Systematic
magnetic cleaning by the AF technique was applied to all sam-
ples. The optimum peak field of 100 oe was chosen for the
samples of this rock body. Curie point determination of the
Azegamaru type demonstrated that the dominant magnetic phase
was an iron-rich titanomagnetite in all samples investigated
as shown in Fig. 2. Results of the measurements are shown in
Table I and Fig. 3 and 4.

The core samples measured are reversely magnetized, ex-
cept for a few samples at site 14 within the Azegamaru type.
It seems that site 14 is located in the youngest place in our
sampling area, because it is situated at the farthest point
from the contact zone.

Mean directions of the NRM from two rock bodies appear to
demonstrate that the tonalite complex was not subjected to a
regional deformation after the intrusion. It is concluded that
the reversed NRM which was significantly deviated to the west
represents a polarity trans ion of the geomagnetic field rever-
sal not to be a local deformation of the body.

If the gabbroic rock was the oldest intrusion, the NFM
directions of the two rock bodies suggest that the main part
in the complex was almost intruded at the time of a field
transition from the reversed to the normal. The normally mag-
netized rocks taken at site 14 support this interpretation be-
cause the samples at the site are the youngest considering the
cooling history.
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Fig.3 Mean directions of the NRMlOO of the Azegamaru
type. Dots represent normal and open circles
represent reversed. Cross mark is the present
geomagnetic field direction.

Fig.4 Mean directions of the of the gabbroic
rock. Open circles represent reversed. Cross
mark is the present geomagnetic field direction.

58



Intensities of NRMIOO (NRM after the demagnetization of
100 oe) among each sampling site in the Azegamaru type has no
change significantly. However, the NPJ1 of gabbroic rock has
higher intensities than the Azegamaru type. It seems that the
intensity of the NRM depends strongly on the bulk of ferromag-
netic materials involved.

Virtual geomagnetic poles estimated from the NFMIOO direc-
tions are distributed on the southern part of Africa similar to
the distribution of the virtual geomagnetic pole positions ob-
tained from the Japanese rocks of various types and ages (Ito,
1971) •

N N

Fig.5 Virtual geomagnetic poles
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Table 1

N D I Jr(emu/cc) k 0<'15 l' /-..

1 5 284 0 -24 0 2.31 x 10-5 11.4 23.6 0 3.8°N 31.0 0 E

2 5 251 0 -42 0 5.26 65.4 9.5 0 29.0°8 38.8°E
3 5 250 0 -53° 7.28 120.0 7.0 0 33.4°3 28.4°E
4 5 238° -42 0

I'
3.56 32.0 13.7° 39.1°8 45.2°E

5 5 257° -42° 10.4 24.9° 23.9°8 35.0 0 E
6 5 239° -:37 0 4.85 49.0 11.0 0 36.4°5 48.2°E
7 3 262° -42 0 22.5 26.6° 19.3°8 33.5°E
8 3 255 0 -40 0 3.25 53.7 17.0° 25.1°3 38.2°E
9 2 252° -35 0 4.13 - - 25.0°8 42.7°E
10 3 251 0 -43 0 5.02 32.9 21.9° 29.2°8 38.0 0 E
11 3 255 0 -46 0 4.33 64.0 15.5° 27.1°5 33.1°E
12 3 221° -24 0 2.42 16.0 31. 46.8°5 70.4°E
13 2 236° -61 0 2.92 - - 46.8°8 23.0 0 E
14 2 340° +75 0 3.95 - - 60.9°!'T 119.5°E

A 3 226° -48° 24.70 51.0 17.5° 51.0°8 45.0 0 E
B 3 218° -60 0 12.63 79.0 13.9° 59.7°S 27.0 0 E
C 5 235° -51° 18.57 17 .. 9 18.6 0 44.0°8 37.3°E
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PALEOINTENSITY DETERMINATION BY A MODIFIED THELLIERS' METHOD

Masaru KONO and Naoko UENO

Geophysical Institute, University of Tokyo, Bunkyo-ku, Tokyo 113
and Natural Science Laboratory, Toyo University, Hakusan

5-28-20, Tokyo 112, Japan

1. Introduction

The magnetic properties of igneous rocks are quite sensitive
to heat treatments in a laboratory, and it is commonly observed
that the characteristics of thermoremanent magnetization (TRM)
are drastically changed by heatings in the course of paleointen-
sity experiments (Coe and Gromme, 1973; Kono, 1974). It is
therefore desirable to use the Thelliers' method for paleointen-
sity determination (Thellier and Thellier, 1959), in which the
presence of internal consistency in the data is the manifestation
of the fact that such changes did not take place in a particular
sample. But this method requires a consederable number of heat-
ings and coolings of a sample before one can decide if the ex-
periment is successful and a paleointensity determined, a serious
drawback compared to relatively easier methods based on the com-
parison of coercivity spectra (e.g., van Zijl et al., 1962).

It is noticed in paleomagnetic studies of igneous rocks
that the direction of the natural remanent magnetization (NRM)
undergoes a similar change in both alternating field (AF) and
thermal demagnetizations. Thus if the direction of NRM does
not change .much in AF demagnetization, it can also be assumed
that the direction change is small in thermal demagnetization,
such as done in Thelliers' experiment, provided the demagnetiza*
tion temperature is not too close to the highest Curie point of
the sample. Accordingly, it was proposed by Kono (1974) that
the Thelliers' method can be performed not only by two heatings
as in the conventional but also by one heating to each
temperature. ..... --

In the Thelliers' technique, two heatings are required to
separate the NRM component remaining at some temperature T and
TRM component acquired between the room temperature and T.
However, if the NRM component and TRM component are always in
the same directions, we can separate them vectorially using the

information. An obvious choice of TRM direction is
to make it perpendicular to the direction. This can be done
by placing a sample In the furnace so as the NRM in it is in the
plane perpendicular to the axis of the furnace while a constant
magr.etic field is applied to the axial direction by a solenoid
coil. The entire setup should be placed in a non-magnetic
space to avoid the influence of the geomagnetic field.

have attemptec to apply this technique to a historical
lava in Hawaii and to Oligocene rhyolite flows ane welded tuffs
in Colorado. The results are quite encouraging and it appears
thac the application of the moeified method may be fruitful in

of aualitv with a smaller
amount exoe=imental time than is the conventional
Thelliers' method. It can be seen that most of the superior
quality of the Thelliers' method are also attached to the modi-
:.ied method.
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. 1. An example of the modi-
Thelliers 1 experlment.

Sample is taken from a basalt lava
frow in 1750 in Hawaii.

An electric furnace was built of a quartz tube 5 em inner
diameter and 40 em in a water jacket. Outside the
water jacket, a soleno coil was wound to a uniform,
axial magnetic field between 0 and 2 Oe. furnace with the
water acket was set inside a three- shield in
which residual ield is

were in the furnace holder so
NRM vector lies in a ane axis of

furnace tube. All the out in air.
In this manner, a controlled magnetic field was always

applied orthogonal to NRM directions. The maximum
error in the orientation of the is about 5°. To eli-
minate effects of secondary components of zation, samples
were first heated to 100°C in a non-magnetic leld and the II NRM II

direction was determined after this thermal demagnetization.
were then heated and cooled under the magnetic field of

O. Oe to 100°C and successively higher temperatures.
Fig. 1 shows a typical

example of the results by
the Modified Thelliers'
method. In this case the
specimen was taken from a
basalt lava erupted from
Kilauea on the island of
Hawaii in 1750. An adja-
cent specimen from the
same sample was subjected
to the ordinary technique
and a of
0.33 Oe was determined.
The NRM of this sample is
quite stable and the change
of direction was less than
5 degrees both in AF
netization to 400 Oe and
thermal demagnetization to
500°C. Fig. 1 (a) and
(b) show the change of mag-
netization in magnitude
and direction after each
step. The direction of
remanence moves on a
circle N-T, showing
the sum of NRJ.\1 and TRM
components at intermediate
temperatures are confined
in a plane formed by total
NRM and TRM-producing mag-
netic field. By taking
the O-N-T plane, the change
in vector
can be plotted as in Fig.
1 (c), in which the compo-
nents in ON and OT directions to NRM and TRM
respectively,· so that the end points of the remanence vector lie
on a straight line an Arai diagram when the experiment
was successful.

62



The end of vectors corresponding to 500°C and higher
are not on straight line, indicating that the TRM capacity
of the was irrevers by heating, a phenomenon
also observed in the acent subjected to the
Thelliers' technique. The intens value obtained
modified method (0 32 0.0 Oe) is in agreement with
one obtained by the technique and is a reasonable esti-
mate of the geomagnetic total force in Hawaii in 1750 That the
end points of remanence vectors form Arai is one of the
:avorable points of the modified method, since such a represen-
tation may be a great in understanding the results of paleo-
intensity

3. Application to Samples from the San Juan Volcanics

The modified Thelliers' method was applied to Oligocene
ites of the San Juan volcanic field in Colorado, U.S.A.
San Juan Mountain is a remnant of a volcanic field of about

25,000 km2 in the southwestern Colorado extending over much of
the southern Rocky Mountains and adjacent areas in Oligocene and
later times. Many of the cooling units were dated by K-Ar
method with exceptionally small experimental errors (Lipman et
al., 1970). Paleomagnetism of the San Juan rocks has been re-

by Tanaka and Kana (1973). The NRM in these rocks are,
on the whole, stable to AF demagnetization up to 400 Oe, and the
dispersion of NRM directions are small except a few cooling
units. Virtual geomagnetic are distributed close to the
present geographic poles except for the unit SJlS, which apparent-
ly corresponds to a time during a geomagnetic or an
excursion. ,

Samples for paleointensity experiments were selected from
cooling units with stable NRMs. Two to four specimens
each cooling unit were used in paleointensity Half of
the specimens were subjected to the Cae-version double heating
technique (Cae, 1967), in which the first heating done ina

field and the second heating with laboratory magne-,
tic The other half 'i,vas treated by the modified method.

Fig. 2 shows in the directions of NRM components

Fig. 2. Change of direction
of NRM by thermal
tion. Numbers in parentheses
indicate temperatures in °C at
which deviations of more than
10 degrees from the original
'NRM' directions (Larger cir-
cles) were observed. Samples
that gave paleointensities are
underscored. TRM-inducing
field was in the Y
direction. Solid (open) cir-
cles indicate downward (upward)
inclinations. Lambert
area
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observed in the ordinary Thelliers l technique. As can be seen
from 'the figure, NRMs of the specimens which gave satisfactory
results in paleointensity determination were stable to thermal
demagnetization up to about 500°C. On the other hand, most of
the unsuccessful samples show a considerable amount of direction
change at relativeli low temperatures.

NRM-TRM plot (Arai dia-
gram) of successful samples
is shown in Fig. 3. The
criterion of success of an
experiment is similar to the
one employed by Kono (1974).
In all, 14 specimens out of
30 gave satisfactorily linear
NRM-TRM relations. Of these,
eight was obtained by the
ordinary technique, while six
was by the modified, single
heating method (Table 1).
Among the eight cooling units
in Table 1, both methods were
good for the four units,
while the double heating
method gave good results
the other three and only
modif ied method was. good
onee These comparisons
that the two methods are
most interchangeable,
for the cases in which the
intensity ratios FIFO are
considerably different from
unity (ecg., SJ 8 and SJI5).

The above suggestion can
be substantiated by examining
the change of NRM TRM
components in both methods.
For almost all units, NRM de-
cay curve and TRM acquisition
curve are similar in the two
methods. Even the unsuccess-
fulsamples show very similar
NRM decay and TRM acquisition
curves. All in All, the
results of the present experi-
ments show that modified
method is almost good
in paleointensity as
the original double heating
method.

4. Discussion

The foregoing experiments suggest that the modified method
is almost as good as the method in giving reliable
paleointensities. That even unsuccessful samples show quite
similar behaviors in these experiments is a positive support for
the assumption of constant directions of NRM components.

The essential part in the modifield technique is, as is ir.
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Table 2. Paleointensity Determination: Successful Results

Unit Sample T1
°C

T2
°C

N -b sb -r F
Oe

Fmean
Oe

VDM

1025 G cm3

SJ13 8-2 (M) 20

SJ12 7-2 20
11-2 (M) 20

SJJI 3-2 (M) 20
4-2 20

500

500
600

600
600

10

6
13

12
7

0 .. 852

.964

.. 836

.645
,,769

0.096

.042

.036

.019

.051

0.981

.996

.990

.995

.. 989

0.426

.482
,,418

.. 322

.. 384

0.426

.448

.339

1.92

8.96

5.10

01
V1

SJ 8

SJ15

2-2

4-2

20

20

600

600

7

7

.. 956

.096

.057

.. 005

.. 991

.. 993

.478

.. 048

.478

.048

8.26

1.15

SJ16 6-2 20
8-2 (M) 20

500
600

6
12

.. 458

.371
.. 070
.015

.980
,,992

.229

.186 .193 4.46

SJ 4 8-2 20 600 9 .. 234 .012 .991 .117 .117 2.58

SJ 1 2-2 (M) 20
4-2 20

11-,1 (M) 20
12-1 20

600
608
550
600

12
9
10
7

.267

.327

.404

.364

.013

.009

.039

.022

.. 988

.997

.983

.991

.134
,,164
.. 202
.182

.161 3.90

(M),data by the modified method; Tl T2 N, temperature interval in which NRM-TRM relation is, ,
linear and the number of points in interval; b, slope of NRM-TRM linear regression line; sb,
standard error of the slope b; r, 'correlation coefficient; F, paleointensity; VDM, virtual dipole
moment.



the ordinary method, the selection of suitable samples. We used
San Juan rocks with rather a vague criterion of "stability to AF
demagnetization". Some of the specimens showed a big change of
NRM directions in thermal (Fig. 2). However,
all of such failed in both kinds of Thelliers' experi-
ments, that the constancy of directions is a
necessary condition for obtaining reliable data.

When the intensity ratio FIFO is either very small or very
large, the modified method gives results with errors.
This is to be since an error in the orientation of
samples in the will introduce errors not only in TRM, but
also in NRM For t an angular error of one
degree in the a1 of a to the led field will
cause an error about 0.02 x TRM component the NRM
As it was rather difficult to a1 with errors
than 5 degrees, an error of 10 % of TRM should be in the
modified technique. If the intensity ratio FIFO is, say, 0.1,
errors in the NRM are of similar as NRM when
the T is to Curie into It may be worthwhile
to repeat the experiment on such the Cae-version of
the ordinary method or the modified with an appropriate
laboratory field FO.The averaged paleointensity values of individual cooling
units (Table 1) are calculated as weighted means of the raw data,
using the of the standard errors of the regression
coefficients Virtual dipole moments (VDMs) were
calculated by formula

VDM Fr3 (1 + 3cos2I) 1/2
2

where r is the radius of the earth and I is the inclination.
The mean and the standard deviation of the VDMs for the San Juan
volcanics are,

mean
5.29 x 1025 G em3

deviation
2.84 x 10 G em3 (53.6% of mean)

of which mean is considerably smaller than the value
x 10 ) or the mean of the last 10 m.y. (8.9 x 10 2 , Kono,

1971). However, as the number of samples (8) is small and as
they contain a definitely non-normal value a tran-
sition period (SJ15), it can not be decided at whether
the geomagnetic field was significantly weaker Oligocene
period.
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A PALEOMAGNETIC STUDY OF THE IBARAGI GRANITIC COMPLEX

Haruaki ITO and Katsuyasu TOKIEDA
Physics Department, Shimane University, Matsue, Japan

(1) Geological setting and sampling
According to Tainosho (197l), the Ibaragi granitic com-

plex (34°50'N, 135°30'E) consists of two bodies of Nose and
plutons. The Nose pluton is a small intrusive body in

shape differenciated from auartz
to fine-grained porphyritic and it has ap-

proximately 5.5 km in width and 10 km in length. This pluton
intrudes the Paleozoic formation of Tanba zone. The Nose plu-
ton is, roughly speaking, composed of following three rock
types exposed in order from outermost to innermost part
of the pluton.

