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Abstract: Quartz microtextures of the Tsuji nappe with the Tsuji overturned fold in the Sambagawa belt,
eastern Shikoku, have been analyzed to understand the movement picture of the Sambagawa schists which
were exhumed into shallower tectonic postion. The stress picture related to the formation of the Tsun
overturned fold has been clarified from deformation lamellae in quartz.
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. Introduction

The geological structure of the Sambagawa schists in
Shikoku is characterized by nappes produced throughout
the three different deformations, pre—QOzu phase pile
nappes, Tsuji stage pile nappes of the Ozu phase and Ozu
stage pile nappes of the Ozu phase: The pre—Ozu phase
pile nappes are the primary structure which is explained

TSUJI FOLD
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.in term of two way streets model (cf. Suppe,1972) such as
the coupling of the exhuming units (=previously subcret-
ed units) with the newly subcreted unit and appears to
have been produced at the depth of larger than ca.4kb
(Hara et al.,1992; Hara, 1993). This primary structure is
a pile nappe structure consisting of the Saruta unit
(Saruta nappe II and I), Fuyunose unit (Fuyunose nappe),

Sogauchi unit [Sogauchi nappe containing the
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Fig. 1.

Geological profile of the Tsuji nappe with the Tsuji overturned fold of the Tsuji district [compiled from the data

of Shiota (1981), Hara et al.(1992) and the present authors].
FU: Fuyunose unit (Tsuji basic schist), MZ: mixing zone, SQ: siliceous schist in which quartz microtextures have
been studied in this paper, 1: basic schist, 2: siliceous schist, 3: pelitic schist
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Fig. 2. Distribution of the Fuyunose unit in central—cast-
ern Shikoku and its division based on the types of
retrograde growth path of amphibole in hema-
tite—bearing basic schist. '

1: crossite—barroisite—winchite—actinolite path
zone, 2: crossite—winchite—actinolite path zone.
FN: Fuyunose nappe, IMZ: Inouchi melange zone,
solid cilces: localities of the field data, S—9 and
45EAY —1: localities of the borehole data.

Fig.3. Localities of samples with (solid circles) and with-
out (open star) T—direction and orientation of
T—direction plotted on a profile of the Tsuji
overturned fold for the siliceous schist shown in Fig.
1. A, B, C, D and E: localities of samples for the data

" of Figs. 4, 5,6, 79 and 10. For fuller explanation
see the Text.

Myoga - Sasagamine - Sogauchi - Toyosaka subunit (ST
subunit), Kuma — Aguigawa— Takayabu—Kainayama—
Kashidaira subunit (KAT subunit) and Nakayama-—
Nekosako—Okuohta—Mibuch subunit (NOM subunit)]
and Oboke unit (Oboke nappe II and 1) in descending
order of structural level, which coincides with the
younging order of subcretion. The Ozu phase pile
nappes are the secondary structure which consists of
nappes produced by the collapse of the primary structure
in the shallow depth of less than ca.4kb and by the
deformation probably referred to the horizontal ductile
extension of the shallow part of accretionary wedge
after Platt (1987) (Hara, 1993). The secondary structure
consists of the Inouchi melange zone and its overlying
Tsuji nappe in eastern Shikoku, Ojoin melange zone in
central Shikoku and Terano—Isozu nappe and

Saredani—Kabayama—Izushi nappe in  western

Shikoku. The Inouchi melange zone and Ojoin melange
zone are of the Tsuji stage and remaining others are of
the Ozu stage. The Tsuji nappe as the secondary
structure is characterized by an overturened fold with
southward closure (Tsuji overturned fold) (Fig. 1)

(Shiota, 1980; Hara et al,1992). Microtextures of
quartz such as shape fabric, c—axis fabric and defor-
mation lamellae and pressure shadows of the Tsuji

overturned fold in the Tsuji district will be discribed and

discussed in this paper, clarifying palaco—stress and

movement picture related to the formation of this fold
and the Tsuji nappe.
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II. Description of Quartz Microtextures and
‘Palaeo—Stress Analysis

A. Tsuji Stage

The Inouchi melange zone and the lower part of the
Tsuji nappe are the mixing zones of the Saruta unit
(biotite zone schists) and Fuyunose unit (garnet zone
schists) (Hara et al.,1992; Shiota et al.,in preparation).

