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Petrofabric Study of a Peridotite Nodule
from Ichinomegata, Japan*

By

Gensei YOSHINO

with 26 Text-figures and 2 Plates

AssTrRACT: In a lherzolitic peridotite nodule from Ichinomegata, two or more planar structures can be
discerned as defined by the preferred location of olivine grains belonging to the different individual direc-
“tion groups as well as by the grain boundary fabric of olivine, Preferred lattice orientation of olivine in
the peridotite nodule does not always correspond with the grain boundary fabric of olivine. The fabrics
of orthopyroxene and clinopyroxene in the nodule are inconsistent with the olivine fabric. The olivine
fabric may have been developed through the deformation under dry condition, It is likely that the
lattice orientation of both pyroxenes is not related to the condition of deformation reflected on the olivine
fabric. The earlier structure developed prior to the deformation may have beén inherited in the observed
state of preferred lattice orientation of both pyroxenes.
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I. INTRODUCTION

* Peridotite nodules, accompanied by other rock inclusions, occur in basaltic lapilli
and accidental tuff breccia from Ichinomegata, Akita Prefecture. Havasu1 (1955)
described those rock fragments or nodules from Ichinomegata, and regarded the
olivine nodules as cumulates from primary basaltic magma. Kuno (1967) discussed
the chemistry and mineralogy of peridotite and garnet peridotite from Ichinomegata,
and said, “it is possible that the analyzed Ichinomegata peridotite is a residual
material of partial melting which took place in the past.” '

Though there are many references to mineralogy and geochemistry of peridotite
nodules in volcanic rocks, only a few refer to the petrofabric features (ErNnsT, 1935,
1967; TURNER, 1942; CoLLEE, 1962; BRroOTHERS and RODGERS, 1969). The pres-

* Dedicated to the late Prof. Hisashi Kuno.
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ent paper deals with the petrofabric of a perldotlte nodule collected by H. Kuno
from Ichinomegata.

Kuno (1967) has described Ichinomegata as follows: “Ichinome-gata is a circular
crater 800m in diameter lying in Oga Peninsula, Akita Prefecture, northeast Honshu.
There are three other craters of similar size in the vicinity. Ichinome-gata is sur-
rounded by deposits of basalt lapilli and accidental tuff breccia ejected from the
crater about 4000 years ago (Havasui, 1955). They are underlain by older
Miocene andesite complex. The deposits contain fragments of the andesite and of
less abundant granodiorite, gabbro, hornblende gabbro, pyroxenite, peridotite, and
garnet peridotite. The granodiorite was probably derived from the one exposed to
the northwest of the crater. The other rock fragments or nodules probably came
from deep-seated sources, because such rocks have never been observed in the sur-
rounding area.”

ACKNOWLEDGEMENTS: I wish to thank Professor George KojiMA of the Hiro-
shima University for his interst and advice in the progress of the work, and for
critical reading of the manuscript. I also wish to thank Mr. Hideo TAKAHASHI
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fabric analysis. This study has been supported in part by the Grant in Aid for
Scientific Researches from the Ministry of Education, Japan.

II. FasBrics oF PERIDOTITE NODULE
A. Mzecascopic FEATURES

The specimen of analysed nodule (HK 63111602) is about 15cm in diameter
Certain planar and linear structures are found in the nodule. These structures seem
to be defined mainly by the preferred orientation of grain boundary of olivine as
well as by the patterns of preferred location of spinel and pyroxenes in the light
olive-green olivine matrix. Grains of orthopyroxene are light brownish-green, and
spinel grains are black. There are two or more planar structures intersecting with
a common axis. Megascopically, the fabric of the specimen is approximately
orthorhombic in symmetry. According to the convention, the fabric axes @, 4, and
¢ are megascopically defined as follows:

The surface ab is parallel to the most prominent planar structure.

The axis b is the intersection of the planar structures.

The axis ¢ is normal to ab.

Opposite ends of each axis are designated as plus or minus.

Three mutually perpendicular thin sections, which are normal to the axes g, b,
and ¢, were made, designated as a, , and ¢ sections respectively (Fig. 1 and Plate 16,
Fig. 1).
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Fic. 1. Sketch showing cut surfaces of the specimen of peridotite nodule (HK 63111602).
Fabric axes are selected according to megascopic structures of the nodule. Numbers
5-1, 1, and 3 denote the positions of the 4, b, and ¢ sections respectively.

B. Microscoric FEATURES

The rock is fresh, and consists mostly of inequigranular grains of olivine and or-
thopyroxene, with small amounts of clinopyroxene and spinel. Olivine predominates
over orthopyroxene. Grain of clinopyroxene exists near, coming frequently into
contact with, grain of orthopyroxene. Serpentine minerals cannot be found.

1. Olivine

Olivine ranges from 0.2 to 5.0mm in grain diameter. In general, the grain
boundary is irregular. (010) cleavage is common, and (001) cleavage can be ob-
served in some grains. A system of fracture cleavage is frequently found and the
cleavage plane includes [100]. Undulatory extinction bands are frequently seen to
develop nearly normal to [100] (Plate 16, Fig. 2). The optic sign of olivine is
positive, and the optic axial angle is about 86°.

2. Orthopyroxene

Crystal axes of orthopyroxene are named after DEER, HOWIE, and ZussmAN (1963).
The orthopyroxene ranges from 0.1 to 40mm in grain diameter. The mineral
possesses prismatic cleavages characteristic of orthopyroxene. Such clinopyroxenes
as exsolved cannot be found in the orthopyroxene grains. Deformed grains are
frequently observed. In the deformed grains, the angle between two prismatic
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cleavages is not constant. It appears that the angle ranges from the original angle to
about 60° (Plate 16, Fig. 8). The angle varies within a single grain. It is to be
noticed that the deformed grains of orthopyroxene always show a tendency for the
(100) plane to bisect the obtuse angle between two prismatic cleavage surfaces.
Parting on (010) is common in the deformed grains. In some grains parting on
(100) is developed. The optic sign of the orthopyroxene is positive, and the optic
axial angle is 78°. The mincral is colorless in thin section, but the deformed grains
tend to show weak pleochroism of pale straw-yellow.,

3. Clinopyroxene

Clinopyroxenc ranges from 0.1 to 1.0mm is grain diameter. The grain shape is
irregular. Grains of clinopyroxene often contain minute opaque needles that show
a tendency to be oriented parallel to a certain definite direction (Plate 16, Fig. 4).
The clinopyroxene is colorless in thin section, the extinction angle (c*Z) is about
32°, the optic sign is positive, and the optic axial angle is 62°.