(a) Coarse and medium-grained quartz diorite
(b) Coarse-grained granodiorite
(c) Fine-grained porphyritic adamellite
The Myoken pluton consists of two rock types of fine-

grained pink adamellite and very fine-grained porphyritic pink
adamellite.

The Ibaragi granitic complex is extending with the direc-
tion of N30oW. Ishizaka (1971) shows that biotitesfrom the
representative rack facies give biotite-whole rock ages rang-
ing from 79 to 83 million years for the Nose pluton. The
Myoken pluton has younger ages (76 and 77 millionY-E:.(irs) than
those of the Nose pluton. On the other hand, K-Ar/Clges of the
Nose pluton are 74 and 76 million years by Shibata (197l) and
the age of the Myoken pluton is 74 million years.

Samples were collected from both of the Nose/anq. Myoken
plutons. Although the first plan was to collect samp.les suc-
cessively from the outermost part to the innermost.I?Clrt of
body, we could not find continuous outcrops along a few road
cuts which intersect at right angles to the plane
yielded within the intrusive body. About ten
were taken at a sampling site and one or two ob-
tained from such a hand sample using core drill machine in the
laboratory.
(2) of NRM and stability tests

The direction of the NRM have been initially measured by
an astatic magnetometer at the Shimane UniversitYCiH<1 then by
a soinner macrnetometer at the rock maqnetism laboECiFory of the
University of Pittsburgh. Alternating field
to 100 oe was done for all bv tumblinq about
two axes simultaneously in the three- boxes
in which the ambient field was maintained at less than 0.01 %
of the Earth's field.

Results of the measurements of the NFM after0¢l¢rnalgnet
tion are shown in Table 1. directions of
samples after demagnetization of 100 oe are also seen in Table
1. Inltial directions of the of some samples were well
grouped, and after of 100 oe the directions
were fixed in situ without great The directions of
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the NRM of the quartz diorite belonging to the outermost part
of the Nose pluton (sites 1 to 19) were easterly deviated in
the equal area projection. The samples of granodiorite in the
middle part are magnetized, and the direction shows
obviously intermediate. Acidic adamellite placed at the inner-
most part has the normal NRM with directions which are slightly
deviated to the east, except for one site (site 13). Samples
from the Myoken pluton {sites 20 to 23} are all normally mag-
netized and the directions are significantly deviated from the
present field direction.

According to, the geomagnetic reversal time scale (Larson
and Pitman, 1972), between 85 and 110 million years is an in-
terval of normal polarity representing the Cretaceous smooth
zone as seen in Fig. 1. The existence of the reversely magne-
tized rocks in the Nose pluton implies that the magnetic age
of the pluton is close to the Rb-Sr ages (79-83 million years)
by Ishizaka (1971) or the K-Ar ages (74-76 million years) by
Shibata (1971).

After thermal demagnetization for some , change in
direction of the NRM was nothing significantly. Curie temper-
atures were between 550 0 to 570°C in all samples investigated.
Reflected light microscopy showed that the titanomagnetite is

in one generation with large grains of
up to several hundred microns. Samples
collected from Tarumi have only a little
ferromagnetic mineral as long as we ob-
served under the reflected light. This
is likely to be a cause that the inten-
sity of the NRM of samples at Tarumi is
very weak as compared with that of the
other localities. There are no obvious

difference among ferromag-
netic minerals in the samples taken from
the outermost part, middle part, and in-

- part of the complex.
(3) Analysis of the

Ito (1965) concluded that the in-
termediate NRM of the Nose pluton was
acquired at.the time of a of
the geomagnetic field. However, the age
of the intrusion was not known exactly
because results of geological observa-
tions only suggest that the Nose pluton
intruded the upper Paleozoic formations.
Therefore, he concluded that the age of
this pluton is the age from
the fact that the virtual aeomaqnetic
pole positions obtained from this body
were close to those from volcanic rocks
of the Mio-Pliocene age in southwestern
Japan. At present, it is confirmed by
the isotopic age determinations that the

Fig.1 Geomagnetic reversal time scale from 120 to 60 million
years after Larson and Pitman (1972).
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Fig.2 Mean directions of NRM after demagnetization of
100 oe. Dots represent normal and open circles
represent reversed. Cross mark the
present geomagnetic field direction.

50"

06

Fig.3 Mean directions of NRM after a rotation of 50°
about a vertical axis at the sampling site.
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granitic plutons intruded the upper Paleozoic formations in
the upper Cretaceous period.

If we accept that the Japanese Islands had bended at least
before the Miocene times as pointed out by Kawai et al. (196l,
1962, 1972), it suggests that the .Nose and Myoken plutons might
be deformed by such crustal movements after the intrusion. The
mean directions of the of all sites are shown on the equal
net in Fig. 2. As seen in·the figure, the intermediate normal .
directions and the intermediate reversed ones occupy two points
about 180 0 apart from each other on the great circle. Assuming
that these intermediate directions of the NFP were acquired at
the time of a polarity transition of the geomagnetic field and
also that this body was moved by regional tectonic movements
such as the bending of the Japanese Islands, traces of the tec-
tonic movements of the granitic bodies should be removed by
reasonable methods in order to expose an intrisic reversal re-
cord.

The most important question is whether the ancient magne-
tic field had an axial geocentric dipole in geologic time.
Currently available paleomagnetic data indicate that the geo-
magnetic field was nearly dipolar throughout the upper Creta-
ceous times (Strangway, 1970; McElhinny, 1973).. As a rule,
remanent magnetizations which were acquired in a duration of
field reversals is roughly opposed to the present field direc- .
tion except intermediate directions representing a transition-
al change of the field. .

The NRM directions of the Nose pluton are normal by half
in the outermost zone (oldest), almost reversed in the middle
zone, and in the innermost zone (youngest) .. This shows
that the pluton which is a successive intrusion defferentiated
from basic quartz diorite to acidic adamellite intruded partly
at the time of a polarity transition and partly at the time of
a normal field.

The NRM directions of the Myoken pluton are normal and
easterly deviated as shown in Fig .. 2. From this fact and the
intermediate directions of NRM of the Nose pluton, we assumed.
now that the Ibaragi complex had been subjected to some
ic movements as a block after the intrusion.. Therefore, it is
necessary to reveal the traces of such tectonic movements. The
following basic procedures were carried out to direc ....
tions in order to expose such traces.
(a) A deviation by the mean declination was cor-

by a rotation about a vertical axis through the
ing site (Clegg et al., 1954; Kawai et al.,196l, 1962, 1972),
or by a rotation about an axis. in the horizontal plame, which
is a bisector of the mean declination and the true north.
(b) A difference between the mean direction of the pluton

and the dip of the present field at the site was.corrected by
a tilting of the pluton or a drift of the pluton along the
meridian.

The maqnetic vectors after demaqnetization of 100 oeare
shown in Fig. 2. of normal vectors are clustered at about
40 0 east of the true north as seen in the fiqure and reversed
ones at about 55° west of the south pole. This result shows
that the geomagnetic field direction-itself has reversed at a
time during the formation of the complex. On the other hand,
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the NRM directions of Post-Tertiary rocks demonstrate that the
mean direction, apart from the is close to the pre-
sent field direction ( ,1970). Assuming that the geomagne-
tic field at the given time and place has been the same dipolar
field that it is now and has approximateIv coincided with the
present geographical poles, the deviation of the NFMdirections
in the Nose pluton should imply that the directions have been
altered since the formation of the body.

Fig. 3 shows the mean directions of NRM after a rotation
of 50° to the west about a vertical axis through the sampling
site. This means that the deviation of the NRM has been cor-
rected by the declination only. Fig. 4a shows to have simply
rotated the magnetic vectors about an axis in the horizontal
plane. The rotation angle in that case is about 20°. It means
that the rock body has been ected to tilting of 20°. In
two cases mentioned above, the implies a drift of the
rock body and the latter izes the tilting of the body.

Fig. 4b shows to rotate the magnetic vectors about an
axis ina slightly tilted plane from the horizontal plane. In
this case, the NFM directions approach the present field di-
rection thoroughly. On the assumption that the of
minimum movement is applied, we will be able to prefer a rota-
tion about an axis in the horizontal plane or in a tilted
plane from the horizontal plane corresponding to tilting of
the rock body (Ito, 1975).

Virtual geomagnetic pole positions obtained the raw
NRM directions in Fig. 2 are shown in Fig. 5. It appears that
the pole positions from the reversed NRM coincide with those
obtained from the Japanese rocks of different places and ages.
It seems, however, that the distribution of the virtual poles
from the normal NRM is consistent with the pole path obtained
from the Miocene intrusive rock in the U.S.A. (Dunn et .,
1971). This apparent break of the pole path is very important
to realize traces of" tectonic movements after the intrusion or
a reversal process-of field.

Fig.S Virtual geomagnetic poles estimated from the
mean directions of NRM shown in Fig. 2.

72



Fig. 6 shows a distribution of pole positions estimated
from the NRM directions after a rotation about an axis in a
slightly tilted plane from the horizontal plane. It is like-
ly that the virtual pole positions are still situated on a
great circle through longitudes and 160 oW.

. 6 virtual geomagnetic poles estimated from the
mean directions of NRM after a rotation about
an axis in a slightly tilted plane from the
horizontal plane.
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Table 1
N D I J r (emu!cc) d..'15 K 1> "A-

I 5 70 0 +53° 18.00 x 10-5 7.1 0 118.2 34°N 158°W
2 5 106° +42 0 11.10 7.5 0 106.2 0° 163°w
3 5 268 0 -74 0 9.47 6.0° 165.3 31°8 goW
4 5 9° +59° 10.28 6.7° 130 .. 3 81°1'1 l71°W
5 5 253° -26° 0.31 18.7° 17.7 22°8 44°E
6 10 230 0 -34 0 0.67 5.7° 71.7 43°8 52°E
7 3 225 0 -68 0 0.98 9.0° 54°8 SOE
8 10 82° +71° 4.10 3.9° 154.6 32°1'1 177°E
9 11 243° -60° 2.53 5.3° 74.5 41°8 19°E
10 5 249° -54°' 5.52 7.6° 102.7 35°8 25°E
11 5 263° -58° 9.42 5.8° 178.0 26°8 lsoE
12 5 259° -68° 23.07 12.0° 58.7 31°8 9°E
13 22 270° -54° 5.37 3.5° 77.8 19°8 l6°E
14 5 221 0 -48 0 1.85 26.4 0 9.3 55°5 44°E
15 5 260 0 -61 0 4.28 31.7° 6.8 29°5 13°E
16 5 107 0 +75 0 0.43 10.5° 54.2 23°1'1 165°E
17 5 68° +50° 0.40 10.3° 56.1 34°1'1 151°W
18 6 23° +66 0 0.38 7.7° 76 JJ 68°1'1 180 0 E
19 5 233 0 ° 4.12 6.4° 146.0 46°8 34°E
20 4 16 0 +70 0 2.29 11.0° 71.0 68°1'1 16l o E
21 4 351° +66° 2.54 26.3° 13.2 75°1'1 159°E
22 3 63° +62° 0.71 29.8° 18.2 42°N 164°W
23 5 40 0 +53° 0.45 18.3° 18.5 58°1'1 149°W

1 - 7 : Outermost zone J
8 - 15 : Middle zone
16 19 : Innermost zone
20 - 23 : pluton

Nose pluton
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REMANENT MAGNETISM OF KOFFYFONTEIN KIMBERLITE

Kanenori SUlfA
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Shoichi KUME

College of General Education, Osaka University, Osaka, 560

Kimberlite is characterized by its diamond bearing nature.
The occurrence of this rock, however, is limitted in a certain
part of the world and hence it is. hard to say that every detail
of its magnetism has been examined so far. One of the present
authors had an opportunity to visit several diamond mines in
South Africa in 1974. The results of brief survey on the
remanent magnetization of kimberlite collected are shown here.

Two oriented samples of Mesozoic kimberlite were collected
from Koffyfontain mine. The location of the mine is at 25°00'E
and 29°24'8. Its altitude is 1095 m above sea level. The mean
geomagnetic field at the collecting site is roughly 340 0 and
-65°. Four specimens were drilled from two s.amples.

Remanent magnetism of specimens was measured by the use
of a conventional astatic magnetometer. Soft components of the
remanence were demagnetized in A.C. field up to 100 De.

The mean direction of n.r.m. was 352° in declination and
-71 0 'in inclination, the magnetizat'ion 2.23xI0- 3 emu·cm- 3
in average. Although this magnetization decreased to about
one fifth of the original values after the application of A.C.
field, no significant change was observed in the direction.

The mean polarity finally obtained is 349° and·-66°. This
is close to that of De Beers Mine kimberlite reported by
McFadden (1973). Koffyfontein is at 70 km south-south-east of
De Beers Mine. The similarity between two n.r.m. indicates
that the intrusions of these two pipes were contemporaneous and
also there have been no relative movement between the
pipes since their formations.

The virtual position of the South Pole is obtained to be
at SOoE and 70°8. Creer (1970) has summarized the palaeo-
magnetic pole positions and shown that the position for Africa
in Cretaceous is at 41 0 E and 7l o S. This coincides extremely
well with the present result.

H.L. Allsopp and D.R. Garrett (1975) Physi and Chemistry of
the Earth (Pergamon Press, Oxford). Vol. 9, p.605.
K.M. Creer (1970) Proc. 2nd Gondwana Symp. P.SS, South Africa.
P.L. McFadden (1973) Extended Abstracts, Intern. Conf. on
Kimberlites. p.ZZl, Cape Town.
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METAMORPHIC EFFECTS ON THE INTENSITY OF NATURAL REMANENT MAGNETIZATION
OF PALEOZOIC GREENSTONES IN CENTRAL JAPAN

Kimio HIROOKA and Isarnu HATTORI

Geological Laboratory, Faculty of Education, Fukui University
Bunkyo 3-9-1, Fukui-shi, Fukui 910
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Fig. 1. Relation between the
average intensities of n,r.m.
of greenstones in the Fujibashi
area and the distance from the
intruding pluton.

Paleomagnetic investigation of Japanese Paleozoic rocks has been
scarse because not only of the weakness of remanent magnetization but also
of the intensive tectonism and metamorphism which affected the Paleozoic
strata during their long geologic history. The effects of metamorphism
and alteration of rocks on the nature of magnetization have been suggested
qualitatively by several authors (Miyashiro et a1., 1970; Miyashiro, 1972;
Ozima, 1971; Ozima et al., 1974). For the paleomagnetic studies, the
characteristics and the magnitude of the metamorphic effects on the
remanence should be understood. In this paper, we attempted to make
clear the effects on the natural remanent magnetization (n.r.m.), especially
on the intensity and the stability of remanence inherent in the Japanese
Paleozoic greenstones.

Late Paleozoic strata in the Fujibashi area, Central Japan are
composed of greenstone , chert, sandstone -shale and limestone ,_and form a

and typical eugeocYIlclinal succession (mainly middle Permian in age)
(Miyamura , 1964; Hattori, in the press). Greenstones occupy more than
one third of the succession in volume. Geochemically, some greenstones
are tholeiitic in composition, and the others alkali-basaltic (Tanaka,
1970; Sugisaki et al., 1972). They encompass a whole variety of occurrences

of basic effusive rocks such as massive
and pillow lava and their derivatives.
This green stone-rich succession was
intruded by a pluton of biotite granite
and granodiorite (73 m.y. old, Kawano
and Ueda, 1966) about 15 km in diameter.
The greenstones are widely distributed
from the contact to over 15 kID north of
the pluton, and show a progressive meta-
morphic increase from unmetamorphosed
Or zeolite facies to hornblende hornfels
facies (Hattori, 1975).