Fig. 1 illustrates a profile of the Tsuji overturned fold
overlying the Inouchi melange zone. The Tsuji fold
consists of two parts, mixing zone in the lower part and
Fuyunose unit in the upper part. The Fuyunose unit of
the upper part consists mainly of basic schist (Tsuji basic
schist) of great thickness and extent (Fig. 2). Thus the
Tsuji nappe appears to have initially been a member of
the Inouchi melange zone and to be a secondary nappe
produced in the upper part of the initial Inouchi melange
zone. The retrograde growth history of amphibole in
hematite—bearing basic schist involved in the fold
belongs to three types after Hara et al.(1988,1990),
glaucophane—crossite—winchite—actinolite path and
glaucophane—crossite —barroisite —winchite —actinolite
path for the Fuyunose unit and hornblende—barrois-
ite—actinolite path for the Saruta unit (Fig. 2) (Hara et
al.,,1992). But the basic schist of the mixing zone (lower
part) involved in the fold of the Tsuji district shows the
glaucophane—crossite —barroisite —winchite —actinolite
path for the Fuyunose unit, while the Tsuji basic schist
(upper part) shows as a whole the glaucophane—cross-
ite—winchite—actinolite path, showing that the latter
path of the Tsuji basic schist is in direct contact with the
hornblende—barroisite—actinolite path in the mixing
zone (Hara et al.1992). The Tsuji basic schist is de-

veloped with great thickness and extent from the Tsuji -

district to the Kamojima district (Fig. 2). It is divided
into two zones with reference to retrograde growth
history of amphibole in hematite—bearing basic schist,
crossite—winchite—actinolite path zone and crossite—
barroisite—winchite—actinolite path zone, as shown in
Fig. 2. The latter path zone is developed in great
thickness in the Kamojima district, though that is almost
absent in the Tsuji district, being developed only as
small lenses in the mixing zone, (Hara et al,1992).
Thus it has been said that, just after the formation (Tsuji
stage deformation) of the mixing zone with the Tsuji
basic schist and of the Inouchi melange zone, the Tsuji
folding occurred with an overturned fashion.

The W—B boundary between the crossite—winc-
hite—actinolite path zone and the crossite—barrois-
ite—winchite—actinolite path zone in the Tsuji basic
schist (Fuyunose unit) is placed just on the east of the

Tsuji district, as shown in Fig. 2 (Hara et al.,1992). The '

Fuyunose unit of the primary structure in eastern
Shikoku, which underlies the Inouchi melange zone, is
found only in some localities, though it is developed in
great extent in central Shikoku, as shown in Fig.2.
This figure also illustrates the locality of the W—B
boundary in the Fuyunose unit of the primary struc-

ture. The locality of the W—B boundary of theTsuji
basic schist is away by great distance from that of the
Fuyunose unit of the primary structure. From this fact
it has been assumed by Hara et al.(1992) that the Tsuji
basic schist, together with the Inouchi melange zone
schists, was displaced toward the north from the
Fuyunose unit of the primary structure during the Tsuji
stage.

B. Ozu Stage

Microtextures of quartz of the Tsuji fold in the Tsuji
district was analyzed in a siliceous schist layer shown in
Fig. 1. The Tsuji fold of this siliceous schist is well
observed in a large outcrp along the River Yoshino just
on the west of Minoda—oohashi. Fifteen specimens to
analyze quartz microtextures were collected from se-
lected positions on a cross section of the fold as shown in
Fig. 3. Quartz fabric data of these specimens will be
shown in the following paragraphs.

The preferred shape orientation of quartz in the fold
was measured on thin sections (B—section) normal to
the fold axis. Its data for the hinge are illustrated in
Fig. 4, showing that the long axes of quartz grains are
preferably oriented parallel to the axial plane, i.e.
defining the axial plane schistosity of the Tsuji fold.