4. Spinel

Spinel is opaque in the thin section. Most of the grains show irregular shape.
Sometimes the cross-section of regular crystal form is found.

C. ORIENTATION PATTERNS OF OLIVINE, ORTHOPYROXENE,
AND CLINOPYROXENE ON THE THIN SECTION

Fabric analysis was carried out on the orientation of olivine, orthopyroxene, and
clinopyroxene on the @, b, and ¢ scctions. The orientation of crystal grains was
determined by measuring the directions of optic elasticity axes X, Y, and Z of each
mineral grain. The measured data were plotted on an equal-area projection from
the lower hemisphere. Three thin sections used for the fabric analysis are as
follows:

a section: GYHK 63111602(5-1)

b section: GYHK 63111602(1)

¢ section: GYHK 63111602(3)

All the sections were photographed, and the micrographs were enlarged enough in
scale to distinguish the smallest grains. Then, every grain in the selected area of
cach section was measured, numbered, and outlined (Figs. 2, 8, and 4).
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. | A (A
@ OLIVINE - GLINOPYROXENE

ﬁlﬁﬁ SPINEL

Fic. 2. Tracing of photomicrograph of Section GYHK 63111602(3).
Explanation is common to Figs. 2, 3, and 4.
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20 mm

0

F16.3. Tracing of photomicrograph of Section GYHK 63111602(5-1).
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0 : 10 20 mm

Fic. 4. Tracing of photomicrograph of Section GYHK 63111602(1).

1. Orientation patterns of olivine, orthopyroxene, and clinopyroxene on the ¢ section

a., Olivine ,

Orientation diagrams for X, Y, and Z of 211 olivine grains are shown in Fig. 5a, b,
and c. Y shows a remarkable tendency to be concentrated into two areas, each of
which consists of separate two or more maxima. The orientation pattern of Y is
neither a great circle girdle nor a small circle girdle. It seems that intersecting
incomplete girdles are combined in the orientation pattern of Y. Showing a faint
tendency to spread along a circle oriented subparallel to ab, Z is concentrated sub-
parallel to b, X is dispersed within a distinct band oriented subparallel to ac.
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F16. 5. Orientation diagrams for 211 grains of olivine
on Section GYHK 63111602(3).
a. Orientation of X. Contours 1-3-5-795 per

145 area.

b. Orientation of Y. Contours 1-3-5-7% per
194 area.

¢. Orientation of Z. Contours 1-5-10-15% per
14 arca.

There are two major X concentrations, each of which contains two or more separate
maxima, 4

b. Orthopyroxene

Orientation patterns for X, Y, and Z of 167 grains of orthopyroxene are shown in
Fig. 6a, b, and c. There is a tendency for X as well as for Z to be concentrated
into several separate maxima. The main maxima for X tend to be oriented near a
and the main maxima for Z near b. Y is concentrated into several separate maxima
occurring near c.

c. Clinopyroxene _

The distribution of X, Y, and Z of 9 clinopyroxene grains is shown in Fig. 7a, b,
and c.
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Fig. 6. Orientation diagrams for 167 grains of or-
thopyroxene on'Section GYHK 63111602(3).

a. Orientation of X. -Contours 1.2-3-595 per

194 area.

b. Orientation of Y. Contours 1.2-3% per 1%
area.

c. Orientation of Z. Contours 1.2-3-5% per
19 area. v ‘
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Fi1c. 7. Orientation diagrams for 9 grains of clinopy-
roxenc on Scction GYHK 63111602(3).
a. Plot of X,
b. Plotof Y.
c. Plotof Z.

2. Orientation patterns of olivine, orthopyroxene, and clinopyroxene on the a section

a. Olivine

Orientation diagrams for X, Y, and Z of 262 grains of olivine are shown in
Fig. 8a, b, and c. Z tends to be concentrated into a single maximum oriented
subparallel to b. X shows a tendency to be dispersed within a broad band which is
roughly perpendicular to 4. Two major X concentrations occur within the band.
Y is distributed within a broad band in which two major Y concentrations occur.
It is to be noticed that the band for Y does not coincide in attitude with the band
for X.

b. Orthopyroxene

Orientation diagrams for X, Y, and Z of 224 orthopyroxene grains are shown in
Fig. 9a, b, and c. X is concentrated into several maxima dispersed in the diagram,
and the major concentration occurs near a. Z shows a tendency to be concentrated
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Fi1c. 8. Orientation diagrams for 262 grains of olivine
on Section GYHK 63111602(5-1). -
a. Orientation of X. Contours 0.8-3-5-79% per

1% area.

b. Orientation of Y. Contours 0.8-3-5-795 per
1% area.

c. Orientation of Z.- Contours 08 5-10-15-20%

per 194 area.

into several maxima occurring along the great c1rcle be. Though Y is. concentrated
into several weak maxima, any tendency of preferred or1entat10n for Y cannot be
detected. : . :

c. Clinopyroxene
The distribution of X, Y, and Z of 25 clinopyroxene grains is shown in Fig. 10a,

b, and c.

285



Gensei YOSHINO

Fi6. 9. Orientation diagrams for 224 grains of orthopy-
roxene on Scction GYHK 63111602(5-1).
a, Oricntation of X, 0.9-2-3-444 per 195 areca.
b. Orientation of Y. 0.9-2-3% per 14 arca.
c. Orientation of Z. 0.9-2-3-49 per 1% arca.
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F1c. 10. Orientation diagrams for 25 grains of éﬂinopy-
roxene on Section GYHK 63111602(5-1). .
a. Plot of X. : :
b. Plotof Y..
c. Plotof Z.

