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Microtectonic evidence for eastward ductile shear in the Jurassic orogen 
of SW Japan 
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Abs t rac t - -Two Jurassic deformat ion phases are responsible for the thrust  and nappe structures in the infra- 
structure of  the outer  belt of  the Mesozoic chain of SW Japan.  The first phase was synmetamorphic ,  and took 
place under  HP/LT conditions. Microtectonic analysis shows that the penetrat ive deformat ion corresponded to 
a ductile shear  directed from W to E, parallel to the stretching and mineral  lineation. At the regional scale the 
first phase corresponded to the obduction ef  the Greenschis t  nappes  upon the Kurosegawa continent.  During the 
second phase the Greenschist  nappes  were sliced, leading to an apparent  reverse metamorphic  zoning. The first 
phase structures were then locally reworked by folds giving rise to an apparent  westwards sense of shear. 

INTRODUCTION 

THE PRESENT island arc of Japan is overprinted upon a 
polyorogenic chain formed during three orogenic cycles. 
From younger to older these are: the early Tertiary 
Shimanto orogeny, the late Jurassic orogeny, partly 
similar to the early stages of the Sakawa Orogeny of 
Kobayashi (1941) and the late Paleozoic Akiyoshi 
Orogeny. 

The late Jurassic orogeny, discussed in this paper, 
affects all SW Japan except its southernmost part or 
Shimanto zone, whose structure was caused by the 
Shimanto orogeny. It is divided into outer and inner 
belts (respectively on the Pacific Ocean and Japan Sea 
sides) by the Median Tectonic Line (MTL) a polyphase 
strike-slip fault whose earlier left-lateral motion occur- 
red in Middle Cretaceous time (Ichikawa 1980, fig. 1). 
The outer belt is classically divided into parallel zones 
bounded by late faults (e.g. Kimura 1973, Tanaka & 
Nozawa 1977). 

The dominant tectonic style, however, is tangential ,  a 

term used in this paper for a tectonic style in which 
horizontal displacements predominate over vertical 
ones, and characterized by flat-lying thrusts and nappes. 
For this reason, the Jurassic chain is better divided into 
superstructure and infrastructure (Faure 1984). The 
infrastructure is characterized by polyphase tectono- 
metamorphism. Though the HP/MT Sanbagawa meta- 
morphism is world famous (e.g. Miyashiro 1961, Iwasaki 
1963, Banno 1964, Ernst et al. 1970), the related defor- 
mation structures were studied by Hide et al. (1956), 
Hide (1961, 1972), Kawachi (1968), Hara et al. (1977), 
Takasu & Makino (1980), Research Group of the San- 
bagawa Belt (1981), Shiota (1981) and Toriumi (1982). 
However the nature of the tectonic movement during 
the main phase of metamorphism has only been studied 
recently (Faure 1982). This paper aims to describe the 
ductile deformation and to link it with the large-scale 

* Present  address: Depar tment  of Earth Sciences, Kyoiku-gakubu,  
Tokushima University; 77(1Tokushima. Japan.  

thrusting of oceanic sediments; and thus to provide a 
new example showing that plurikilometric tangential 
structures can be reliably understood by microstructural 
analysis. 

THE GEOLOGICAL FRAMEWORK 

Four paleogeographic domains defined in Shikoku 
island (Faure 1984) (Figs. 2 and 3), form the outer belt of 
the Jurassic orogen. 
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Fig. 1. General  situation of the outer  belt of  SW Japan.  The 
Kurosegawa zone and the Sanbosan zone are grouped together.  MTL, 

Median Tectonic Line. 
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Fig. 2. Structural map of Shikoku. (a,b) Greenschist nappes; (a) highly metamorphic Mt. Kotsu nappe; (b) epimetamorphic 
Shozanji nappe. (c)-(e) Kurosegawa continent; (c) Oboke sandstone rich unit; (d) superficial nappe (Middle Jurassic 
olistostrome); (e) Kurosegawa zone (crustal rocks); (f) Sanbosan zone, late Jurassic flysch; (g) unconformable Neocomian 
deposits: (h) average Lt with eastward sense of shear: T, Triassic. (a)-(c) Infrastructure; (d)-(f) superstructure: MTL, 

Median Tectonic Line. 

A superficial nappe 

This consists of a middle Jurassic olistostrome thrust 
up southwards from the north of the MTL, during late 
Jurassic time (Faure & Charvet 1983). 