Analogous pattern of shape orientation was also found
in some positions in the hinge zone and limbs. For
example, Fig. 5 illustrates the shape orientation of
quartz in a position on the limb. The direction of
preferred orientation in this figure also defines the axial
plane schistosity (T direction) of the Tsuji fold. How-
ever, quartz grains in some other positions are pref-
erably oriented parallel or subparallel to the bedding
schistosity (B direction) but not to the T direction,. as
shown in Fig. 6, or show such complicated shape
orientation as illustrated in Fig. 7. In quartz grains
with the complicated shape fabrics are observed pro-
cesses in which the B direction fabric was modified into
the T direction fabric, showing that their shape fabrics
in some parts of a thin section are characterized only by
the T direction maximum but these in some others
remain still fairly strong B direction maximum. The
orientation pattern of the T direction in the Tsuji fold is
schematically shown by Fig. 3. It is clear that the T
direction is comparable with the principal axis X of
strain in buckle fold (cf. Hara & Shimamoto,(1984). As
observed on the B—section from the hinge, quartz grains
are preferably oriented normal to the bedding schistosity
and parallel to the axial plane, showing the marked T
direction maximum (Fig. 4). This figure also illustrates
the shape fabric observed on thin section (C—section)
parallel to the bedding schistosity: The long axes of
quartz grains are preferably oriented parallel to the fold
axis and their aspect ratios are essentially the same as
these on the B—section. From Fig. 4, therefore, it would
be said that many quartz grains in the hinge ap-
proximate to oblate shape with the shortest axis normal
to the axial plane, showing their aspect ratios around
2.5. Fig. 6 also shows that quartz grains with the
marked B direction maximum as observed on the
B—section are strongly elongated parallel to mineral
lineation (Lm) defined by preferred shape orientation of



700

AR
75

S0 r

25

00

Sachiyo SEKI et al

a) oo

s

50

00

b) “180°

AR

75

50r

00

a) 180

50r

10

00

a) 180°

Q2r

90°

ANG

10

Fig. 5.

Fig. 6.

Fig. 4. Shape fabric data of quartz in the

hinge (locality D).

a) data from B—section. AR: as-
pect ratio, ANG: angle between the
bedding schistosity (Sby) and the
long axis of quartz (Lq). b) data
from C—section. ANG: angle be-
tween Lm and Lq. For fuller ex-
planation see the Text.

Shape fabric data of quartz on the
limb (locality A).

a) data (T—direction maximum)
from B—section. AR: aspect ratio, -
ANG: angle between Sb; and Lq.
b) data from A—section. X: Lq, Z:
short axis of quartz (Ls). For
fuller explanation see the Text.

Shape fabric data of quartz on the
limb (locality B).

a) data (B—direction maximum)
from B—section. AR: aspect ratio,
ANG:angle between Sby and Lq. b)
data from A—section. X: Lq, Z:
Ls. For fuller explanation see the
Text.
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Fig. 7. Shape fabric data of quartz on the limb (locality C). The rose diagrams show great variation of Lq orientation

ina B—section. A—1I: localities of the data.

amphibole as observed on thin section (A—section)
parallel to Lm and normal to the bedding schistosity.
The aspect ratios for many quartz grains on the A—sec-
tion are larger than 10 with the maximum aspect ratio of
35. Opaque minerals with euhedral—like and granular
shapes are found in the specimen of Fig. 6, accompany-
ing pressure shadows with feather quartz. Fig. 8 il-
lustrates that quartz fringes forming pressure shadows is
continuous with matrix quartz. As observed on the
C—section, the elongation directions of pressure sha-
dows and matrix quartz are parallel to Lm (Fig. 8).
Large quartz grains, whose lengths parallel to Lm are
between 5mm and 10mm, are frequently found in the
specimens with the marked B direction maximum as
shown in Fig. 6.. Such large grains are not found in the
specimens with only the T direction maximum (Fig. 5),
showing that these are modified into small grains pro-
duced by dynamic recrystallization. Thus it would be
said that the quartz shape fabric characterized by strong
elongation parallel to Lm predated the Tsuji folding.