3. Orientation patterns of olivine, orthopyroxene, and clinopiyroxene on the b section

a. Olivine

Orientation diagrams for X, Y, and Z of 807 olivine grains are shown in Fig. 11a,
b, and c. Z shows a distinct tendency to be oriented parallel to &, Each of X and
Y tends to be distributed within a band subparallel to ac. Three major concentra-
tions occur within each band. The orientation pattern for Y may be regarded as a
crossed girdle type, in which two or more intersecting girdles are combined.

b. Orthopyroxene

Orientation diagrams for X, Y, and Z of 226 grains of orthopyroxene are shown in
Fig. 12a, b, and c. X shows a tendency to be dispersed within a broad band sub-
parallel to ac, and the major X concentration within the band occurs near a. Zis
distributed within a broad girdle subparallel to &c, and the major Z concentration
occurs near b. Although Y is concentrated into several maxima, any tendency of
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a*

Fic. 11. Orientation diagrams for 307 grains of olivine

on Section GYHK 63111602(1).

a. Orientation of X. Contours 0.7-3-5-795 per
19 arca.

b. Oricntation of Y. Contours 0.7-3-5-7% per
194 area.

c. Oricntation of Z. Contours 0.7-5-10-15-18
% per 1% area.

preferred orientation of Y cannot be detected.

c. Clinopyroxene

Orientation diagrams for X, Y, and Z of 29 clinopyroxene grains are shown in
Fig. 13a, b, and c. From the diagrams it can be inferred that the crystallographic
c-axis of clinopyroxene tends to be oriented subparallel to 4 and the (010) plane sub-
parallel to be.
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Fic. 12. Orientation diagrams for 226 grlaifm of or-
thopyroxene on Section GYHK 63111602(1).
a. Orientation of X. Contours 0.9-3-5-7% per

19 area.
b. Orientation of Y. Contours 0.9-2-3-49% per
- 19 area.
¢. Orientation of Z. Contours 0.9-3-5-6% per
1% area.
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F10. 13. Orientation diagrams for 29 grains of clinopy-

roxene on Section GYHK 63111602(1).

a. Orientation of X. Contours 3.4-6.9-10.3-
13.8% per 195 area.

b. Oricntation of Y. Contours 3.4-6.9-10.3-
13.8-17.2% per 1% arca,

¢. Orientation of Z. Contours 3.4-6.9-10.3-
13.8-17.29% per 1% arca,

D. OuiviNe, ORTHOPYROXENE, AND CLINOPYROXENE FABRICS IN PeriomiTE.NopUuLE

1, Olivine fabric in peridotite nodule

Judging from the orientation patterns for olivine on these three sections, the
nodule is fairly homogeneous with respect to the lattice orientation of olivine.
There is a remarkable tendency for Z of olivine to be oriented subparallel to 4. X
and Y of olivine tend to lie on ac. Two major X concentrations and two major Y
concentrations occur in the olivine orientation diagrams for each of the a and ¢
sections. In the olivine orientation diagrams for the b section occur three major X
concentrations and three major Y concentrations. In the olivine orientation dia-
grams for each section it is found that one of the major X concentrations lies at
about 90° to one of the major Y concentrations. In the diagrams for each of the a
and ¢ sections, there are two pairs of such major X and Y concentrations as are about
90° apart. Three pairs occur in the diagrams for the b section. Each pair of the

290



Petrofabric Study of a Peridotite Nodule from Ichinomegata, Japan

major X and Y concentrations may form an orientation pattern for each of different
direction groups of olivine grains. In this connection, the sole Z maximum in the
olivine orientation diagrams for each of the a, b, and ¢ sections should be regarded
as consisting of two or more Z concentrations corresponding respectively to the
orientation patterns for the different direction groups of olivine grains. Accordingly,
these pairs of the major X, Y, and Z concentrations in the orientation diagrams of
olivine are designated as Xy, Yy, and Z;; X3, Yz, and Zz; and X3, Y3, and Zs. In
the diagrams for each section, the girdle pattern of X does not coincide in orientation
with that of Y, and the girdle pattern of Y, which is more distinct than that of X,
seems to be a crossed girdle pattern consisting of two or more intersecting girdles.
Then, it seems that the lattice orientation pattern of olivine in the nodule has
monoclinic symmetry and the single symmetry plane is subparallel to-bc. It is likely
that the peridotite nodule contains two or more different direction groups of olivine
grains.

2. Orthopyroxene fabric in peridotite nodule

Judging from the orthopyroxene orientation patterns for the g, b, and ¢ sections, it
can be inferred that the lattice orientation of orthopyroxene is rather homogeneous
through the nodule. In general, the orthopyroxene shows the tendencies for X to
be distributed in a broad band oriented subparallel to ac and ‘for Z in a broad band
subparallel to bc. Major X concentrations occur near g, and major Z concentrations
near b. Although the diagram for Y shows several weak maxima, no preference can
be found. The lattice orientation patterns of orthopyroxene suggest that most
orthopyroxene grains show the tendencies for the (010) plane to lie on bc and for the
crystallographic c-axis to be oriented roughly parallel to 4. - '

3. Clinopyroxene fabric in peridotite nodule

9 orientation data from the ¢ section and 25 data from the a section are rotated on -
the ac plane, and they are combined with 29 orientation data on the & section.
Then, the orientation diagrams for X, Y, and Z of 63 clinopyroxene grains are made.
They are shown in Fig. l4a, b, and c. Major Y concentrations occur near a, and
~ major Z concentrations around b. The orientation patterens for both Y and Z of
clinopyroxene suggest that the clinopyroxene shows the tendencies for the (010)
plane to be oriented parallel to bc and for the crystallographic c-axis roughly parallel
to b.