The intensities of n.r.m. were
measured for more than two hundred
specimens of the greenstones successive-
ly collected by the intervals of some
tens of meters along a route nearly per-
pendicular to the contact. The result
shows that the average intensities of
n.r.m. for every 1 km interval have an
apparent relation to the distance Cd)
from the contact between the granite
and the Paleozoics(Fig. 1). This
suggests the intensities of n.r.m.
dependent upon the metamorphic grade
which the rocks have undergone.

In the zone of the lowest meta-
morphic grade in the Fujibashi area
Cd> 12 km), the greenstones invariably
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Fig. 2. Relation between meta-
morphic facies of greenstones and
the intensities of n.r.m. AM:
amphibolite facies, EA: epidote-
amphibolite facies, GS: greenschist
facies, P-P: pumpellyite-prehnite
facies, N.M.: nonmetamorphic to
zeolite facies.

N. M.p-pGS

carry clinopyroxene and plagioclase (generally unaltered) with minor
secondary minerals such as chlorite, quartz.and calcite, and contain many
minute of (titano-)magnetite and rarely ilmenite and magnesio-
ferrite. The primary magnetite grains are usually fresh under the micro-
scope. Hydrothermal veinlets of epidote, laumontite and pumpellyite
occassionally intersect the greenstones. The greenstones of pumpellyite-
prehnite facies Cd = 5-12 km) is characterized by pumpellyite and a lesser
amount of prehnite, most of them occurrin_g in a form of small veinlets.
The content of opaque minerals gradually decreases toward the higher grade
division, whereas sphene and leucoxene become common,-sometimes surrounding
magnetite The greenschist facies Cd = 4-5 km) is marked with the
appearance of epidote and actinolite. Microscopically, the opaque
minerals are scarcely interspersed in the mesostasis, and recrystallization
of sphene is remarkable. The highest grade of metamorphism in the
Fujibashi area corresponds to the hornblende hornfels facies (d« 4 km).
The rocks in this facies are invariably composed of green to brown
hornblende, epidote (+ clinozoisite), plagioclase and/or biotite. Relic
magnetite is hardly found, and skeletal opaque minerals, probably ilmenite
in origin, are sometimes observed. Recrystallized and hydrothermally-

formed ore minerals including
magnetite are sporadically set in
the greenstones or in a form of
veins.

It is evident that the magnetic
intens i ty of rocks bears arreciproca.l
relation to the development of Fe-
bearing silicate minerals such as
pumpellyite, epidote, hornblende and
sphene. The dependency of magnetic
intensity upon the metamorphic
mineral associations is examined also
in the other Paleozoic greenstones of
central Japan (the Wakasa, Nanjo and
Mugi-Kamiaso areas). Intensity of
n.r.n1. of rocks from 34 sites in
these area is measured after
examining their metamorphic mineral
associations. The relation between
the a'verage intensity and metamorphic
grade is obvious as illustrated in
Fig. 2.

Fresh basaltic lavas which
poured out recently (for example,
from Oshima and Miyakejima in the

island arc) have
magnetized to the intensity of 10
to 10- e.m.u./gr (unpublished data by
Hirooka et al.). Submarine basalts
ryretreived from the young ocean floors

give the average magnetization of (Watkins et al., 1970;
Marshal and Cox, 1971). It is highly probable to expect that ancient
geosynclinal basalts such as the greenstones of the Fujibashi area
originally possessed this range of magnetization intensity.
the magnetic intensity rapidly decreases \.;i th increase of metamorphl c grade,
and the original nature of magnetization is remarkably weakened.

The stability of magnetic directions of rocks is also tested by means
of the alternating field (a. f.) demagnetization. Based on the stepwise
demagnetizations at the peak fields of 100. 150 t 200, 250, 300 and 400 oe,
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Fig. 3. Effect of cleaning in Fig. 4. Effect of cleaning in
alternating field for an un- alternating field for a rock of
metamorphosed greenstone greenschist facies (Kumakawa, Wakasa,
nUKutani, Nanja, Fukui Fukui Pref.).
These show the change in the direction (plotted on the lower
hemisphere of Schmidt projection) and the intensity of n.r.m.

we found that the un- or weakly metronorphosed greenstones bear a stable
magnetic direction (Fig. 3). Recently Tokieda (private communication)
showed that the stable samples probed by a. f. demagnetization are also
very stable to the thermo-demagnetization. The higher metamorphosed rocks
are, on the other hand, magnetically unstable as is shown in Fig. 4, and
not likely to preserve reliable records of the ancient geomagnetic field.
Thus, we probably successful to work with the paleomagnetic data obtained
from the rocks o£unmetamorphosed to zeolite facies possessing natural
remanence compararrle in intensity to recent basalts.

We would like to..c_$uggestthat the weak contrast of the magnetic
liniation patterns in western Pacific might be the resultof low
intensity originated by the thermal metamorphism.
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K-Ar AGE OF SHIGA WELDED TUFF, NAGANO PREFECTURE, JAPAN

Osamu MATSUBAYASHI

Geophysical Institute, Faculty of Science, University of Tokyo
Bunkyo-ku, Tokyo 113, Japan

Paleomagnetic studies with K-Ar age determination have revealed that
the lava flows of the Kirizumi group, Gumma Prefecture were erupted about
3 m. y. ago with reversed geomagnetic polarity which corresponds to the
Mammoth event. Furthermore, a long time interval has been observed
between the Kirizumi group and the Hanamagari group which overlies the
former (Ozima et al., 1968). Geologically, it is very important to know
the ages of the basement rocks of this province, Asama Volcano. For this
purpose we collected some rocks from an outcrop which belongs to the Shiga
welded tuff associated with the reversed NRM (Aramaki , 1963). In this note
we report the result of K-Ar dating for these rocks.

The sampling locality is situated at 36°161N, 1380 30' E, the southern
9nd of the Asama volcanic area. The rock type of the sample is hornblende
bearing augite-hypersthene dacite. No alteration products are observed in
these rocks and fresh enough for K-Ar dating.

K-content was determined by a flame photometer with internal standard
method and AI' analyses were made by the isotope dilution method with Ar-38
tracer. More details of experimental procedures in our laboratory have been
reported elsewhere (Ozima et al., 1967).

Table 1

moles/mole

3.12

3.33

• K-40!K=1. 19x1

-4 /K-40!K=1 . 18x1 0 moles mole

1 .55}1. 57 1. 56 3.04
--\S04 8.43 2-52 11 . 78 xl 80.6

AS04 8.25
-54 12.04 xl0-12 80.4

, Aa=4. 72x 1
*"*. - 10 - 1 - 10 -1At=O.575xl0 yr, yr

The results of the K-Ar dating for whole rocks are given in Table 1 .
In K-Ar age calculation. if we use the decay constants which have been
recommended recently by the committee on geochronology, ISGS, the
resultant age increces by about than those calculated after the decay
constants used conventionally. For comparison with the previous results,
we calculate the ages using both sets of constants. The analytical error in
the radioJ;fenic argon measurement is about on account of high air con-

The of potassium is about 1%. Hence,
the calculated age includes the error of about I the present work.

Samples .-\::304-52 and AS04-54 were collected from the same outcrop.
but from different part with the distance of about 10m.. These two samples
::::how nearly the same age Within the experimental error. If conventionally
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used dacay constants are adopted, the age becomes 3. 1+ 0.2 m. y ..
According to :\ramaki (1963 L the welded tuff probably

overlies conformably the group, whose rocks are the same
in lithology with those of the Kirizumi group. These rocks are
considered to compose the old basement of the Asama
Volcano. Present result indicates that the age of the welded
tuff is nearly the same with those of the upper part of the Kirizumi
group, which is older than the Hanamagari group whose K-:\1' age
is about 1 . 1 m. y. .

Although the Komara group may be older stratigraphically than
these basement rocks (Aramaki, 1963), it is now established that·
the basement of the"volcano was formed at least more than 3 m.y.
ago. If we take into account the result of ='JRM measurements, we
may conclude that the Shiga welded tuff was formed during the
Mammoth reversed event in time scale (Cox, 1969).
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40Ar_39Ar ISOCHRON AGE OF A MUGEARITE DREDGED
FROM SUIKO SEAMOUNT IN THE EMPEROR CHAIN

Kazuo SAITO and'Minoru OZIMA

Geophysical Institute, University of Tokyo
Bunkyo-ku, Tokyo, 113, Japan

Introduction
Wilson (1963) first proposed that the linear Hawaiian

chain formed as the oceanic crust moved over a magma source'
fixed in the mantle. (1972) extended the hot-spot
hypo,thesis to explain tp,e alignment of the Emperor
seamounts. Clague and Jarrard (1973), on the basis of all
the age data available to that from the Hawaiian-

chain, that the movement of the Pacific
in three stages: the plate moved from

7 m.y. to 44-42 m.y. about the Emperor pole and even
more slowly from 44-42 IDo • to 25-20 m.y. about a pole near
the Hawaiian pole and fast from 25-20 m. 0 to recent
times about the Hawaiian pole. Recently, with addition
of two DSDP fossil , Lancelot and Larson (1975) suggested
a uniform rate of movement of the Pacific from 70
m.y. to the present. Although the general age
observed along the Hawaiian-Emperor chain appears to
the hot-spot origin of these islands, scancity of age
particularly along the Emperor chain makes it difficult to
depict unequivocal movement of the Pacific plate. We present
a isochron age obtained for a mugearite dredged
from Suiko seamount in the Emperor chain, hoping that this
would help towards better understanding of the above problem.
Sample

During cruise KH68-3, the R/V Hakuhomaru of University
of Tokyo dredged a number of rocks at six stations on Suiko
seamount. They are basalt, andesite, diorite, granodiorite,
hornfels, tufaceous rocks, slate, sandstone and others (Aoki
and Hirota, 1971). The sample studies was dredged at station
68-3-9-9, where most of the dredged rocks were olivine basalts.
Under a microscope the rock_bears phenocrysts of olivine
altered to clay minerals, apatites and magnetites. The
groundmass consists of subophitic plagioclase-anorthoclase,
clinopyroxene, brownish clay minerals (smectite), magnetite,
ilmenite and apatite. The rock may be mugearite. Since it
is very rare to find mugearite in active island arcs or in
continental margins (Miyashiro, private communication), the
sample can be considered to have formed in-situ, as opposed
to being ice-rafted.
Experiment

40Ar _39Ar stepwise degassing dating was applied to the
coarsely crushed samples. The sample (about 1.0 gr) which
was sealed in a quartz tube (80 rom x 8$) together with two
standard samples-(Bern 4M muscovite) were irradiated with
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Fig. 1. 40Ar-39Ar apparent age spec-
trum (Fig. I-a) and isochron (Fig.
I-b). Asterisk in the isotopes
indicates the value corrected for the
interfering Ar isotopes. The appar-
ent age spec truro (dotted line in Fig.
I-a) is plotted with + 1a (solid line
). The y-tntercept the isochron
plot is 313.6 ± 2.9.

JMTR 2 reactir, which gave
a total neutron flux of
about 5 x 1017 with a ther-
mal to fast neutron ratio
of about 10. The follow-
ing correction factors for
interfering Ar isotopes
were determined on K2S04
and CaC03 : (36Ar/37Ar)ca =
0.00026, (39Ar/ 37Ar)ca
0.0017 and (40Ar/39Ar )K =
0.043. The experimental
deteils were given else-
where (Saito and Ozima,
1976). The results are
shown in Figure I-a and -b.
The 40Ar- 39Ar age was cal-
culated from the comparison
of the slope in Figure l-b
with that obtained for the
standard sample. The slope
was determined by means of
York's method with a cor-
relation coefficient r = 1
(York, 1969). The slope
of the isochron gives
58.6 + 0.6 m.y., in which
the error indicates 1a.
Figure l-a shows the appar-
ent K-Ar age spectrum,

which was calculated by assuming (40Ar/ 36Ar) = 313.6 (aster-
isk indicates Ar isotopes corrected for the interfering Ar
isotopes) determined as the y-intercept of the isochron in
Figure l-bo From well defined isochron and the flat
apparent age , we conclude that the age is reliable.

The conventional K-Ar age of 40.4 m.y. which was pre-
viously reported for andesite from the same dredging
station (Ozima et al., 1970) may Ar-loss of this
sample, since the sample is considerably altered. Otherwise,
since andesite is very common in active island arcs, one may
possibly think that the rock was rafted by ice from Kuril
islands or Kamchatka. The existence of granodiorite and
hornfels on Suiko seamount suggests this possibility.
Discussion

Figure 2 shows a plot of the island or seamount age
(m.y.) as a function of distance (km) along the Hawaiian-
Emperor chain, which was redrawn from Figure 5 in Clague and
Jarrard (1973). The DSDP fossi (DSDP 311 and 308,
Scientific Staff, 1973) and the 39Ar isochron age of
Suiko seamount is also included in the The solid
line indicates the age progression by Clague and
Jarrard (1973). In drawing the age progression line,
Clague and Jarrard used all the age data available to them
at that time. The criterion they used to choose the
data was experimental quality. Lancelot and Larson (1975),
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however, chose older ages if there were more than two ages
from the same seamount or island, since recurrent volcanism
may occur along seamount chains. Hence, with the use of
the DSDP age data rather than the radiometric ages from
Midway atoll and Koko seamount, they proposed a uniform
rate for the Pacific plate movement (chain line in
2). The newly obtained 40Ar- 39Ar isochron age for
seamount does not contradict either the Clague and Jarrards'
(1973) or the Lancelot and Larsons' (1975) age progression
lines. However, in order to obtain the age progression,
the following point must be carefully considered.

If there is considerable time span for the growth of
a seamount or an island, meaningful progression can be
obtained only by comparing the age the commencement of
volcanic activity in each island. Comparison of ages
representing different stages in volcanic activity would
not be very meaningful. It is, however, very difficult to
obtain samples which are representative of the earliest
volcanic activity. Hence, as a approach to this
problem, we may compare the ages of the final stage in the
volcanic activities which may be by the
dredged from the top of a seamount or from the top flow in
an island. Undoubtedly such samples are of easier access.
Also, fossil age data should be treated with caution,
since it is in. general difficult to estimate the age gap
between the fossil and the underlying basement rock ages.
If we take these criteria to choose age data, this leaves
us with only two radiometric ages from the Emperor chain,
that is, the 40Ar- 39Ar isochron age from Suikoseamount and
the concordant K-Ar ages from Koko seamount. Also the K-Ar
age from Midway core may be to the given by
DSDP 311, since the latter may represent the stage
of the volcanic activitv in this Dart of the Hawaiian
archipelago (Lancelot a;d Larson,-1975). This choice of
age data would then suggest an even slower rate of the
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Pacific motion for the Emperor chain, i.e., about 6
cm/Y (shown by dotted line). Because of scantiness of age
data, however, it is obvious that more radiometric data,
preferably from the top flow in seamounts, are needed to
draw a definite conclusion about the age progression of the
Emperor chain.

Although in the above discussion we assumed the exist-
ence of a significant time gap between the earlier and the
later stages in volcanic activity. Little is known about
the time span for the growth of a seamount. It is diffi-
cult to judge whether the difference between DSDP 311 and
the Midway atoll ages, and also between DSDP 308 and the
Koko ages do represent the age gap between the
earlier and the later stage in their volcanic activities,
or whether it results from uncertainties in the K-Ar ages
or in the fossil ages or others.