Fig. 9 illustrates the c—axis fabrics of quartz for two

Frequency is given by number of grain.

specimens from the limb and for two specimens from the
hinge. The c—axis fabric of Fig. 9—b is for the
specimen with the marked B direction maximum (Fig.
6). It is characterized by type I crossed girdle. The
c—axis fabric of Fig. 9—a is for the specimen with the
marked T direction maximum (Fig. 5), which has been
collected from the limb. It is characterized by a broad
girdle normal to Lm. But in this diagram c—axes are
highly dispersed. The fabric pattern of Fig. 9—b .is
quite harmonic with the strain picture assumed from the
shape fabric and orientation pattern of the pressure
shadows. The c—axis fabrics for the specimens from
the hinge are illustrated in Fig. 9—c and d, showing that,
in spite of preferred orientation of grain shapes (Fig. 4),
c—axes are randomly dispersed on the diagrams. Thus
it would be said that the degree of preferred orientation
of c—axes decreases with progress of modification of
the B direction shape fabric (fabric of pre—T'suji folding
phase) into the T direction shape fabric (fabric of Tsuji
folding phase).

Some quartz grains in both limb and hinge have
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Fig. 8. Pressure shadows with quartz fringes as observed on C—section (a) and A —section (b).

Fig. 9. c—axis fabrics of quartz
for specimens from lo-
calities A, B and D. D
and D’: data for two spec-
imens from the locality D.
solid straight line: Sby,
center of diagram: nor-
mal to the fold axis.
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deformation lamellae. Fig. 10 illustrates the crystal-
lographic location of these lamellae as measured as
angle between c—axis and lamellae pole in individual
grains, showing a marked maximum between 5 and 15°

From this figure it would be said that the lamellae are
roughly referred to the type of subbasal I after Ave-
Lallemant and Carter (1971). Fig. 11 is the diagram
showing the orientation pattern of a partial great circle
between the c—axis (tail) and lamellae pole (arrow head)
of individual grains. These diagrams are for the arrow
method of the palaeco—stress analysis, in which the tail
and the arrow head are closer to the compression axis
and to the tension axis respectively (cf. Cater et al., 1964;
Heard & Carter, 1968). The data for each diagram of
Fig. 11 were measured and synthesized from three
sections which are oriented normal to each other. The
compressive stress axis and tensional stress axis as-
sumed from these data are also plotted in this figure.

As is obvious in Fig. 9—c and d, c—axes of quartz
grains in the hinge are randomly dispersed, showing no
unique fabric pattern. Thus, the assumed orientation
directions of the compressive stress axis and tensional
stress axis are considered to be available. From Fig. 11,
therefore, it would be said that the trajectories of the
compressive stress axis and tensional stress axis

Fig. 10.

20+

101

0 20 40 60 Lo

Crystallographic location of deformation lamellae
in quartz.

Lo: angle between c—axis of grain hosting la-
mellae and pole to the lamellae, F: Frequency is
given by number of grain.

Fig. 11. Palaeo—stress analysis of the Tsuji fold based on deformation lamellae in quartz.
arrow heads: lamellae pole, solid circles: c—axis of grain hosting lamellae, solid straight line: Sb,, dashed line:
T—direction, A, D and E: data for specimens from localities A, D and E respectively. SD: orientation of
compressive stress axis and tensional stress axis assumed from the data A, D and E. solid lines: trajectory of
compressive stress axis in the Tsuji fold, AP: axial plane of the Tsuji fold.
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throughout the Tsuji fold are oriented normal to its axial
plane and normal to its fold axis respectively. Such the
stress picture assumed from the lamellar fabric must be
for the Tsuji folding and is harmonic with the shape of
the Tsuji fold which shows a southward clouse. Thus it
would be assumed that the deformation related to the
formation of the Tsuji fold and so Tsuji nappe was of a
southward vergence. The stress picture for the de-
formation lamellae is not harmonic with the c¢c—axis
fabric on the limb (Fig. 9—b) and the orientation pattern
of pressure shadows, showing that the latter types
fabrics predated the Tsuji folding and were produced
during the Tsuji stage deformation, which was responsi-
ble for the formation of mixing zone of garnet zone
schists and biotite zone schists.
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