4, Mutual geometric relationships of olivine, orthopyroxene, and clinopyroxene fabrics in peridolile nodule

Orthopyroxene and clinopyroxene show common tendencies for the (010) plane to
lic on bc and for the crystallographic c-axis to be oriented roughly parallel to &.
Although in respect to the lattice orientation pattern the clinopyroxenc in this nodule
has a resemblance to clinopyroxenes described in other tectonites (KojiMa and HIDE,
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Fic. 14. Collective orientation diagrams for 63 grains
of clinopyroxene in peridotite nodule. 9 grains
from c-section; 25 grains from a-section; 29
grains on b-section.
a, Orientation of X. Contours 1.6-3.2-4.8-6.3
% per 19 area.
b. Orientation of Y. Contours 1.6-3.2-4.8-6.3-
7.9% per 19 area.
c. Orientation of Z. Contours 1.6-3.2-4.8-6.3-
7.9% per 1% area.

1957; YosHiNo, 1961, 1964), clinopyroxenes in those tectonites show the tendencies
for the (010) plane to be oriented parallel to ab and for the crystallographic c-axis
parallel to the fabric axis 6. It may be assumed that a certain s-surface oriented
subparallel to bc and a certain linear structure subparallel to b are defined statistically
by the lattice orientation patterns of the clinopyroxene and the orthopyroxene in the
nodule. Though the linear structure oriented subparallel to & may be defined
statistically by the lattice orientation patterns of the olivine in the nodule, the fabric
defined by the lattice orientation of olivine seems to be incompatible with the fabric
dcfined by the lattice orientation of both pyroxenes in the nodule.

E. AXIAL-DISTRIBUTION-ANALYsIS FOR [001] or OLiviNE

As mentioned in the preceding pages the nodule seems to consist of two or more
different direction groups of olivine grains, Two or more major concentrations
occur on each of the orientation diagrams for X and Y of olivine, and more than
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one X-Y girdle can be perceived on the orientation diagrams for each of the a, b,
and ¢ sections. In general, however, the major concentration areas are more distinct
in the Y pattern than the X pattern. Accordingly, spatial distribution of olivine
grains belonging to different individual direction groups was examined by the axial-
distribution-analysis for Y of olivine.

1. Axial-distribution-analysis for [001] of olivine on the ¢

section

Two major Y concentrations, designated
as Yi(c) and Ya(c), occur in the orientation
pattern of Y for 211 olivine grains (Fig. 5b).
The orientation diagram for Y is divided
into three areas representing respective
direction groups, designated as Gi(c), Gz(c),
and Gsa(c). These direction groups are
shown in Fig. 15. Gi(c) includes olivine
grains whose Y axes lie within a small circle
having the radius of 33° at Y1(c), and Gz(c)
those with Y axes within a small circle
having the radius of 33° at Ya(c). The
number of grains belonging to each of these
direction groups is as follows:

N>

71
.

N
<
7l

=0 d
= S

3

F16. 15. Division of Fig. 5b into three direc-
tion groups.

Fic. 16. Orientation diagrams for olivine grains belonging to the individual direction
groups, Gy(c) and Gy(c), on Section GYHK 63111602(3). Broken great circle
is drawn perpendicular to the center of Z maximum.

a. Orientation diagram for 74 grains belonging to G,(c).

Contours: X, 2.7-10-20%5 (full lines); Z, 2.7-10-20-30-40% (dotted lines).
b. Orientation diagram for 100 grains belonging to G,(¢).

Contours: X, 2-5-10-15% (full lines); Z, 2-5-10-15-20% (dotted lines).
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Gl(c) 74
Gz(c) 100
Ga(e) 87

The diagrams for Gi(c) and G;(c) arec shown in Fig. 16a and b. Each diagram
contains both the orientation patterns for X and Z. There is a distinct tendency for
Z to be concentrated into a single maximum. X is also concentrated into a distinct
arca. In these diagrams, respective Y orientation areas for the two groups, G;(c) and
Ga(c), are represented by broken small circles, that is, Yi(c) and Y(c), and cach
broken great circle is drawn perpendicular to the center of the Z maximum. Two
areas of X concentration for the groups, Gi(¢) and Gz(c), coincide respectively with
two major X concentrations, Xi(c) and Xz(c), in the collective diagram for 211

O "
Fic. 17. Axial distribution diagram for olivine on Section GYHK 63111602(3).

Each grain is shaded to correspond to one of the direction groups of
Fig. 15.

20 mm
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olivine grains (Fig. 5a). Two Z maxima for the groups, Gi(c) and G,(c), must
correspond with the supposed Z concentrations, Zi(c) and Zj(c), respectively. The
center of the Z maximum for the group G;(c) and that for the group G(c) are
about 23° apart. Spatial distribution of olivine grains belonging to the individual
direction groups, G1(c), Gz(c), and Gs(c), on the ¢ section is shown in Fig. 17. Each
grain is shaded to correspond to one of the direction groups in Fig. 15. Fig. 17
brings out the tendency for the olivine grains belonging to each of the direction
groups, G1(c) and G;(c), to be mutually associated in somewhat laminated domain.

2. Axial-distribution-analysis for [001] of olivine on the a section

The orientation pattern for Y of 262 olivine grains has two major Y concentra-
tions, that is, Y;(a) and Yz(a) (Fig. 8b). The pattern is arbitrarily divided into three
areas, each representing respective direction groups, namely, Gi(a), Gz(a), and G3(a)
(Fig. 18). Gj(a) contains olivine grains whose Y axes are oriented within a small
circle having the radius of 25° at Y;(a), and G3(a) those with Y axes within a small
circle having the radius of 17° at Y,(a). The number of grains belonging to the re-
spective direction groups is as follows:

Gl(a) 83
Gz(a) 40
Gi(@) 139

The orientation diagrams for the respective direction groups, Gi(a) and Gz(a), are
shown in Fig. 19a and b. Each diagram consists of orientation patterns for both X
and Z. In these diagrams, there is a tendency for each of X and Z to be con-
centrated into a single maximum. Orientation areas of Y for the direction groups
G1(a) and Gz(a) are represented respectively by broken small circles Y1(z) and Y;(a),
and each broken great circle is drawn perpendicular to the center of the Z maximum.
Two X maxima for the groups G1(a) and G:(a) coincide respectively with two major

c+

Fio. 18, Division of Fig. 8b into three direction groups.
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Fic. 19. Oricntation diagrams for olivine grains belonging to the individual direction
groups, Gy(a) and Gj(a), on Scction GYHK 63111602(5-1). Broken great circle
is drawn perpendicular to the center of Z maximum,

a. Orientation diagram for 83 grains belonging to G, (a).