If the age gap between DSDP 311 and Midway which is
at least 10 m.yo, does reflect the time for the growth
of the island, we should expect a more 10 m y. life
time for the source which has formed Midway atoll and
its adjacent Such a long life of a magma
source would crucial constraint on any
hot-spot modelo For , the magma source may have to
be assumed to have in the plate, since it is
otherwise difficult to suppose that magma has been supplied
to an island or a seamount horizontally over a distance of
more than 1,000 km from a source fixed in'the mantle. This
implies that a 'hot spot' was responsible only for supply-
ing heat to produce a magma source in the moving plate.
At any rate, the problem is still very much open to further
investigation. Here, it may suffice to emphasize that the
time span for the growth of a seamount has such important
bearings in the understanding of the oceanic crustal
structure.
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Rb, Sr AND 40Arj39Ar ANALYSES OF XENOLITHIC
ULTRAMAFIC ROCKS FROM THE OKI-DOGO ISLAND, JAPAN
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University of Tokyo, Bunkyo-ku, Tokyo 113, Japan

1. Intod-uction

Some of xenolithic ultramafic rocks are considered to have been brought
from the upper mantle and it is very important to study them for understanding
the properties of the deep interior of the earth. In Japan, such ultramafic
rocks have been rarely found and those from Itinomegata, northeastern Japan,
are most famous (e. g. Aoki, 1971). Recently many ultramafic rocks, including
PInel Iherzolites, have been found as inclusions in alkali-olivine basalts from
the Island, southwestern Japan (Takahashi, 1975). These rocks will
gi ve many important informations for understanding the properties of the upper
mantle (and!or lower crust) under the Japanese Islands. In this note, we report
some results on Rb, Sr contents and Ar-40!Ar-39 age studies of these rocks.

Samples

Samples were collected by one of us (E. T.) from Kuroshima (KRB) and Oku
{OKD), eastern parts of the Oki-Dogo Island. Various types of ultramafic and
mafic rocks .are included as xenoliths in alkali-olivine basalts such as spinel
Iherzolites, dunites, wehrlites, harzburgites, etc. Samples used in this study
are tabulated in Table 1.

Table 1. Xenolithic ultramafic rocks from the Oki-Dogo Island

ET 7405 1OB-1 0

ET 7405 10B-13

OKD

OKD

Clino-pyroxenite cpx)/)'mt>- opx

Lherzolite oliv> opx» chromian spinel
>cpx

Plagioc lase bearing
wehrlite

ET 7405 10B-27

ET 7405 13A-2

ET 7405 13A-18

OKD

KRB

KRB

Lherzolite

Lherzolite

oliv> cpx» plagio
>oxide apt

oliv> cpx> opx) chromite
......" picotite

oEv> opx> cpx) chromian-
spinel

*" cpx: clino-pyroxene. opx: ortho-pyroxene, mt: magnetite,
oliv: olivine, plagio: apt: apatite.
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From their textures, samples 10B-13 and 10B-27 are considered to be
cumulates. Samples 10B-IO and 13A-2 may also be cumulates. 13A-18,
however, is considered to be a block of upper mantle material from its texture
and mineral assemblage.

Host rocks are alkali-olivine basalts and their formation ages were deter-
mined to be about 6 my. and 2.5 m. y. for OKD and KRB samples respectively
by K-A r method.

Chemical analyses of major elements are given in Table 2. More details
on samples and sampling localities are elsewhere (Takahashi, 1975).

Table 2. Analytical results of major elements in xenolithic
ultramafic rocks from the Oki-Dogo Island

SIIK!'L! IOIHO 10B-13 lOB-27 131\-2 13A-18
ROCk lYPE (PX-HITE LHERtOLIlE \lEHRI.ITE LHERZOLITE LHEIIlOLITE

IIoST RocK Olal om om KllB KRB

5102. 48.12 112.90 111.75 1iII.49
TiQ2 1.25 0.09 0.08 0.07
Al:t°3 5.89 1.82 1.65 1.52
""2°3 >.95 1.57 2.22 1.02
reO 6.111 8.62 11.56 7.11l
l!llO 0.17 0.13 0.16 0.13
K<j<l 16.83 41.99 IIO.110 42.66
c::.o 15.57 2.18 1.26 2.12
!!a:t0 0.55 0.11 0.13 0.10
)(2° < 0.03 < 0.03 < 0.03 < 0.02
H20 (-j 0.20 0.10 0.26 0.20
1l2o (+} 0.75 0.30 0.34 0.32
1'2°5 0.09 TllACE TRACE TRACE

Cl:;l.0] 0.21 0.37 0.37 0.34

TOTAL 100.27 100.21 100.13

CAKAlYST : H. HAIW'IURAl

Rb and Sr contents were measured by isotope d.ilution method for both
xenolithic ultramafic and host basaltic rocks. K content of basalt was measured
with a flame photometer with internal standard method. Analytical results are
given in Table 3.

Basaltic rocks belong to alkaline-rock series and their K and Rb contents
are relatively high. Sr contents are also high of the order of 800-900 ppm.
These results are in agreeme nt with those for some basaltic rocks from
the same area by H. Kurasawa (personal communication, 1975).

Xenolithic ultramafic rocks contain less Rb and S r than ultramafic inclusions
from other areas, but more than the so-called alpine-type peridotites (Fig. L1.
Although their Sr contents change with the factor of about 8. their Rb contents
change with the factor of only 3. Higher Sr content of sample 10B-27 probably
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T J..ble 3. K, Rb and S r contents in xenolithic ultramafic rocks
from the Oki-Dogo Island

OKD

KRB 48.9+0.1 798+18

ET 7405 10B-10 <0.03* 0.167+0.022 14.1 +2.9 <1800 0.0118
ET 7405 10B-13 <0.03* 0.288+0.011 1O. .9 <1040 0.0288

ET 7405 10B-27 0.431+0.005 44. .0 0.00969
ET 7405 13A-2 <0.03* 0.283+0.059 5.86±0.22 (106O 0.0386
ET 7405 13A-18 <0.02* 0.382+0.024 7.77+0.95 (524 0.0491

* These values are taken from Table 2.
N. B. Each value in content is given as an averaged one for at least" replicate

analyses.

reflects the existence of plagioclase in
this rock. From its texture and mineral
assemblage, sample 13 A-18 is considered
t6 be of upper mantle origin. However
its Rb and Sr contents are not so different
from those of other rocks which might be
cumulates.

The relation between these rocks
and host rocks may be more clarified
with their Sr-87!Sr-86 ratios, which
is now being studied.

Fig. 1. Rb and Sr contents in
some ultramafic rocks.

+ Alpine-type peridOtites}o Ultramafic_ inclusions Stueber &
A Ultramafic zones in Murthy

stratiform sheets (1966)
• This study

10.-------.--------.--------,.--------..
o
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0.1
Rb/Sr=O.l

o

+ oo

'l3A18 Q )f 108-21
13A-2at+ .:&13
+ + It OEHO
++

+ +

Rb/Sr=O.Ol
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4. 40Ar/39Ar age studies

Ultramafic rocks generally contain excess Ar and conventional K-Ar
method is invalid for evaluating the formation age of these rocks, As shown
in the previous section, their Rb and Sr contents and Rb/Sr ratios are low
and it is very difficult to apply Rb-Sr method for dating such rocks except
for very old rocks. Although even Ar-40/Ar.,...39 method cannot always
determine the definite formation age of these rocks, it can give the reasonable
upper limit or proper estimate of its formation age in favourable cases
(Kaneoka, 1974) .

wrapped in Al foil and irradiated with fast neutrons of the
order of 10 nvt in theJMTR reactor. Ar was degassed for one hour at
each temperature, which was measured with an optical pyrometer. After
necessary corrections are made, Ar-40/Ar-39 ages are calculated, assuming
that all Ar-36 observed is the component of present-day atmospheric Ar,
whose Ar-40/Ar-36 ratio is 295.5 (Nier', 1950). Although this assumption may
not be valid (Kaneoka, 1975), its effect will be not so serious to get

age patterns.

An example for sample 10B-27 is given in Fig 2. Since Ar-40/Ar-36-
Ar-39/Ar-36 plot also gives good informations t this representation is adopted
with a conventional age-fraction of Ar-39 released plot.

39Arl36Ar

(7m- 1200"

108-27

llOO'

850'

0 ::.,; J,E 'J8 La

150

40 /39.2. Ar Ages of sample 1OB-27.
In the left figure, the height of each rectangle

corresponds to .2 0' error range. The number in
the figure indicates the temperature in degrees C.
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As shown in 2, the apparent ages are high at low and
high temperatures and the minimum age is observed at intermediate temperature,
which typically represents the existence of excess Ar-40 in both retentive
and unretentive trapping sites (Kaneoka, 1974). The minimum age is about 21
my.. Since only 850°C fraction this age, it should be to
reor'e:::;erlt the upper limit of its formation As shown in the
A plot, 13000 C fraction still a little high
of about 309. the existence of excess Ar-40 in this Fraction.

This is more clearly shown in 3,
Ar-40* (radiogenic component) has two
peaks at 1100 C and 13000 C fractions,
which is different from the release pattern
of Ar-40 (total). Fig. 3 also indicates
the clear difference of the defraLs::i1n.g
temperature between
and Ca-derived Ar-37, the formeris

at lower temperatures, while
the latter at higher temperature s.
The release patterns of Ar-39 and
Ar-40* are much different, which also
indicates that most Ar-40* is not in-situ
a riginated .

108-27

fiG

40" * d' ,i--\r : ra logenlc component.
40Ar : total Ar-40 .
Since the release pattern of Ar-36
is similar to that of Ar-40, it is
not included in the

Fig 3. Release patterns of AI'
for sample 1OB-27 .

From the amount of Ar-39, K content
can be estimated to be about 370 ppm
for sample 10B-27. This is more
abundant than those of other samples
(10B-l0, 67 ppm; 10B-13, more than
90 ppm; 13A-2, 220 ppm),. which may
also reflect the existence of plagioclase
in this sample.

As for the release patterns of ages,
similar results are obtained for the other
:sam!=He:s, though the minimum ages are
different (10B-10 56 m.y.; 10B-13, 330
m.y.; 13A-2, 39 m y.). However, 8500 C
fraction was lost from the line

'n IT' the procedure of gases for sample 1OB-13. This is probably
the main reason for its relatively high minimum age. no result
was obtained for sample 13A-18 due to insufficient dega,SSilng prOCe(lUlre s.

From these results, it is concluded that Ar-40 in
xenolithic ultramafic rocks with the amount of about (1-4)x1 is
mostly excess A r. Thei r formation ages would be less than 20-30 m. y., which
is not incompatible with the geological environments in this area.
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Rb and Sr contents in xenolithic ultramafic rocks from the Oki-Dogo
Island are less abundant than those of ultramafic inclusions from othe:r=
areas studied by Stueber & (1966}, but more than of alpine-typ,,:,
peridotites. These rocks might be formed less than 20-30 m. y. ago, but
contain some amount of excess Ar-40.
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RARE GAS FRACTIONATION PATTERNS IN TERRESTRIAL
SAMPLES AND THE EARTH-ATMOSPHERE EVOLUTION MODEL

Minoru OZIMA* and E. Calvin ALEXANDER, Jr.

Department of Geology and Geophysics, University of Minnesota
Minneapolis, Minnesota 55455, u. S. A.

Studies of the elemental and isotopic ratios of the rare gases in
the earth have proven to be a significant source of information about
the earth-atmosphere evolution process. A pioneering example is
(1952) work which called attention to the enormous depletion, relative
to the solar abundances, of the rare gases in the terrestrial atmosphere.
Brown argued that the depletion suggested that the earth's atmosphere
was formed by the degassing of the solid earth, i.e. that the earth's
atmosphere is seczndarY••A secondary origin of the atmosphere is also
suggested by the· OAr inyerltory in the earth (Schillibeer and Russell
1954; Damon and Ku1R, 1958; Turekian, 1959; Wasserburg, 1964), since 40Ar
t50m the decay of in the earth is more than sufficient to account for
Ar in the present atmosphere.
Isotopic evidence of radiogenic rare gases imposes important time

constraints on the evolution of the earth-atmosphere system. For example,
Boulos and Manuel (1971) have found radiogenic 129Xe in a natural gas
which, they conclude, indicates that the earth was within a few
half livesbf 1291 (tI/2 = 17 m.y.). Using the 40Ar/ 6Ar regime in the
earth, Ozima (1975) reached the same conclusion that the degassing of the
earth occurred within a hundred million years after the formation of
the earth.

Additional information about the earth-atmosphere evolution process
can be obtained by examining the elemental ratios of the rare gases in
various terrestrial materials. Two distinct patterns of primordial rare
gases have been found in the solar system (Signer and Suess, 1963): A
solar component, which is associated with the direct implantation of the
solar wind into grain surfaces; and a planetary component, which was
apparently trapped in solid grains during the condensation of the solar
nebula. The abundance pattern in the atmosphere is very close to the
planetary pattern except that Xe appears to be depleted by about a factor
of 10 in the atmosphere by adsorption onto sediments (Canalas et al., 1968;
Fana1e and Cannon, 1971).

Dymond and Hogan (1973) have reported elemental abundances of rare
gases extracted from the rims of submarine basalts which are
markedly different from the atmospheric abundances. They argue that
these gases represent samples of rare gases in the mantle and resemble
the solar abundance pattern rather than the atmospheric pattern. They,
therefore, conclude that the evolution of the mantle and atmosphere have
Jeen "decoupled ll • In a series of papers Fisher (1970, 1973, 1974) has
also reported the existence of primordial rare gases in glassy rims of
submarine basalts, but argues that the gases resemble the planetary
pattern rather than the solar pattern. Fisher's last paper includes
Dymond and Hogan's data.

If the glassy rims of submarine basalts do contain samples of mantle
derived rare gases, then these samples may fractionated since the
basalts themselves are a fractionated sample of the mantle. \fhile
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and Hogan and Fisher explicitly recognized the possibility that the gases
they report represent fractionated samples of the mantle and/or atmos-
pheric reservoirs, they discuss the fractionation in terms of Henry's law
solubility (Blander et al., 1959) (which is clearly inadequate to explain
a portion of the data, see Ozima and Alexander, 1975, in this volume).
Both groups then proceed to discuss their data in terms of mixtures of
various hypothetical reservoirs in a manner which partially ignores
fractionation effects. Until the fractionation is understood and cor-
rected for, any inference concerning the composition of the original
reservoir is suspect.