Contours: X, 2.4-10-20% (full lincs); Z, 2.4-10-20-30-37% (dotted lines).
b. Oricntation diagram for 40 grains belonging to G,(a).

Contours: X, 5-15-25-35%4 (full lines); Z, 5-10-20-30-40% (dotted lines).

X concentrations Xi(a) and X;(a) in the collective diagram for 262 olivine grains
(Fig. 8a). Z maxima for the groups Gi(a) and G;(a) must correspond to the
supposed Z concentrations Zy(a) and Zz(a) respectively. The center of the Z maxi-
mum for the group G,(a) and that for the group G2(a) are about 138° apart. Spatial
distribution of olivine grains belonging to the individual direction groups, Gi(a),
Gz(a), and Gs(a), on the a section is shown in Fig. 20. Each grain is shaded to
correspound to one of the direction groups of Fig. 18. It is readily seen that the
olivine grains belonging to the individual direction groups show the tendency to be
mutually associated in somewhat laminated domain developed subparallel to 5.

3. dxial-distribution-analysis for [001] of olivine on the b section

Three major Y concentrations, designated as Y;(b), Y2(b), and Y3(b), occur in the
orientation pattern for Y of 807 olivine grains (Fig. 11b). As shown in the preced-
ing pages, two or more girdles can be detected to be combined in the fabric pattern
for Y. First, the orientation patterns for X and Z of olivine which has Y concen-
trated into each of Y;(b), Y2(b), and Y3(b) arc examined. The major Y concentra-
tions in Fig. 11b are arbitrarily divided into three areas representing respective
direction groups, I, II, and III, as shown in Fig. 21. Group I contains olivine grains
whose Y axes lie within a small circle having the radius of 25° at Y1(6). Group II
includes grains whose Y axes lie in the elongated area II, and group III those with
Y axes in the elongated area IIl in Fig. 21.  The number of grains belonging to the
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respective direction groups is as follows:

Group I 98
Group II 54
Group III 51

(o] 10 , 20 mm

. |

Fic. 20. Axial distribution diagram for olivine on Section GYHK 63111602(5-1).
Each grain is shaded to correspond to one of the direction groups of Fig. 18.

o'lv

. Fic. 21. Division of Y maxima of Fig. 11b into three
a \ direction groups.
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Three composite orientation diagrams for these three direction groups, I, II, and
III, are shown in Fig. 22a, b, and c. There can be seen tendencies for Z to be
concentrated into a distinct single maximum and for X to be distributed in somewhat
clongated arca. That is common to all the diagrams for groups I, II, and III. In
these diagrams, the orientation areas for Y with respect to the different direction
groups, 1, II, and 111, are represented by Y1(8), Y2(8), and Y3(b), respectively. Three
X maxima for groups I, II, and III correspond respectively to three major X con-
centrations, X;1(0), X2(b), and X;3(b), in the collective diagram for X of 307 olivine
grains. Three Z maxima for these three groups, I, II, and III, must correspond to
the supposed Z concentrations, Z;(b), Zz(b), and Z3(b), respectively. The center
of Z maximum for group II and that for group III are about 25° apart. The center
of Z maximum for group I lies between them. It is to be noticed that three well-
defined Z maxima for groups I, II, and III tend to lie on the surface subparallel to ab.

F16. 22, Orientation diagrams for olivine grains be-
longing to the individual dircction groups, I, II,
and III, on Section GYHK '63111602(1).
a. Oricntation diagram for 98 grains belonging
to group I,
Contours: X, 2-10-20-23% (full lines); Z,
2-10-20-30-38% (dotted lines).
b. Orientation diagram for 54 grains belonging
to group II.
Contours: X, 3.7-10-20-22% (full lines);
Z, 3.7-10-20-30-33% (dotted lines).
c. Orientation diagram for 51 grains belonging
to group III.
Contours: X, 3.9-10-20-24% (full linecs);
c Z, 3.9-10-20-30-35% (dotted lines).
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The lattice orientation pattern for each of the groups I, II, and III has orthorhombic
symmetry. The symmetry of the total orientation patterns for olivine grains on the
b section is monoclinic, and the single sym- ‘
metry plane is oriented subparallel to be.
Then, the orientation diagram for Y axes
of 307 olivine grains on the b section is
arbitrarily divided into four areas represen-
ting different direction groups, G1(b), G2(b),
Gs3(b), and Gy(), as shown in Fig. 23.
. The number of grains belonging to the re-
spective direction groups is as follows:

Gi(®) 105
G,(b) 8l
Gs() 60
Gi(b) 61

FiG. 23. Division of Fig. 11b into four di-
The spatial distribution of olivine grains rection groups.

belonging to the individual direction groups
is shown in Fig. 24. Each grain is shaded to correspond to one of the direction
groups. )

Every part of olivine domains in the nodule is composed, in general, of two or
three different direction groups. Although the symmetry of the total lattice orienta-
tion pattern of olivine in the nodule is monoclinic, the olivine grains belonging to
the individual direction groups tend to show the preferred orientation of or-
thorhombic symmetry and to be mutually associated in somewhat laminated domains
in the nodule. Occurring close to b, the concentration of Z for the individual direc-
tion groups tends to disperse on the surface subparallel to ab.
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Fic. 24. Axial distribution diagram for olivine on Section GYHK 63111602(1)
shaded to correspond to the oricntations similarly shaded in Fig. 23.
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‘III. EvVoLUTION OF THE FABRIC

Enstatite tends to occur as aggregates in the olive-green olivine matrix of the nod-
ule. Spatial distribution of the enstatite aggregates was examined on the cut surfaces
parallel to ab, bc, and ac of the specimen (Plate 17). On the faces ab and bc, locally
concentrated aggregates of enstatite grains tend to run parallel to b, forming irregular
shapes. Some of the enstatite aggregates form sharply outlined streaks running
parallel to b. Elongated domains of enstatite grains are locally bent by indistinctly
laminated strain-slip structure intersecting a, b, and ¢ obliquely, and are frequently
cut by the slip surfaces. The pattern of distribution of enstatite aggregates on the
face ac is rather complicated. Though scarcely lengthened, dark colored fine streaks
of enstatite aggregates can be seen in places to run parallel to a on this face. The
enstatite aggregates tend to form groups of indefinite bands which are extended
nearly perpendicular to the face ac. In such groups can be seen several elongate
aggregates arranged zigzag. Some of the folded aggregates scem to be connected.

Such megascopic features on the faces ab, bc, and ac are well correlated with the
mlcroscopxc features on the ¢, a, and b sections.

The pattern of spatial distribution of enstatite grains is conformable with that of
olivine grains belonging to the different individual direction groups and with the
pattern of preferred orientation of grain boundaries of olivine. These patterns
reveal several s-surfaces; namely, the surface S; defined by the banding of local
concentration of enstatite grains, the surface S; coinciding with ab, the conjugate
surfaces, Sz and S3, symmetrically inclined to bc, and the surface S; intersecting
obliquely a, b, and ¢ (Fig. 25). The surface S, seems to intersect such an earlier
foliation S; as is defined by compositional
layering. The conjugate s-surfaces, Sz and
Ss, may cut S;. S; showing features of
laminated strain-slip structure may be
younger than S; and Ss. The enstatite ag-
gregates as observed now in the nodule ap-
pear to be segments of disrupted laminae
which have originated from enstatite-rich
layers. It can be seen that Sz, Si, and the
conjugate surfaces, S; and S;, intersect one
another in the common axis coinciding with
b. The three major Y concentrations,
Yi(8), Yz2(b), and Y;(b), observed in the
lattice orientation patterns of olivine on the T 25. nog:;:‘l’la“a‘ St“’““"es in peridotite
b section seem to be related to Si, Ss, and S;
respectively. On the b section, S; can be correlated with the preferred lattice
orientation of the olivine grains belonging to the group I. The preferred lattice
orientation of the olivine grains belonging to the group II and that of the olivine
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grains belonging to the group III on the b section can be regarded as related to
Sz and Sj respectively. The two major Y concentrations in the orientation patterns
of olivine for each of the a and ¢ sections can be regarded as related to any of
S1, Sz, and Ss;. Judging from the observed state of preferred lattice orientation
of olivine grains, the olivine grains in the nodule seem to show the tendency for
the (001) plane to be oriented subparallel to s-surface, the development of which is
closely related to the development of the preferred lattice orientation of those
grains,

The single concentration of [100], in the total orientation pattern of olivine
grains, coincides nearly with 4, that appearing to define the statistical linear structure
subparallel to . The [100] maximum in the olivine orientation pattern for the
individual direction group tends to disperse on the surface subparallel to ab. That
may define a statistical s-surface subparallel to ab. BROTHERs (1959, 1964) discussed
the fabric patterns developed from crystal orientation of early formed olivine grains
by magma flow. Such structures as have been imposed upon the Ichinomegata
peridotite nodule appear unlikely to have resulted from rotation of inequant crystals
during gravity settling in magma, but it is highly probable that such fabrics as Sy,
Sz, S3, and S; observed in the Ichinomegata peridotite nodule have been evolved
through deformation and recrystallization in a solid state. Sy, Sz, S5, and S; may
have been formed during a single broad phase of deformation.

As mentioned in the preceding pages, the fabrics of orthopyroxene and clinopy-
roxene in the nodule are inconsistent with the olivine fabric. A statistical s-surface,
coinciding roughly with bc, seems to be defined by the observed preferred orientation
of both pyroxenes. Most of the orthopyroxene grains have been distorted, but such
distorted features can scarsely be found in olivine grains. From the consideration
of the character of preferred orientation of both pyroxenes and the spatial distribu-
tion of orthopyroxene aggregates in the nodule, such a statistical s-surface as is
defined by the preferred orientation of both pyroxenes seems to be an inherited
structure. The statistical s-surface defined by the preferred orientation of (010)
of each pyroxene may have coincided with S; defined by the compositional layering.
It is likely that S coinciding with ab intersected Sy nearly at right angles. It is
conceivable that the earlier state of preferred orientation of (010) of each pyroxene
has hardly been obliterated through the deformation by which such fabrics as Sy,
Sz, S3, and S; have been imposed on the peridotite nodule. The crystallographic
c-axis of each pyroxene may have been oriented parallel to a definite direction on
St.

Concerned with the pattern of movement in the deformation, the olivine fabrics
will be examined again in detail. The consistent preference in the lattice orientation
pattern of olivine grains belonging to every direction group is represented by
orthorhombic symmetry, but the symmetry of the total orientation pattern for all the
olivine grains in the nodule is monoclinic. The single plane of symmetry is sub-
parallel to bc. Strictly speaking, if the lattice orientation patterns for olivine are
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considered with reference to the Sy, Sz, and S; structures, the total fabric of olivine
of the nodule must be regarded as triclinic. This triclinic feature can well be seen
on the b section. The three major [001] concentrations, Y1(6), Y2(b), and Y3(b),
in the orientation pattern for Y of olivine on the & section seem to have occurred
through the deformation involving the development of the Sy, Sz, and S structures,
and three statistical s-surfaces may be also defined by the preferred orientation of the
(001) plane of olivine. Such statistical s-surfaces do not always coincide with the
planar s-surfaces defined by the preferred location of olivine grains belonging to
each direction group as well as by the grain boundary fabric of olivine. Centers of
' Y1(6), Y2(8), and Ys(b) in the orientation
patterns for olivine on the b section deviate
from the poles of Sy, Sz, and S; respectively.
Therefore, designated as Sy, S/, and S3/,
three statistical s-surfaces which are respec-
tively normal to the centers of Y1(b), Y2(b),
and Y3(b) are defined. With reference to a,