The purpose of the present paper is to examine all of the available
data on the rare gas abundances in terrestrial material in an attempt to
define empirically the types of which occur. Using the
fractionations so defined, we can then draw inferences concerning the
composition of the mantle rare gases. We also discuss a misconception
of the behavior of Henry's law solubility which has been widely quoted
in the literature.

cA

HOLOCAYSTALllnE s.1\.
Us

B

Fig. 1. Terrestrial rare gas frac-
tionation patterns. All availabe
terrestrial rare gas data frac-
tionation patterns which plot in the
shaded regions. A sample containing
gas of atmospheric composition will
plot as a horizontal line at log
pm O. The solar abundance pattern
is shown by the solid lines in Figs.
lA and lC. Figs. lA and lB define
the Type 1 pattern which is dominated
by the pattern established by the
absorption of atmospheric gases
into water. The pattern formed by

of atmospheric gases into
water at 20°C is sho\Vll by the line
in Fig. lB. Fig. lC defines the
Type 2 pattern. Fig. lD defines the
Type 3 pattern.
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Equation 1 is similar to the
fractionation factor proposed
by Canalas et al. except that
we have chosen to normalize to

The ::lhaded regions in Fig.
show the abundance patterns of
rare gases for all of the anal-
yses of terrestrial materials
currently available in the
literature and
burg, 1965; et., 1965;
Cana1as et a1 , 1968; Bennett
and Manuel 1970; 1972;
Mazor and Fournier, 1973; Dymond
and Hogan, 1973; Hennecke and
Manuel, 1975a, 1975b; Sherrill,
1975). Since He can easily
escape from the earth's gravi-
tational field, He data is not
included in the compilation.
The only selection criter.ion we
used was that sufficient data
be available to allow the

the 22Ne , 36Ar ,
contents of each

sample. This criterion, hmy-
ever, eliminates all of
Fisher's (1970, 1973, 1974)
data and Phinney's (1972) data
and part of Canalas et al. 's
(1968) data due to the absence
of Ne data. The rare gas

data are plotted
using a fractionation factor
Fm :
Fm = sample 1.

.
alr
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Solar

Fig. 2. An expanded view of the Type 2
pattern. The shaded region contains
Dymond and Hogan's (1973) analyses of
the quenched rims of submarine basalts.
The data shown as stars are from •
Hennecke and Manuel's (1975a) analyses
of a subarea1 basalt. The data shown
as triangles are from Hennecke and
Manuel's (l975b) analyses of an olivine
xenolith which contained liquid C02
filled inclusions. The filled circles
show the pattern which is obtained by
combining Kirsten's (1968) data on the
solubility of rare gases in molten
enstatite at 1500 Q C with the partial
pressure of each rare gas present in
the atmosphere. The open circles show
the solar pattern.

36Ar in the atmosphere instead of 130xe in the solar abundance. The
reason for this change will become clear below,

As can be seen in Fig. 1 rare gas abundance patterns in terrestrial
materials can be divided into three types:

Type 1. Figs. lA and lB demonstrate the first type of fractionation
pattern. This Type 1 pattern is characterized by a depletion of Ne and
an enrichment of Kr and Xe relative to 36Ar when compared to atmospheric
abundances. The Type 1 pattern is similar to, and includes the pattern
produced by the solubility of atmospheric rare gases in water (Mazor and
Fournier, 1973). The water solubility pattern is shown as the line in
Fig. lB. The shaded region of Fig. lA contains four of the five analyses
of Fig Tree shale (Canalas et al., 1968) and three analyses of ho1ocrystal-
line submarine basalts (Dymond and Hogan, 1973). The shaded region of Fig.
lB includes all of the avail-
able data on rare gases in
natural gases and waters
(Mazor and Wasserburg, 1965;
Bennett and Manuel, 1970;
Mazor, 1972; Mazor and
Fournier, 1973) with the
exception of datum #10 in
Mazor and Fournier.

Fig. lC demon-
strates second type of
fractionation pattern. This
Type 2 pattern is character-
ized by an enrichment of Ne
and Xe and·a slight depletion
of Kr relative to 36Ar when
compared to atmospheric
abundances. The shaded re-
gion in Fig. Ie contains
Dymond and Hogan's (1973)
analyses of the quenched rims
of submarine basalts and
Hennecke and Manuel's (1975a,
1975b) analyses of a subareal
basalt and a Hawaiian olivine
xenolith which contained
liquid C02 inclusions. The
Type 2 pattern is shown in
greater detail in Fig. 2.
In Fig. 2 the shaded region
is defined by Dymond and
Hogan's analyses. Henneke
and Manuel's analyses are
shown as the stars and
triangles. The filled cir-
cles show Kirsten's (1968)
data for the solubilities of
rare gases in molten enstatite
at 1500°C. It should be
emphasized that Kirsten only
measured the solubilities of
He, Ne, and Ar and the data
he lists for Kr and Xe are
theoretical extrapolations.
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There is clear isotopic evidence that the Type 2 pattern does not
represent fractionated gases of atmospheric isotopic composition. All of
these samples yield 40Ar/ 36Ar ratios higher than the atmospheric value.
The Hawaiian olivine xenolith contains excess radiogenic 129Xe and Lupton
and Craig (1975) have recently shown that the quenched rims of submarine
basalts contain He with a 3He/4He ratio higher than the atmospheric value.
These rocks therefore, contain samples of non-atmospheric rare gases,
probably fractionated, presumably from the source regions of the rocks,
i.e. the mantle.

Type 3. Fig. ID demonstrates the third type of fractionation pat-
tern. This Type 3 pattern is characterized by large enrichments of Ne,
Kr and Xe relative to 36Ar when compared to atmospheric abundances. The
shaded region of Fig. ID contains rare gas data from thucolite (Bogard et
al., 1965; Sherrill, 1975) and from Fig Tree sample #4 (Canalas et al.,
1968). Sherrill's recent work gives the results of a step-wise heating
analysis of thucolite. The temperature release patterns Sherrill obtained
for Ne and 36Ar are very different from those he obtained for Kr and Xe.
83.7% of the total Xe and 77% of the total Kr are released at 250 0 e and
an additional 15.5% of the Xe and 4% of the Kr are released at 400°C. In
comparison only 22% of the Ne and 14% of the 36Ar are released by 400°C
and the maximum fractional releases occur at 1800a e.

None of the three types of patterns are very close to the solar abun-
dance pattern (Cameron, 1973) which is shown as the lines in Figs. lA and
Ie.

It is clear that the Type I pattern is dominated by rare gas
established by the low temperature absorption of rare gases

from the atmosphere into water. The rare gas abundances in shales and
natural gases should be similar to those observed in water since
must have occuluded considerable amounts of (sea) water during formation
and natural gases seem to contain mainly recycled ground water (Bodversson
and Lawall, 1972). The D/H and 180/160 isotopic ratios in geothermal
steam 1963) suggest a similar origin. The shales tend to be even
more enriched in the heavier gases than water which probably indicates a
preferential retention of the heavier gases in the shales.

DYmond and Hogan'£ (1972) holocrystalline basalt data display a Type
1 pattern which is consistent with equilibration with the rare gases dis-
solved in sea water - as they point out. This is in agreement with the
mass of evidence (C.F. Irving, 1970; Corliss, 1971) that
holocrysta11ine submarine basalts interact extensively with sea water.
The Type 1 pattern is not consistent, however, with Henry's law solubil-
ities (see below) which is the context in which Dymond and Hogan and
Fisher have discussed their data.

Type 2. The samples containing gases displaying the Type 2 pattern
are potentially the mpst valuable since there is clear isotopic evidence
that these samples contain non-atmospheric rare gases. The gases in these
rocks, however, have been subjected to many, at least potentially frac-
tionating situations during: (1) the formation of the parent magmas in the
mantle, (2) the transportation of that magma to the near surface, and (3)
the eruption or emplacement of the magmas in the near surface environment.

It is clear as a first order observation, that gases with the Type
abundance pattern cannot have been a important input into the
atmosphere if the atmosphere is conservative of as is normally assumed.
TheNe abundance in the atmosphere would be much higher if the Type 2 pat-
tern had contributed significantly.

Dymond and Hogan (1973) argue that the Type 2 pattern as displayed
in their analyses of the quenched rims of submarine basalts indicates the
presence of solar primordial gases in the mantle. Their argument is based
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mainly on the 20Ne/36Ar ratios observed in the quenched rims which are
similar to the solar values and higher than the atmospheric or planeatry
values. Fisher (1974) argues that these same data indicate the presence
of "planetary" primordial gases in the mantle. Fisher's argument is based
on the Kr/Xe and 36Ar/ Kr ratios but ignores the Ne data.

We feel that the Type 2 pattern represents a fractionated of
IIplanatary" primordial gas from the mantle. Hennecke and Manuel's (1975b)

of a Hawaiian olivine xenolith present the simplest case since
the rare gases in the analyses were presumably contained in liquid C02
filled inclusions within the xenolith. These inclusions should have
avoided fractionations during eruptions and may have avoided fractiona-
tions transport from the mantle. As Hennecke and Manuel point out,
and as is shown in Fig. 2, the rare gas pattern in the xenolith agrees
well with the pattern obtained by combining Kirsten's (1968) enstatite
solubility data with the atmospheric abundances except that Xe is enriched
by about a factor of ten in the xenolith. Hennecke and Manuel conclude
that the elemental ratios of nonradiogenic Ne, Ar and Kr in the mantle are
very near to the atmospheric values but that the Xe/Kr ratio is times

than the atmospheric value -- i.e. that the mantle contains
"planetary" gas. The upturn in the Type 2 pattern at Xe is,
an artifact of our normalization to the atmosphere which is depleted in
xenon.

vfui1e qualitatively similar to the xenolith patterns, the Type 2 pat-
terns from the basalts show much higher enrichments in Ne than do the
xenolith patterns. We offer the following model as a possible explanation
of the Ne (and He) enrichments relative to Arand the heavier rare
gases. We assume that the rare gas patterns recorded in the basalts are
represent?tive of the patterns present in their parent magmas and that the
fractionations occurred during the generation of the magmas in the mantle.
This assumption seems justified since the gases trapped in these rapidly
cooled eruptive rocks, the glassy rims of the submarine bas-
alts,l.would not have had time to undergo fractionationd during
eruption. Although the generation of magma is still poorly understood, we
follow the general assumption that basaltic magmas represent melts
of the upper mantle and form when a decrease in pressure causes the solidus
to fall below the existing thermal gradient. Since the rare gases should
be more soluble in the liquid than the residual solids there should be an
inflow of gases from the residual solids to the magma. The atomic abun-
dance ratio of Ne/Ar in the diffusing inflow would be proportional to the
ratio of their diffusivities, ONe/DAr. The ratio of the diffusivities is
not proportional to the square root of the ratio of the masses as is
normally assumed.

The diffusivities of rare gases through mantle materials at the rele-
vant temperatures and pressures are not known. However, Perkins and
Begeal (1971) and Perkins (1973) have reported data for rare gas diffu-
sivities through 8i02 glass at lOOO°C. While the mantle clearly is not
made of Si02 glass at lOOO°C, in the absence of more relevant data, the
5i02 glass data will perhaps serve to illustrate the phenomenology of our
model.

The rare gases in the magma should be a composite of the inflowing
rare gases and those originally contained in the material melted to form
the magma. Perkins and Begea1 (1971) report that the diffusivity, and
permeability or through 5i02 glass is about three orders of magnitude
greater than Ar at lOOO°C. We should expect therefore that the rare gases
in the magma should show a progressive and large enrichment of the lighter
gases relative co the bulk composition or the mantle gases. Such a trend
is demonstrated in the Ne/Ar ratio in the Type 2 pattern.
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The Ar/Kr and Kr/Xe ratios are not progressively enriched in the Type
2 pattern, however. This is because the absolute value of the diffusivity
is as important as its relative value. As stated above, the relative
value of is about three orders of magnitude greater than DAr at lOOOae.
The value of DKr and DXe are presumably progressively smaller but no data
exists. (The permeability of Kr through silicate glass at lOOO°C is
times smaller than the Ar permeability (Perkins and Begeal, 1971).) The
mean diffusing length, 12Dt, is about 100 meters for Ne in silicate glass
at lOOOoe in a million years. The mean diffusing length is only 3 meters
for Ar in a similar situation and is presumably shorter for Kr and Xe.
Ne (and He) diffusion into the magma will be significant and result in
enormous enrichments, whereas diffusion of the heavier rare gases are
insignificant. The abundance pattern of the heavy rare gases should be
dominated by bulk melting and will be similar to the abundance pattern in
the original mantle rocks. The apparent Xe enrichment infue Type 2 pat-
tern is, therefore, again an artifact of normalization which indicates
that the mantle Xe/Kr ratio is times the atmospheric value.

The recent report by Fisher (1975) of high radiogenic 4He/ 40Ar ratios
in the quenched rims of submarine basalts follows naturally from our model
and does not require the anomalous KID ratios p&stulated by Fisher. Mass
balance requires that the solid residue from the melting be de-

in gases relative to the heavier gases. Gramlich and Naugh-
ton (1972) have shown that lherzolite nodules, which they conclude re-
present unfused residue from the melting process, contain 4Hej40Ar
ratios which are lower than reasonable.

Fig. 2. demonstrates that in order to explain the abundance pattern
in the quenched rims of the submarine basalts as fractionated gas of solar
composition one must postulate a two order of enrichment of Kr
and Xe relative to Ar and Ne or a two order of magnitude of Ar
and Ne relative to Kr and Xe.

The origin of the Type 3 pattern is not clear. Sherrill's
indicates that the Type 3 pattern may be a hybrid pattern with

the Kr and Xe dominated by low temperature adsorption while the Ne and Ar
are dominated by a high temperature component. The Type 3 pattern is only

by a rare and one of shale, and it may not be
very important quantitatively. Phinney's shale data lie in the
heavy gas of the Type 3 pattern, however, and the Type 3 pattern
may prove to be as more data accumulate.
Discussion

Ideally one would take the observed rare gas abundance patterns and
correct for fractionation effects to calculate the abundance pattern in
the mantle. The almost complete absence the relevant distribution
coefficients, solubilities, diffusion parameters, adsorption parameters,
etc., however, prevent such a direct approach. The works of Fanale and
Cannon (1971) and Kirsten (1968) represent the preliminary attempts to
obtain the relevant parameters. We are therefore restricted to semi-
quantitative I1consistencyll arguments. \.]e have shown that the rare gas
abundance patterns observed in terrestrial materials are consistent with
a simple earth-atmosphere evolutionary model. The essential assumptions
in this model are: (A) the present terrestrial atmospheric rare gases
closely approximate the total rare gas inventory in the earth with the
notable exception of Xe and (B) the rare gases in the mantle, which
represent only a small fraction of the earth1s total inventory, have an
abundance pattern similar to that present in the atmosphere, again
\vith the exception of Xe. There seems to be growing evidence to support
the first assumption (Fana1e, 1971) those based on the 40Ar
inventory (Turekian, 1959) and the regime in the earth (Ozima,
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Fig. 3. The general directions
that fractionation process move
rare gas ratios on Kr/Xe versus

and Ne/Kr versus 36Ar/Kr
plots. The solid point is the
atmospheric composition. The
solid line in . 3A has the
slope used by Fisher (1970, 1973,
1974) and Phinney (1972) and the
dashed line in Figs. 3A and 3B
have the slopes adopted by Dymond
and Hogan (1973). The unit vectors
vectors show the direc-
tions that high temperature solu-
bility (Sol.), low temperature
adsorption (Ads.) and diffusion
(Dit.) will move data on the dia-
grams. The Dit. vector shows the
direction that the fractionation
of gases diffusing a sample
will move data on
Diffusion of gases out of
sample will move points in the
opposite direction.

1975). There are however? contradicto-
ry views about the second assumption
(Dymond and Hogan, 1973; Fisher, 1974).
Part of this apparent contradiction
stems from an incomplete understanding
of how the various fractionations in-
fluence the data.

Fig. 3A shows a Kr/Xe versus 36Ar/
Kr diagram which has been used exten-
sively (Fisher, 1970, 1973, 1974;
Phinney, 1972; Dymond and Hogan, 1973;
Hennecke and Manuel, 1975) to inter-
pret rare gas data from terrestrial
samples. The solid line has a slope
of 0.83 and is the empirical line
which Fisher and Phinney maintain
describes the locus of samples frac-
tionated from an atmospheric reservoir.
The dashed line has a of 1.20
and is the line which Dymond and Hogan
draw to represent the same fraction-
ation process. All of these workers
discuss their lines in terms of
Blander et al.'s (1959)
model for the solubility of rare gases
in molten fluorides even though
Blander et al. 's data and model
cate that the light gases are more
soluble than the heavy gases. Only
the upper right hand portions of the
lines are even
able using Blander et al. s model (see
Ozima and Alexander, 1975, in this
volume). In addition, estimates of
the slope of that line segment vary
from 0.5 to 2.4 depending on which
value for the atomic radii of the
rare gases one chooses.

At least three fundamentally
di.fferent process fractionate gases
and therefore move the locus of points
on diagrams such as Fig. 3A. These
processes are : 1) high temperature
solubility, 2) low temperature ad-
sorption and 3) diffusion. The
general directions which these
cesses move points are shown by unit
vectors in the upper left hand portion
of Fig. 3A. The direction shown for
the diffusion vectors are for gases
diffusing into a sample. Diffusion
out of a sample will move a point
the opposite direction. We emphasize
that these are general directions only. The locus of data produced by
each process is probably a broad triangular sector whose apex is the atmos-
phere point. At this stage, we have no good of estimating how
broad the sectors are.

97



Fig. 3B shows a Ne!Kr versus 36Ar!Xe diagram which Dymond and Hogan
have used in a manner analogous to Fig. 3A. The comments and objections
that apply to the line in . 3A are equally valied to Fig. 3B except
that diffusion moves the data in a different direction in Fig. 3B.

While . similar to Figs. 3A and 3B are perhaps useful formats
to display data, it simply is wrong to maintain that any line draWll
through the atmosphere point on the diagrams described the locus of all
samples produced by IGlown fractionation processes from a reservoir of
atmospheric composition. We recommend that the use of such lines be aban-
doned or at least that their meanings (if any) be defined much more
carefully.

All three of the fractionation processes discussed above are capable
of producing large effects and it is likely that many individual samples
contain gas modified by more than one of the processes. We wish to
emphasize that none of the fractionation processes on (Ml!M2)1/2 as
is normally assumed in the theoretical discussions rare gas fraction-
ations. The fractionations are complicated and largely unknown functions
of the atoms f radius, polarizability, etc. and very large differential
fractionations are the rule rather than the exception. Attempts to esti-
mate the rare gas abundances in the earth on the basis of the trapped rare
gases in rocks should proceed with extreme caution therefore. These
fractionation effects, however, should not produce isotopic effects
since the effective radius of the isotopes should be very similar (with
the possible exception of 3He/4He). The isotopic composition of rare
gases in the solid earth is much more amenable to experimental
attack.

A. Rare gas abundance data currently available for terrestrial sam-
ples define three distinct types of fractionation patterns: Type 1, char-
acterized by a enrichment of the heavier gases; Type 2, char-
acterized by a large enrichment of Ne and a slight apparent enrichment of
Xe and Type 3, characterized by large enrichments of Ne Kr and Xe
relative to Ar.

B. The Type 1 pattern, which is represented by the rare gases con-
tained in shales, natural 'gases, holocrystalline submarine basalts, and
natural waters, is produced by the low temperature adsorption of rare
gases from the atmosphere - usually via sea water.

c. The Type 2 pattern, which is defined by the rare gases contained
in the quenched rims of submarine basqlts, a subareal basalt, and an
olivine xenolith from Hawaii, is produced by a combination of high
temperature solubility and diffusion and bulk melting in the mantle.

D. The Type 3 pattern, which is defined by a single shale analysis
and by the rare gases in thucolite, is not completely understood but may
represent a hybrid pattern.

E. All of the data are consistent with fractionations from reser--
voirs of atmospheric elemental composition except that Xe is about a
factor of 10 more abundant (relative to the other in the mantle
than in the atmosphere.

If future rare gas data substantiate the proposed classification of
rare gas fractionation patterns in terrestrial materials, the earth-
atmosphere evolution model assumed above will be on a firmer basis. The
continued study of rare gas abundance patterns in terrestrial materials,
therefore, can yield important constraints on the theories of the origip.
of the atmosphere. Data on all four of the heavy rare gases, however, is
necessary to distinguish the various fractionation patterns.
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SOME COMMENTS ON RARE GAS SOLUBILITY IN LIQUID

Minoru and E. Calvin ALEXANDER, Jr.

Department of Geology and Geophysics, University of Minnesota
Minneapolis, Minnesota 55455, U. S. A.

The sorption of rare gas atoms (i) into a melt can be
as:

C. P.· (1)
]. ].

where Ci is the concentration of the rare gas sorbed, Pi is
the pressure of a gas during sorption. From
thermodynamic considerations, et al. (1959) showed
that Ki, the Henry constant, can be expressed as:

2a exp (-bri ) (2)
where a and b are the functions of the melt and are the
effective radii of rare gas atoms. From Eq. (1) and (2) the
following relation for the set of i and j rare gas atoms can
be derived:

( 3)

(4)

(5)

2 2In Ie).) In (P. IP .) - b (r. - r. ). ]. ] ]. J
Similarly for the set of k and i rare gas atoms,

2 2In (Ck/C i ) In (Pk/P i ) - b (rk - r i )
From Eq. (3) and (4) we have:
In) )

In (Ck/Ci) - In (Pk/Pi)
Substituting Kr, Xe, 36Ar for i, j, k atoms and letting Pi,
Pj, Pk be the pressures of the rare gases in the
atmosphere, we have the following expression from Eq. (3)
and (4);

(8 )
2

2 2
- b ( r Kr - r xe) {6}

2 2= -b (r36Ar - r Kr ) (7)

In (CKr/Cxe ) - In (PKr/Pxe)

In (C36Ar/CKr) - In (P36Ar/PKr)

Eq. (5) we have:

In (CKr/CXe) - In (PKr/PXe)
In (C36Ar!CKr ) - In (P36Ar/PKr) r36Ar r Kr

Eq. (8) was first derived by Fisher (1970). From Eq. (8)
it fol10\'1s that the da ta for rare gases sorbed in a melt
which is equilibrated with the atmosphere must lie on a

correlation line on a In (CK ICx ) - In (C36Ar/CKr)
diagram, the correlation line being a melt
line (Phinney, 1972) or an air equilibration line (Dymond
and Hogan, 1973). The distribution of the data for the
samples upon the melt line is determined by Eq. (3) and (4).

From

* On leave of absence from the Geophysical Institute,
University of Tokyo, Tokyo, 113, Japan.
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From thermodynamic considerations, Blander et.al. showed
that the coefficient b can be expressed as:

b lB.OB
RT y (9)

where Rand T denote the gas constant, and the absolute
temperature. Though y should be understood to represent the
microscopic surface tension, Blander et al. suggested that
it can be approximated by a macroscopic surface tension.
since b is always a positive quantity as seen in Eqo (9)
and r36Ar < r Kr < r Xe the right hand side of Eqo (6) and (7)
are always positive: Consequently, if we plot the data for
the rare gas compositions in the melt equilibrated with the
atmosphere in the ln (CKr/CXe) - In (C36A /CK ) diagram,. . r rthe data must on the upper r1ght part of the melt line.
In fact the rare gas sorbed in the molten submarine basalts
(Fisher, 1970) and the molten enstatite (Kirsten, 196B) in
the rare gas composition do lie on the
right part of the melt line with respect to the
rare gas composition. Conversely, any data which lie on the
lower left extension of the melt line (e.g., several sub-
marine basalts studied by Fisher (1970» cannot be explained
by the above melt theory as assumed by Fisher (1970, 1973,
1974) and by other authors (Phinney, 1972; Dymond and Hogan,
1973) .
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UNIQUENESS PRQBLEM IN THE SPHERICAL HARMONIC ANALYSIS OF
THE GEOMAGNETIC INCLINATION DATA

Masaru KONO

Geophysical Institute, University of Tokyo, Bunkyo-ku, Tokyo 113

In a previous report (Kono r 1974), it was proved the
geomagnetic direction data (inclination and declination) are
sufficient for uniquely determining the
within a multiplicative constant. That the complete knowledge
of a angle (such as declination)may not be enough and
different solutions the same boundary condition was also
shown (Kono, 1973).

Of special geophysical interest is the case where input
data are given by inclination. Abundant information of incli-
nation change in the past is now available from paleomagnetic
studies of ocean and lake sediment cores. As it is
relatively easy to obtain vertical sections of such sediments
without declination information, the use of inclination data
will continue to be a major source of geomagnetic information.
Some attempts have already been reported to use such data to
infer the gross structure of the paleomagnetic field (Opdyke and
Henry, 1969; , 1974).

For data sets, it does not seem to
of as given for
sets (Kana, 1973). Thy 2xpression

to be equated for the two potential fields Zj(X2+y2) j is ir-
rational and cannot be made linear with respect to the Gauss
coefficients by simple manipulation.

However r it can be shown that two
potentials Wand WI produce fields with
sphere, at least one of the two
number of "harmonics. This property of inclination
datasets prevent the construction of simple examples of non-

Since no clear-cut examples can be found, numerical
approach was taken to investigate the possible non-uniqueness of
harmonic analyses based on inclination data. The method of
searching non-unique example is as follows. Sets of 100 to 140
randomly distributed points were on the and the
"observed ll inclinations at these points were calculated from
the of either an axial dipole field or the Inter-
national Reference Field for 1965.0 (IGRF, rAGA
Working Group, 1969).

Potentials with K harmonics can be represented, for the
sake of brevity, by a K-dimensional vector G (
where the components are the Gauss cae -
to completely normalized 1 harmonics, i.e.,

(1)

(2 )1
K

2z:: Gkk=l

Since weare dealing with only the directions of the field, the
magnitude of G is indeterminate and we can make G a unit length
vector.
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To search for a potential W which s the same inclinations
on the sphere as another potential WI, we consider the sum

N

E(§.) = L (1 - cosllI.) = minimum (3)
i=l J.

where = I. - I. I is the difference of two inclinations cal-
culated trom fhe potentials Wand WI (corresponding to the
vectors G and G') for the i-th data point. When W is coinci-
dent with WI, E takes the minimum value of zero

E ') = 0 (4)

Our problem is to find G G I ) which also makes the value of E
a minimum. We have shown however, that more than one absolute
minima (non-unique solutions) cannot be found if the vector G
is finite dimensional.. Therefore, local minima were searched
instead, and the stability of these minima were studied by
successively increasing the number of Gauss coefficients ..

The search was initiated with trial vectors G = , where
is a unit vector in the direction of the k-th

Since the problem is non-linear, the method of steepest
descent was utilized to locate the local minimum. If E(G} is
not a local minimum, we can expand E near G in a Taylor series

E (§. + br
K

E(§.) + L
k=l

K K
L: E
k=l j=l

(5)

where r is taken in the direction of maximum change, i.e., the
gradient o"f E,

K
r = grad = E

k=l
aE
k

(6)

Neglecting the terms of third or higher orders in b, the minimum
value of E can be found if

b
K 7JE K

(- L: G ) / ( E
k=l .o"k

(7 )

} replaced
), until

This procedure was repeated with the value of G in
by the new value (which is equal to (G + br)/!G +
a satisfactory convergence was observed. - -

When the procedure was applied to 8-dimensional G corres-
ponding to dipole and quadrupole terms, all the calculations
started from §. = (k 1, .... ,8) located the absolute minimum
both for the axial dipole field and the IGRF. When calculations
were done =or dipole,- quadrupole, and octapole (K = 15), a few
local minimum were found but they turned out to be unstable;
when the dimension K of the G was increased they were no
longer minima and the absolute minima was located by the search
procedure.

When K was increased to 24, it was found that about a quar-
ter of the searches started with G (k 1, .... , 24) located
local minima, which, in this stable even if K was
increased successively up to 80. Fig. 1 shows the changes of
various parameters in one example with the increase of the
dimension of G. The potential W' is an axial field.
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The parameters plotted in this are the mean inclination
difference <61>, the mean angular difference <6A> for the N data
points, and the difference 6W defined as

<AI>

<AA>

(8 )

, ) ] /1'1
(9)
(10)

Also shown in the figure are the values of E(G) (small open cir-
cles) and inclination and differences-averaged over the
whole sphere (large circles) . Obviously, the fit of inclination
data becomes more and more convincing as the number of Gauss
coefficients increased, while the two potentials are essentially
different. The fact that is nearly constant for K larger
than 35 shows that this minimum is really stable. Fig. 2 shows
histograms of 61 and AA over the surface of the sphere. Although
inclination were evaluated at finite data points in
order to obtain the potential W, approximation in inclination
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1. Change in para-
meters of fit to an axial
dipole field when the dimen-
sion K is increased. Small
circles indicate error an-
gles averaged over the 140
data Large open

indicate error
over the

Note the almost
constant difference between
the two potentials Wand W' .
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Fig. 2. Histograms of
and over the whole sphere
for the fit o£ . 1.
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fraction of differences less
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Fig. 3. Change in para-
meters of fit to IGRF with
the increase of the dimen-
sion of G. For the upper
figure, see the legend of
Fig. 1. The lower figure
shows the change of the
first eight components of
G with K. The values of
IGRF is indicated in the
extreme right.
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for the whole sphere becomes more
and more good with the inclusion
of more Gauss coefficients while
that in both declination and
inclination is not prominent.

Fig. 3 is an example of
local minimum search with IGRF
as the potential WI. The
essential feature of the change
of of fit is the same
as in Fig. Ii <bI> being steadily

with the increase of K
while and bW are nearly con-
stant for K larger than 50. The
lower half of Fig. 3 shows that
after about K 40, the first
eight components of vector G
stay almost constant even the
number of components are increased
to BO, showing the stability of
the solution and the corresponding
minimum.

Before concluding, it must
be pointed out that for K > 24
many solutions of equation=(3)
were found which were different
from each other; the search
started with different trial vector
always ended in finding a dif-

local minimum if the abso-
lute minimum was not located.
It can therefore be said that
there are many local minima of
E(G) which are potential candi-
dates for the non-unique solutions
of the boundary value problem.

The foregoing examples do not
prove but are suggestive of the
existence of non-unique solutions
for such boundary conditions. In actual analyses, the number
of data are finite and they contain errors, which in the case of
paleomagnetic data are typically about 10°. It is quite pro-
bable that for such data set there are many local minima in
with comparable magnitudes. In such cases it would become
virtually impossible to distinguish the real and pseudo solu-
tions by any numerical procedure. So, although the mathemati-
cal oroblems remain, it mav be concluded that inclination data
sets-may, in , be sufficient for obtaining unique
potentials.
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ORGANIC ELEMENTS IN LAKE BIWA AND THE CLIMATE

Naoto KAWAI

Department of Physics, Faculty of Engineering Science,
Osaka University, Toyonaka, Japan

A geomagnetic record with almost no gap of interruption
since the Brunhes epoch was compiled when fossil magnetism
preserved in Lake Biwa was measured, and carefully arranged
in the chronological order by Kawai et al. (1972}.

Beside the secular variation disclosed in details as
shown on a long time of the Quaternary epoch, they found
that the Brunhes' was interrupted more than
four times by a recurrence of geomagnetic weakening.
The normal field continued steadily for about 100,000 years

encountered the The weak field, being 10,000
years or less in the life time, recovered to the
former field at each time. The time for one
is so short as 1,000 years or less.

Prior to the on the lake sediments, Wollin et al.
(1971) found out geomagnetic fluctuation existing in
an ocean core collected from the north Pacific. The same
fluctuation can partly be seen in the report (Kawai et al. 1973
a, b) who dealt in detail with another core obtained in the
same ocean, at a 170 0 W in longitude and 38°N in latitude.
The are now being almost accepted by
the specialists phenomenon happening in the Quater-
nary period.