b, and ¢, the two sets of the s-surfaces are
shown in Fig. 26. It is shown that the
statistical s-surfaces, Sy, S»/, and Sy, must
be rotated clockwise through the angles of
22°, 81°, and 27° about the axes, Ry, Ra,
and Rj, respectively, to bring them into
coincidence with the planar structures, Si,
Sz, and Ss.  While the set of Si, Sz, and Ss
has orthorhombic symmetry, the set of Sy’, Sz, and S35’ has monoclinic symmetry.
The lattice orientation patterns of olivine on the & section have a single symmetry
plane perpendicular to the center of Xi(4). Judging from the close geometrical
relationship between the set of S, Sz, and Ss, and the set of Sy, S¢’, and S’ on the
b section, the triclinic symmetry of the olivine fabrics in the nodule cannot be
infered to imply asymmetric overprinting of one set of s-surfaces upon the other set
of s-surfaces. Development of triclinic tectonites was discussed by KojiMa and HipE
(1958), and TurNER and WEIss (1963). The movement picture in the evolution
of olivine fabrics of the Ichinomegata peridotite nodule seems to include at least two
components; one is the orthorhombic movement picture reflected on the preferred
location of the olivine grains belonging to the different individual direction groups
as well as on the grain boundary fabrics of olivine, and the other is the monoclinic
movement picture reflected on the preferred lattice orientation of olivine.

A number of orientation diagrams for minerals of peridotite nodules as well as
those of peridotites of other geologic settings have been recorded, and orienting
processes of peridotite minerals have been discussed (ErNst, 1935, 1967; TURNER,
1942; FAIRBAIRN, 1949; PavurrtscH, 1953; LADURNER, 1954; BATTEY, 1960;
Yosumno, 1961, 1964; Corrie, 1962; Ave'LALLEMANT, 1967; LappiN, 1967;

Fic. 26. Two sets of s-surfaces in peridotite
nodule.

303



Gensei YosHINO

BroTHERS and RoDGERS, 1969; DEN TEX, 1969). Corrte (1962) studied lherzolite
nodules from Dreiser Weiher, Germany and from the Chaine des Puys in Auvergne,
France. He concluded that the lherzolite nodule from Auvergne is a secondary
tectonite, the fabric of which can be explained as a result of rotation of pre-de-
formational fabric of the type observed in the sample from Dreiser Weiher. Judg-
ing from the total fabric, the peridotite nodule from Ichinomegata scems to differ
from the lherzolite nodules studied by CoLLEE. BRrRoTHERs and Ropcers (1969)
noted that five orientation rules can be recognized for olivine in the ultramafic
nodules from Auckland and that the enstatite fabric in the nodules shows no con-
sistent relationship to the olivine fabric. AVE’LALLEMANT (1967) carricd out the
fabric analysis of lherzolites from the lherzolite-containing zone near Vicdessos,
Aridge, France. According to him, the lherzolites of the zone have been folded
isoclinally, and the axial-plane cleavage is almost always parallel to the compositional
layering. He concluded that the orientation of olivine is directly dependent on the
pre-Alpine axial-plane cleavage and only indirectly related to the layering and that
the orientation patterns for X, Y, and Z of enstatite are in complete accordance
respectively with the orientation of X, Y, and Z of olivine. Furthermore, he noticed
that X, Y, and Z of diopside tend to be oriented respectively parallel to X, Y, and
Z of olivine. The olivine fabrics of the lherzolites of that zone were divided by
him into two types with a series of transition. Although the orientation patterns
for X, Y, and Z of olivine of the lherzolitic peridotite nodule from Ichinomegata
have a resemblance to those of olivine of the sample L-88 of harzburgitic lherzolite
(AVE’'LALLEMANT) from the Etang de Lers, the peridotite nodule from Ichinome-
gata, in respect to the total fabric, does not correspond to any one of many lherzolite
samples described by AVE'LALLEMANT. The fabric of the ultramafic mass in the
Higashiakaishiyama district, Japan, has been analyzed by Yosuino (1961, 1964).
Fresh specimens of massive dunite from the district consist almost entirely of equant
grains of olivine, usually containing subordinate amounts of chromite and blade-
shaped serpentine mineral. The olivine of the massive peridotite of Higashiakaishi-
yama shows the tendencies for the (010) plane to lic on a certain surface coinciding
roughly with the compositional layering and for the [001] to be oriented parallel
to a definite direction. Lattice orientation patterns of clinopyroxene in the clinopy-
roxene-bearing rocks occurring within the Higashiakaishiyama ultramafic mass bring
out the tendencies for the (010) plane of clinopyroxene to lic on the surface coincid-
ing roughly with the compositional layering and for the crystallographic c-axis of
clinopyroxene to be oriented parallel to the definite direction coinciding with the
(0017 concentration in the olivine fabric patterns. In the Higashiakaishiyama
ultramafic mass, the clinopyroxene fabric seems to be consistent with the olivine
fabric. Yosuino (1961, 1964) concluded that recrystallization or neocrystallization
proceeding in a hydrous body under a tectonic condition must have been responsible
for the development of the observed state of olivine fabric in the Higashiakaishiyama -
ultramafic mass. The fabric of olivine of the Ichinomegata peridotite nodule is
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different from that of the Higashiakaishiyama massive peridotite. It appears that
the orienting process related to the observed olivine fabric in the Ichinomegata
peridotite nodule differs from the orienting process related to the olivine fabric in
the Higashiakaishiyama peridotite. The difference may be attributed to the differ-
ence in physicochemical conditions as well as in the rate of deformation. Judging
from the fact that the lattice orientation of olivine in the peridotite nodule is not
always consistent with the grain boundary fabric, the development of the olivine
fabric seems to have been accompanied by grain deformation. It is to be noted that
serpentine mineral can hardly be found in the peridotite nodule. The observed
fabric of olivine in the Ichinomegata peridotite nodule may have evolved under
dry condition.