Wollin et al. (1971) tried to observe change of oxgen iso-
tope 0 18 contained in the core sediments. Based upon the anal-
ysis they came to a conclusion that a climatic change has taken
place in such a way that the atmospheric temperature rose up
at each time when the field was reversed.

In contrast Kawai (1972) estimated that it dropped during
the particular moment of the geomagnetic weakening. He summ-
arized it on the basis of geochemical and paleontrogical inves-
tigations, using the same lake sediments (Fuji and Horie 1972,
Handa 1972, Koyama 1972, Nakai 1972). Of the various physico-
chemical informations gathered so far, anomalies in the con-
centration of organic, and protein carbon relative
to the total carbon found Handa (1972) and et ale (
1973) deserve to be in connection with
change. They are shown in Fig. 1 for comparison. The
uppermost curve shows the geomagnetic fluctuations while the
second, third, and fourth were the fluctuations in organic,

and carbon, respectively. Four dotted
lines were drawn vertically showing each depth at which the
weakened field had

General tendency to decrease with depth is evident
in the curves showinq each ratio. Ttis is due tc the
of decomposition of ;rganic substances buried in the sediments
into natural and carbon. Besides this general
trend in curve, there a number of abrcpt decreases
of the ratio which take ace one after another 1.D a rythmic
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succession. As clearly indicated by the four vertical lines,
swift geomagnetic transition and the drop of the ratio occurred
almost simultaneously. These carbonic elements were derived
mainly from botanical and zoological remains brought into the
lake bottom. Organic material$ had been produced presumably
in and around the lake, andtransfered by water till they were
finally stored in the lake basin. The total carbon is made UF
mostly of the organic stuffs, while inorganic carbon is very
scarce.

Photosynthesis plays a dominant role in the formation of
substances in a lake located in the middle latitude.
of ratios, therefore, strongly indicates

state the photosynthesis which recurred in the

such
Sudden
a suppressed
past.

Each drop of the production rate took place within a very
limitted interval of time. The fact could hardly be under-
standable indeed, if each were a,ssumed as havinq occurred
accidentarily and independently of the geomagnefic events.

The field weakening is missing, however, at the depth of
about 110 m. in the
too weak remanent magnetism to be measured,
diagram a gap that masked unfortunately the event
in question.

Photosynthesis should drop when the radiation of sun-
beams become scarce. Production organic stuffs is
reduced.

Low intensity of the radiation afsun-beams, when pro-
longed, makes a low temperature atmosphere in which the
biological activity is depressed. The cooler atmosphere
accompanies a dry predominant climate in which the botanical
activity is , too. The cool and dry climate is
indirectly but effectively related to the scarcity of organic
stuffs accumulated in the lake sediments. The direct and
indirect effects can cooperate to bring the production of
the carbonic elements down abruptly as Handa (1972) and Koyama
et a1. (1973) have

One needs, therefore, a mechanism with which the beams
reaching the earth were reduced on the one hand and a short
period geomagnetic weakening took place simultaneously on the
other. .

Uffen (1963) once supposed .that proton and electrons
trapped in the Van Allen band would reach the earth at the
time of the geomagnetic transition, ana disturb direct-
ly the living matters on the earth. The was soon re-
viewed and discovered by Black (1967) to be an over-estimation
but still large enough to affects the atmosphere. Study by
Kigoshi and Hasegawa (1966) shows that the production
rate of the radioactive carbon C from atmospheric nitrogen
can be expressed by a rapidly increasing function of decreasing
geomagnetic field intensity, implying that falling high energy
particles into the atmosphere increase in number in the declining
magnetosphere. The abnormal state may have been given rise to
in the atmosphere.

In order that these sharp drops of carbonic staffs may be
explained most easily, sun-beams that irradiated the earth in
the past was hypothesized by Kawai (1972) to have been scattered
around the earth.

An explanation alternative is that the magnetosphere is
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playing an important role of the green house effect for the
earth. The sphere is made up of magnetic lines of force de-
formed by solar wind, high energy protons, plasma, electrons,
and more than four ionospheres. _ 3

Besides, the outer atmosphere contains of H20, OR , 0
layer etc. They all absorb light. energy with respective and
characteristic wave length to prevent the outward heat flow
from the earth.

At the time of the geomagnetic weakening,the above layers
become thinner together with the magnetosphere to increase the
outward flow. While at the time of the geomagnetic strengthening,
the layers become thicker to decrease it. The integrated .
effect of the flow with time is the cause of the climatic change.
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PALAEOMAGNETISM AND PALAEOCLIMATE

Naoto KAWAI, Tadashi NAKAJIMA

Department of Physics, Faculty of Engineering Science, Osaka University,
Toyonaka, Japan

Katsuyasu TOKIEDA

Physics Department, Shimane University, Matsue, Japan

Kimio HIROOKA

Geological Laboratory, Faculty of Education, Fukui University, Fukui, Japan

1) Relation between the geomagnetic intenstiy and direction
Since Thellier's pioneer work (1959), there has been an increasing

interest on the geomagnetic secular variation since the prehistoric time or
even more remote past. Within any baked earth there remain the direction
and intensity of the past geomagnetism at the time when it was fired. The
secular field can be trace back when we can collected many datable specimens
and measure. From the various data already obtained on the several spots
on the earth (Kawai et al. 1965 and 1967, Kawai and Hirooka 1967, Weaver
1967), one can extract at least such a common movement of the magnetic axis
as shown in Fig. 1. In the past since AD 0 the magneitc axis has inclined
from that of the earth's rotation by 1/6 rad. and continuously moved anti-
clockwise with a period of approximately 1,500 years. Besides, the same
axis has been moving clockwise simultaneously with the radius about 1/12 rad.
and the period equal to 500 years. The two motions are so combined that
the magnetic pole draws a figure of the clover leaves on the earth's surface.
The rate at which the magnetic axis moves along the periphery of the leaves
becomes speedy when the axis comes closer to rotational axis. In
contrast, it becomes sluggish when the magnetic axis appart from the latter
and reaches the centres of the three leaves.

Next, the intensity data summarized by Smith (1967 and 1968) and
Kitazawa (1970) render us to suppose that the field goes greatly up and down
even within half a milleniurn and repeats rather regularly, despite that the
latter author has smoothed away the fluctuation to make out a period of 8,000
years for the geomagnetic oscillation.

When, however, the recent data by (1975) are taken into account
to be combined, the above-mentioned regular fluctuation becomes almost
prooved. At least four times the existence of the leaf has been confirmed
since AD O. Before Christ, however, only two maxima and minima can be
perceptible with relatively different intervals at 4,500, 8,000, 3,500 and
6,000 BP, respectively (see the upper curve in Fig. 2).

When the variation of intensity and that of direction since AD a are
carefully put together, it becomes clear that field itself strengthens at
each time when the magnetic axis and the rotational axis are going to coin-
cide. Whereas, it weakens when the magnetic axis aparts from the latter.
This relation is completely hold in the entire Brunhes Epoch. As clearly
marked out at each time of the geomagnetic excursions and events of weakening,
the declination has been fliped up even above the horizontal plane (Kawai et
al. 1972, Nakajima at al. 1973, Yaskawa et al. 1973).

The archaeomagnetic data older than 9,000 BP are unfortunately lacking.
For the secular field of the antiquity, however, the record obtained from
Lake Biwa {Kawai et al. 1975 a} is sufficiently available. It is possible
to join the secular field from the baked earths and that from the sediments
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without any time gap (Fig. 3).
A great drop of the intensity is evidently seen around 9,000 BP. A

law geomagnetic field had persisted since 18,000 BP to 10,000 BP. This
interval is accepted by many geologists as the latest WUrm ice age. This
interval represented by the low geomagnetic field, however, involves several
minor field rises of which that around 12,000 BP is rather conspicuous.
Although the geomagnetic oscillation with'period of 8,000 years is envisaged
by both Bucha (1970) and Kitazawa (1970) from their data, it is rather hard
for us to recognizes it.in the joint record over the prehistoric

{Fig. 3).

2) Relation between the geomagnetic intensity and the climate
In both the archaeomagnetic and palaeomagnetic record there exist a

clear relation between the geomagnetic field strength and the past climate
as will be described here in the next.

The historical climatic change world¥lide is very well demonstrated by
the well-dated glacial developments and the retreats studied by Denton
and Karen (1973) from Yukon, Lapland and Alps as shown in the lower curve
in Fig. 2. It is quite clear that each geomagnetic weakening calls forth
a climatic depression, the weakening forerunning the latter definitely.
On the other hand each geomagnetic also accompanies a climatic
recovery.

Recent study of the archaeology in Arizona by Karlstrom et al.(1974)
shows that the relic of the vegetation has been found from the desert at the
time when the glacier has been developing in the high latitude regions of
the northern-hemisphere. Each vegetation was occurring almost simultane-
ously with the corresponding geomagnetic weakening.

As Keimatsu (private communication) has confirmed, in 1126 a red swaying
aurora has been seen at Hangchow of which the latitude is so low as 30°14 1

•

In 1138 the similar one is observed and recorded in the Chinese astronomical
report (Keimatsu et al. 1968). As Fritz (1873) has reported, the same
aurora has been observed at Prague, too. The particular time of the astro-
nomical event corresponds to the recent geomagnetic weakening as shown by A
in Fig. 2. It is more reasonable assume that the area from which the
aurora was visible became widened significantly whilst the geomagnetic field
was being weakened. A small glacier develop is clearly marked in the curve
by Denton and Karlen (1973) as by B in Fig. 2.

The obtained geomagnetic field variation is indeed a worldwide phenome-
non together with the climatic change.

In many studies of the secular change the westward drift of the non-
dipole fields has been considered to playa dominant rale. Even if we
accept as real clue, drifting fields are too small to explaine the
actual change c:arifled from the past. The maximum field is more
than four times greater the minimum one. In explaining the secular
change anc strengthening of the main dipole field are better

frankly,ratner than we depend only on the small drifting fields.
To te mentioned next 15 the Quaternary secular variation which came out

Lake Biwa sedlments. As has been reported in this annual report (Kawai
et al.), the palaeomagnetic measurements with continuous cubic specimens went
on slowly but surely in Osaka University down to the depth of 60 m measured
from the boring core head. The length of tlme for the measured part of the
core is approxlmately llO,OOe years. Although the measurement (Kawai
et al. 1972, Yaskawa al. 1973) manl:ested the four Biwa events
and two excursions, the lnformations eleven extra excursions
out of Brunhes norma: It assumed that the event and
2xcursioL are phenomena slmilar extreme weakening (or
vanlshed gecmasnetism, 1D stage from the to Brunhes

discovered recentiy from an ocear. core the esuatorial
Pacific (Kawai et al. 197= c, Kawai and 1975). They differ from
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Fig. 4

it, in that the field decline for only a short duration, and being undone
with no change polarization.

It becomes more important further to expand the study backwards in the
time span. For this purpose the present authors proposed to make a co-
oprative research with the Ocean ReserchInstitute of University of Tokyo,
in which the counter partners were responsible for the sampling of the ocean
cores from various places in the Pacific and its coarse survey. We were
responsible for the preparation of continuous and the measurements.

A core was so sliced successively that a series of thin sections with
thickness about 4.3 mm are obtained. As already reported (Kawai et ale
1975) one of the core No. KH 73-4-7 contains the Matuyama-Brunhes boundary,
Jaramillo and Olduvai event. From the uppermost part of the core, one
geomagnetic event was discovered. From the rate of deposition determined
with respect to the ocean core, it is assumable that it coresponds with the
Biwa III event.

In the phase transitional from the Matuyama to the Brunhes Epoch, a
great drop of the geomagnetic intensity was observed. The ratio NRM/ISRM
decreased down to 1/40 compared with maximum value. It seems as if neither
the dipole nor the non-dipole field had existed in the phase which was at
least more than ,10,000 years longer. The new field (the Brunhes field)
was born in the direction opposite to the Matuyama field long after the
death.

When the geomagnetic record
compiled in one diagram Fig. 4,

from Lake Biwa and that from the Pacific are
one can see that the two records overlap in

the middle part for
about 150,000 years.
The white vertical
belts shows the geo-
magnetic weakening,
thickness being the
duration of it. The
black part corresponds
to the high geomagnetic
field.

It is interesting to suppose that the Mindel ice age is the consequence
of the vanished geomagnetism in the stage transitional from Matuyama to
Brunhes Epoch. While l:liss ice age is the consequence of both the Biwa III
and Biwa II since the glaciation has a tendency to have culminated
twice.

The of the WUrm ice lies on the Blake event and it occurred
int:.ermltten,:ly or.. the ear-::h for a prolonged duration after the Blake event.

excursions increased in number, too. Under this condition
WUrffi flucl:.uat:.ec =requently till 10,000 BP from which the
recovery 0: the place cending to prehistoric.

".:.'he qeomagnetic ::::-esQvery was also the forer..lnning phenomenon of the climatic

steppe belt5 of the northern hemis9here
SomE succeeded In farming
:r. beq:ninq of tne second ice age

the

'!'te humar. hiscory and cu':':::.:re development are not independent of the
cllna- =hange. ".:.'he relation has been found by one of the

::'"":7..':-lor::: tl\. K; an'::: repcr::ec lE :-:':'E book (1976). It seems interesting to
the J: che theory order to emphasize the geomagnetism vs

__ :r. the ;as:: before Be 6 millenium high intensity and
coexis':6c. The relic a: the ar.eient culture remaines in the

\'ery hlgn la,:2. tude along the grea:: rivers. The Pyramids were con-
E::ruc::ec alor.s ::he Nl':'e lE the ene of tne :Lrst lee aqe around 6 millenium

the humar. actlVlty culrnlated Wltr. the of the ex;ansion of irri-
alonq the

'::'he Aryan could SUr'llve
er.]oyec thelr
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at 3,600 BP, the water become scarce in the steppe due to the ice conden-
sation in the surrounding mountaine chains. The shrinking steppe turned
the Aryan away from the belts. One of them carne down to Iran looking for
the shortest way through the Caspian coast. Other trives selected a
south-west route to reach the Mediteranean. The trives came later to
Iran must have gone farther south till they reach India. In the middle of
the same ice age the Buddism was born in India along the Ganges of which
the latitude is so low as 25°N that no reasonable culture could survive in
the hot severe climatic environment subsequently followed. The same climate
render the ancient Maya culture represented by the Palenque's stone coffin
to develop in the Yucatan peninsula at which the jungle had retreated and
soil met dry wind, making there the agriculture to be initiated.

In the begining of the little ice age of 500 AD when the earth began
to be enclosed by the third cold the northern part of China was
attacked by Hsiung-nu and occupied by one country and others, as the results
16 countries being built successively. Together with this movement Huns
pushed the East Gautae which pushed the west gautae. Finally the Roman
empire had to recieve the forces from the northern neiqhbours. Whilst
the west Roman went to ruin, the great migration of the races occurred in
Europe. In the middle of ice age after 1,200 AD the climate become
suddenly cold as shown by the glacier development in Fig. 2. The Mongolian
empire rose up with Chinggis Khan as the king. His invincible cavalry
migrated more than 15 degrees south in latitude during the battles. Then
it invaded the eastern Europe through the silk road. Then the main China
except Vietnam was almost completely occupied by the descendants of Chinggis
Khan.

It is to assume that the cold climate after the weak geo-

magnetism makes the human lives in the \j1 ..and those in the equatorial belt easier
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(2) PALEOMAGNETISM AJ.'ID ROC:':: MAGNET! 5M

Fig. I!-7.
Index map showing the location
of sampling areas for paleo-
magnetism in Japan. 1: Hokkai-
do and Northernmost Honshu
(Ito and Tokieda. 1972 a); 2:
Pacific coast of Fukushima
Prefecture (Manabe,
3: Hokuriku (Hirooka.
4: take B1-ora (Kawai et al ••
1972; Nakajima and Kawai, 1973.
Y<Asukawa, 1913 b; Yasukawa et.
aL. 1973); 5: Ibaragi granite

ex (Kanaya and Norit.omi,
; 6: Osaka Group (Torii,

1973; Torti et aI., 1974).
7: Himej i volcanics (Kono et
aI., 1974); 8: Pre-
fectvre (Domen. a; Domen
and Muneoka, 1973, 1974 a);
9: Cenozoic rocks of Kyushu
(Domen and Muneok.a. 1974 b);

published in scientific
ation or preprints.
thee form of the annual
Research Croup in

vol. 1974). These
stuci1e:; 'out in Japan.
ylilt. r€ference is made here to

;'Ja tional Report of the
oct of Japan (Auqust 1975)

vith \r;JT'10U9 obje.ctives have been carried out by using
:n as rst"t of CE:odynamics Project:.
lQ"" to the gcolll,agnetic field variations.

mov.ements of Japanese islands in geological
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periods.
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... ddr" Ir '....·.·IlIS r!tnr In"llnatl,," .. nor Is absent in the remanent
majJ.nt:'rlzatlllll (KNl ot I ill<" llil.lil " ..dl"",,"t. i""t ,.s In th", case of de"'p-IH:'i'l 6I:'di·-
mellt"" It i9 rht:'l .. "\In, h,d.·,j tll,1I rl. .. """ (Jf lake IH:diments may be a good ",ay
to expand the arch",nJnJij/,llet f (' r .. 'H'>lr,·h .. ",.

A kiln (llt'l"d tt", ,;tyj", "f 7th century kiln called
"N"f,0rlg,jfM ." pine Io}!;,; ", ... r.> I",n"··,j In it jmil il" ""as done in the older times.
NHl<,.ljIJna el (]'I1I,I ..... ,·,,, 11.,' I"ll'l'"rat"r.·", In viH'I""s part" of the k.lin and
tOll".! thiH ,dler abuut ItJ,<1 I"'nr", fhln,ll; the floor attained a temperature
of more th"n 700°C. "''''1I "b.,ve rb", C"rl,' p..,ints ,.f the ferromagnetic mLrH>rais
coot:llne,1 In hak"d earlh", (lrl"nr"d "'Imple;! c,'llecred from the kiln aft.er firing
wen' m.:,,,';llr ...d, nIP I ( ".lfnl a I r",m;lnt'\l[ mrijl,llel I r.at lUll (NRM) wall quite to
,,It''luatlIlK rj .. ld l.,fi d'·l\Jlqlll,.rl7<llj'"1 "rHI tl..· me,ln dlrectton of NRM I.ms abollt
1 "I'"n It'om tt,...11 ...·',·r I,", "I amld,'lll 11.>\d measured before the firing of
the Ill, Till" resllir "l"<I,,m· tll"lr arrlll<"",.';J,lwll,' ,,,,,,dts obtained from such old
kilns may h.. v,", .. v"ry hlll.h r.·] lahllltv

I........
1......1
CO

located In lj,\kurlku ,i rlet
tJere est Irnat--d 1"1 fl';'lj"" ,nll'l<

{n k I

odf>oted from old kilns
rot" the locfltlon}. of the samples

hy 01 document's. or by type of
"pan from the 2nd to 19th centuries.

lll\LdlWd from tilt's!.'! samples llre io good
!lW("'<felll J,.pHO (llirooka. H"'ln. I:">lc. Sci.

• 1971), nomen (1974 a} and nomen and
d ('I"·"I";")I,n .. ( I,' r .. ,;parches on old t iIp,. and

Tlwy ill >'If' nhc ,lined est Imatf!s of paleo
,1,0' Tludller,.· ori,ll;lnal technique.

B. REVERSALS AND FLUCTUATIONS IN THE BRUNHES POI.ARITY EPOCH

Several reports have been published in recent years concerning existence
of short·,period polarIty rever::;a.ls or excursion:;! of tl1l;' l';eomagner.1c field 1n the
Brunhes epoch (Q to Q.69 m. y.), The IllOSt detaU ",d n'ports 'lTe based on the
magnetization of Lake B11013, l>ediment core 1n which reversals or excursions
were found (Kawai et al., 1972; Yaaukawa et ai" 1973; Yosukaw3, 1973 a, b; 1974).
An example of such changes at about 26 III tn depth conespendl.ng to 49,000 y BI? 1s
shmm in Fig. II -8. Apa rt from the excursions, they suggest short duration re-
versals at about 1I0,OOO y BI? 180,000 Y aI? and 295.000 y B1' (yasukawa. 1973 b).

Ot.her evIdences of reversals were found In a sediment layer of Fukushima
Prefect\lre (Manabe. 1973), in a pyroclastic flow in the southern Kyushu (Sasaj1ma,
1973) and In the "Kas\lrj" tuff of Ollaka GrIJ\lp (Torll, 1971; Torii et al., 1974).
The t\.1l> formatiolls are dated by flssloll rnwk as 72,000-110,000 y
SP Inuzak() pyroclastic flow in Kyughu) and O,llllll.y. ("j(C1S11ri" tufn. respectively.
The reversal round in Kyushu and the Y(lun8ellt Olll:! In the l.ake Blwa may cor-
respond to the Blake event. so far found only In deelJ-sea cOt"es. It quite
uncert:aIn at this stage "'hether these and other reversals found .in the Japanese
samples truely ,,'orId-wide reversals or only excursions of the geomagnetic
field. However, it should be emphasized that these studies reveal the hitherto
poorly understood phenomena of short perind fluctuations of the geomagnetic field.

C. CENOZOIC PAI.EOMAGNfTISM

Kawai et a1. (19'73 a, b} studied the NRM of a deep-sea core, measuring
at' 1 min interval by a specIally designed astatic magnetQmeter. and found that the
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Kono et 41. (1974) investigated rhyolites and dac:f.tes of Himeji volcanics
of Cretaceous age both !?y paleomagnetic methods and by K-Ar dating. '!'he ages are
found to be around 70 H.y •• although some rocks gave younger ages because of
argon loss due to the heating by later intrusions of grsniLic rocks. After af
demagnetization. all of 33 cooling units showed reversed RH., Scatter in the
mean directions of individual cooling tmits was quite large. It seems very
difficult to explain thb llcatter by instability of NRH or by secular variation in
that period. It may represent a period of abnormally high fluctuations such a8
reversals or excursions. Kanaya and Noritomi (1974) measured a granite plutol1 of
76 and 79 m.y. and obtained well-grouped normal and reversed directions which
trend in NE-SW directions.

samples from twelve aites 1n Hokka1do and the northernmost part of the Honshu
Island. Ages of most of these rocks are given by K-Ar method as late Cretaceous
between 90 and 120 1II.y. The results show that declination of the Hokkaido rocks
is easterly (30° to 80°) 1111 accordance with the earlier interpretation of the
tectonic movements of the Japan arc put forward by Kawai et 1:11. (1971. J. Geomag.
Geoelectr •• 23. 243-248 and 267-293) that the Hokkaido Island was subjected to &
clockwise rotation in Cenozoic relative t.o the Honshu Island •

Ito and Tokieda (1974 b) also studied granites in South Korea with ages
bE'tween 70 and 160 m.y. The NRM directions in these rocks are not much different
from the axial dipole field directions at the sampling sites. Therefore. it can
be assumed that Korea (and the continent beyond) stayed essentiallly at the satne
place since Cretaceous Without appreciable rotation. while the Japanese arc was
bending and the Japan Sea "'as opening. Yasukawa (1973 c) tried to reconstruct
paleogeographic map of Japan 1n Cretaceous period from paleomagnetic data of Japan
and Korea. His result sh0fa'8 that the Northwestern Honshu should be placed south
of the Southwestern part. instead of north as WllS presumed previously. What this
meane is not clear at the present stage.
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Fig. II-B. An example of anomalous changes of d1recUoD and in-
tendty of magnet:h:at1on in the sediment core of Lake
Biwa. Smooth curves show the seven-point llIOvinS
averages, After ¥asukawa et a1. (1973).

reversals at Jaramillo-Matuyama and Matuyama-Brunhes boundaries took place quite
suddenly, say ....1th1n 1,000 years. although the overturns of inclination and
dec1inationand the minimum of NRM intensity did not take place simultaneously.
Kobayashi and Mizutan1 (1973) also studied the NRMs in deep-sea coresatad found
that the pattern of NR..'1 fluctuations in intensity is quite silllilar 1n corestakeD
a few thousand kilometers They that such fluctuations may in part
be caused by the change of strength the geomagnetic field.

Pale<Jlll.a:gnet:lsm of Cenozoic rocks on land was studied in the northern
1974 b), iEl Osaka Group (Tor11 et 41 •• 1974)', and in

U.S.A. (Tanaka and Kono.l973, 1974 .).

D. CRETACEOUS AND OLDER ROCKS

Ito and !ok1eda a) collected granodiorite and quartz diorhe

E. PALEOINTENSITIES

Kono (1974) applied the The1l1en' method to the 65 m.y.-old basalts
from DeC;fan Traps, India. Samples were selected from lavas with ferromagnetic
minerals with high Curie temperatures. which showed stability against af demagnet-
ization. The samples with reversed NBM gave paleoint.el1s1ties which quite
similar to the present value (dipole moment: S.OxIO G em ). while those corres-
ponding a R-N transition gave dipole momenta about a third of the ordinary value.
Kono (1973 b) 8U1l1Dl.8r1zed the paleointensity data obtained by the Thellier's method
from volcanic rocks of Cenozoic and upper Cretaceous ages (Fig. 11-9) and con-
cluded that the geomagnetic field intendty was essentially of the S81lle magnitude
in this period with the mean around 9 x 10 G em and Ii variable standard de-
viation. except Brunhes normal epoch when the field was about 50% stronger. The
field intensity is conside'l:1!Iibley reduced when it was reversing its polarity (Fig.
Il-9). and the fluctuation of the dipole moment seems to be well represented by a
normal distribution. Kono and Pavoni (1973) also used cine Tbellier's method on
Permian porpnylUte from Lugano area. Switzerland and obtained a paleointensity

F. ROCK KAGNETISH

It is weU known that basalts dredged frolll the deep ocean floor show,
quite cOlllll1On1y. very peculiar properties compared with volcanic rocks on land.
O:t1ma do his co-workers have been trying to explain such lIIl1gnetic properties of
dredged basalts by maghemitizat10n (low temperature oxidation) of titanomagnet1te
undeT the influence of sea "tater. They measured Curie points. lattice constants.
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oxidation paramet.ers (z) of ferromag-
d K-Ar ages of submarine 'basalts.

indicate the changes calculated assuming first
processes with various time constants.
et a1. (1974 b).

(1974 b) constructed furnace w1r.h
mixtures. The of study is to

" which 130· often the determination
NRMs and TRMs produced in the same samples.

are magnetically results

1-11:

I
••j
11

I
40

lig. II;...lO.

Sugiuraand Nagata (l973) applied magnetic methods to estimate the
nickel concentration 111 1llletallic phases of meteoritic and lunar rocks.

measured the minerals contained
and diffraction methode

carrier of in this Kimberlite.
Kobayashi and Nomura constituents in sedi-
ments taken from the bottom of the Pacific It was found are
mainly titanomagnet1te altered to titanomaghemite) and that they are stable
in the deep-sea

Fe"01 ZO-ZFlis-.n-llht··tl0J-
Z .. 1-.-1""

Tanaka and Kono
fugae1 ty control
the meehan1s1110f ""h"""i,·"l
paleo1ntensitiea
It is oftenobae
are stronger· than

discovery volcanic rock was
974) from andesitic rock erupted
formed in Bonin Islands.
was necessary to magnetically separate the sample so a.s to

"enrich" the native iron in the separation process. as far the most abundant
ferromagnetic mineral in this rock was about 35 mol %
ulvcspineL It 1abel1eved that this is the discovery of genuine native
iron in volcanic rocks, as the previous findings were concerned wir.h such objects
as trees burning under the heat of a lava or very complex system such as ophio-
lites.

tit anomagnet1tee
and by Domen

Fig. II-9.
Histograms of paleointensity
data (expressed as the magni-
tudes of virtual dipole
moments) obtained by the
The1l1ers' method. 'White
portion 1s for normal or
reversed polarity. black
for intermediate or transi-
tion period. Numbers 1n
the brackets indicate the
totalnlJmber of data.
After Kono (1973 b).
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Methods to distinguish titanomaghemites or
c measurements were proposed by Momose and

, r.:-spen1vely.

and chemical of minerals contained in natural oceanic
basaltic rocks or drilled the sea floor. All of these rocks show
that were more or less affected by low temperature oxidation process (Joshima,
1973). also measured K-Ar and Ar-Ar ages of the same rocks (Ozima et a1..
1974 a) compared them with the rock magnetic results. There is a strong
evidence that the older the ages of the rocks, the more oxidized are the ferro-
magnetic minerals 1n them (Fig. II-IO). They conclude that oxidation takes place
as a rate process of the first order and that thickness of the oxidi:z:ed layer
increases as the oceanic crust spreads· from the mid-oceanic ridges (O:dma and
Joshima, 1973; Ozima et 81 •• 1974 b).

has al so been noted ths t highly maghemi t ized minerals may show total f
self-reversal phenomena. Using a dredged basalt Sasajima and
(1974) demonstrated a case in which the separates. after

certain heat treatments. show an N-type thermomagnetic curve and hence the self-
reversal of thermoremanent magnetization (TRM). They this self-
reversal as caused by the redistribution of cat:1ons in a activated
system.
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PUBLICATIONS

Kono (1973 a) proposed II methOd to estimate the duration of volcanism
of 11 volcanic by measuring the polarity changes of HEM recorded in t.he
successive lava of such a complex. This method is based 011 the assumptions
that both the reversals and the eruption of lava flows from a volcano
can be processes with independent time constants. Bech of
these seem to be satisfied as approximations. Then. mathematical
treatments on the probability theory the estimates of duration of
volcanism ....hen the number of successive lavas and the number of reversals ob-
served ill them are given. Application to the cases where true duration 1s
lmO'WTl sho...s that this method gives indeed good estimate of the periods of vol-
canism. Keno this method to the lavas of Western Ghats of Deccan
India, and a maximum time span of about 3 m.y. This estimate la
consistent with the results of K-Ar dating aud the geological evidence concerning
'ioIith the mode of emplacement of these lavas.

G. MISCELLANEOUS

of Tanaka and Indicate that when solllples containing titanomagnetites are
heated to lJlOre 600°C in oxidizing atmospheres, a larger and magnetically
harder TRM is produced than when they are heated under reducing conditions. Such
diffe.rences in the nature of TRM seem inevitable in practical experiments. Paleo-
intensity data obtained by the Thelliers' method are therefore superior to the
data other methods, since occurrence of such chemical changes can detected
by the experimental technique.

that even wit.hout the paleointensity values. paleo-
magnetic and declination are ....hen amply well known over the
surface of the earth, suf ficient to uniquely determine the geomagnetic potential
up to a multiplicative constant (Kono. 1973 c. 1973 d). Inclination and decli-
nation data with a single value of paleointens!l:y at some points over the surface
of the earth will, then, be taken to cOQtain the complete information about tile

field. When declinat.ion only or inclination only is known. however,
" are essentially different. fields which equally well satisfy these
boundary (Kano, 1913 c. also in preparation. 1975).
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