Recently, deformation experiments have been carried out on the peridotite
minerals, and slip systems and deformation structures in the crystals of olivine,
enstatite, and diopside have been discussed in detail (GRiGes, TURNER, and HEARD,
1960; TurNER, HEARD, and Grices, 1960; BorG and HANDIN, 1966; RALEIGH
and TaLBor, 1967; RALEIGH, 1967, 1968; Younc, 1969; CARTER and AVE’LAL-
LEMANT, 1970). Kams (1956) discussed on the preferred orientation developed
through crystallization under nonhydrostatic stress from the thermodynamic point
of view. AVE’'LALLEMANT and CARTER (1970) discussed textures and fabrics pro-
duced by syntectonic recrystallization of olivine in dunite and in olivine powder.
It is difficult, however, to infer the state of stress influenced the structural evolution
of the Ichinomegata peridotite nodule. The set of i, Sz, and S3 has three mutually
perpendicular symmetry planes, ab, bc, and ac. Therefore, the symmetry of stress
system related to the development of the set of S;, S; and S; is orthorhombic.
The greatest stress axis and the least stress axis would be parallel to ¢ and & res-
pectively. The statistical s-surfaces, Sy, Sz, and Ss’, however, must have deviated,
respectively, from S;, Sz, and S; through rotation, and, consequently, the symmetry
of the set of Sy, S2’, and S; must have become monoclinic. Formations of the
orthorhombic fabric (S;, Sz, and S;) and the monoclinic fabric (S, S/, and S3")
have been followed by the development of the strain-slip structure, Sy, intersecting
a, b, and ¢ obliquely.

The following history of deformation can be drawn for the Ichinomegata lherzoli-
tic peridotite nodule from the results of petrofabric studies.

1. The carlier phase

Aggregates of orthopyroxene, clinopyroxene, and spinel would have occurred as
parallel layers (Sz) in the matrix of olivine aggregate. Both pyroxenes show com-
mon tendencies for the (010) plane to lie parallel to the surface of compositional
layering and for the crystallographic c-axis to be oriented parallel to a definite direc-
tion which defines a statistical linear structure on the surface of layers. The
crystallographic a-axis of olivine shows the tendency to be oriented parallel to the
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linear structure. These fabrics would have been developed as the result of flow
through the earlier phase.

2. Thelater deformation

In the later phase, the rock has been influenced by the stress system with the
greatest stress axis oriented roughly parallel to the earlier layers and normal to the
carlier linear structure. Defining ab, the foliation (S;) parallel to the earlier lineation
has been developed approximately normal to the greatest stress axis. Simultancously
with the development of §), conjugate s-surfaces, S; and Ss, have been formed,
symmetrically intersecting S; in a common axis defining . Such deformation, ac-
companied by grain deformation and recrystallization, has been imposed on the
fabric of the earlier phase, rcpresented by the preferred location of different direc-
tion groups of olivine and by the grain boundary fabric of the mineral. Closely
related to the deveclopment of Sy, Sz, and Ss, the preferred lattice orientation of
olivine has evolved. The statistical s-surfaces, Sy, Sy, and S3’, related respectively
to Sy, Sz, and S3, have been defined by the preferred orientation of the (001) plane
of olivine belonging to the different individual direction groups. Sy, Su’, and Sy’
have deviated respectively from Sy, Sz, and S; through rotation, and the symmetry
of the set of Sy, Sy, and S;’ has become monoclinic. Formations of the or-
thorhombic fabric (S1, Sz, and S3) and the monoclinic fabric (Sy’, Sz, and Sy’) have
been followed by the development of the strain-slip structure S intersecting a, b, and
¢ obliquely. Grains of both pyroxenes have been partly distorted, and their lattice
orientation has hardly been influenced in response to the condition of the later de-
formatiton. The preferred lattice orientation of both pyroxenes survives as inherited
structure. - The deformation of this phase has proceeded under dry condition.

The history of deformation as outlined above implies that the peridotite nodule
has been translated and rotated under the stress condition, that giving support to
Kuno’s opinion (Kuno, 1967). This peridotite nodule can be regarded as a frag-
ment of the upper mantle material, and the fabric of the rock would have evolved
through the flow within the upper mantle.

SuciMurA and UveDA (1967) discussed the anisotropy in the upper mantle undcr
the island arcs. If the information on the attitude of olivine fabrics in the upper
mantle under the Ichinomegata area is obtained, the pattern of movement and the
state of stress of this part will be clarified. VERMA (1960) measured elastic wave
velocities in the crystallographic directions of olivine, and the compressional wave
velocities were reported to be 9.87, 7.78, and 8.65km/sec in the (1007, [010], and
[001] directions respectively. KAWAHARA, Suzuki, Kumazawa, KoBayasHi, and
Iipa (1968) showed that the anisotropism for the P-wave in the Horoman dunite
from Hidaka-zone, Hokkaido, is closely related to the preferred orientation of olivine
in the dunite. The anisotropic fabric defined by the lattice orientation of olivine
in the Ichinomegata peridotite nodule should be reflected on the anisotropy with
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respect to the compressional wave velocity in the peridotite. Therefore, factual data
on the anisotropy for seismic wave velocities in the upper mantle under the Japanese
island arc are required for the discussion on this problem.
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EXPLANATION OF PLATE XVI

Fic. 1. Cut surfaces of the specimen of analysed peridotite nodule (HK 63111602).

Fic. 2. Photomicrograph of olivine. Thin section No. GYHK 63111602(5-1); nicols
crossed.

Fic. 3. Photomicrograph of olivine and orthopyroxene: Thin section No. GYHK
63111602(1); lower nicol only. Ol: olivine; Opx: orthopyroxene.

Fic. 4. Photomicrograph of olivine, orthopyroxene, and clinopyroxene. Thin section-
No. GYHK 63111602(5-1); nicols crossed. Ol: olivine; Opx: orthopyroxene;
Cpx: clinopyroxene.
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ExpPLANATION OF PLATE XVII

Part of the specimen of analysed peridotite nodule.
A. Three cut surfaces.
B. Original surface.
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