The Greenschist  nappes 

These are composed of pelitic schist, radiolarite and 
basic schist. Conodonts from calcschist associated with 
basic schist provide late Triassic ages (Matsuda 1978), 
and the upper part of the sedimentary pile probably 
reaches the middle Jurassic in view of findings of ill 
preserved radiolaria (Suyari et al. 1982). The basic and 
ultramafic rocks have been regarded as ophiolites; but it 
is now established that the igneous rock-types (pillow 
lava, diabase, gabbro and rare ultramafic rocks) are 
olistoliths enclosed in green sediments: shale, breccia 
and sandstone containing reworked gabbroic minerals 
(Iwasaki 1979). Pretectonic ophiolitic detritus occurs at 
the present day in a variety of environments: rifts, 
marginal seas, fracture zones or ridges like the Goringe 
bank, where it has been observed in situ (Lagabrielle et 
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Fig. 3. Schematic cross-section of the outer part of the Jurassic orogen 
at the scale of the crust, omitting Tertiary granites. (a) Kurosegawa 
basemen/, deformed near the nappe contact; (b) Greenschist nappes 
(undifferentiated); (c) superficial nappe; (d) unconformable Neoco- 
mian deposits; (e) Late Jurassic Sanbosan flysch and Cretaceous North 

Shimanto flysch. Stipple tone, mantle. 

al. 1982). An intraoceanic sedimentary environment is 
therefore tentatively proposed for the Greenschist 
nappes. 

The Kurosegawa basement  

This crops out along a post Cretaceous strike-slip fault 
called the Kurosegawa tectonic zone (Ichikawa et al. 
1956, Hada et al. 1979, Maruyama 1981). Because ser- 
pentinite associated with 400 Ma metamorphic rocks 
acts as a soft medium and wraps around the other rocks, 
the Kurosegawa tectonic zone is often seen as a ser- 
pentinite m61ange. The lithologic succession before the 
strike-slip movement  can be reconstructed. It comprises 
Devonian granitoids. Paleozoic metamorphic rocks and 
sediments unconformably covered by Triassic and Juras- 
sic shallow-water sediments. These rocks represent frag- 
ments of a microcontinent underlying the Greenschist 
nappes, and are referred to here as the Kurosegawa 
basement. Northwards, an early Jurassic sandstone-  
mudstone formation includes olistoliths of Paleozoic 
rocks derived from the Kurosegawa basement,  and of 
late Triassic radiolarites and basic schist similar to the 
formations of the Greenschist nappes (Fig. 4). This 
formation, called the Ultra-Kurosegawa zone (Faure 
1984), is interpreted as a transitional domain between 
the Greenschist nappes and the underlying Kurosegawa 
basement. In Central and Eastern Shikoku, the 
Greenschist nappes have been thrust onto the Oboke 
Unit, which consists of pelitic schist; sandstone with 
zircon, tourmaline, and apatite; and conglomerate with 
pebbles of acid lava and granite. Undated chert and 
basic schist are also present as olistoliths. From facies 
similarities, the Oboke Unit is interpreted as a north- 
ward metamorphosed and deformed extension of the 
Ultra-Kurosegawa zone. According to Kojima (1973) 
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Fig. 4. Structural map of Eastern Shikoku. (a) Mt. Kotsu nappe; (b) Shozanji nappe; (c) Oboke unit; (d) superficial nappe; 
(e) olistoliths of Late Paleozoic basic rocks: (f) serpentinite; (g) Kurosegawa granites; (h) Kurosegawa Paleozoic sediments: 
(i) detrital Triassic sediments (Tc) upon the Kurosegawa rocks; (j) Late Jurassic Sanbosan flysch; (k) Late Paleozoic 
Kurosegawa rocks (P) reworked into the flysch: (I) Triassic olistoliths (Tm); (m) shallow water Neocomian sandstone and 
conglomerate; (n) Cretaceous Shimanto zone south of the BTL; (o) first phase stretching lineation (L I ) parallel to the 
maximum extension axis X. Numbers are the maximum extension in %, K is the Flinn parameter. Extension values are from 
radiolarians; K < 1, K > 1 are deduced from pressure shadows along Yaxis; (p) thrust. MTL, Median Tectonic Line; BTL, 

Butsuzo Tectonic Line. 

the s e d i m e n t o l o g y  of  the  c o n g l o m e r a t e s  shows tha t  they  
were  supp l i ed  f rom a sou the rn  area .  This  hypo thes i s  fits 
with the  seismic da t a  ( K i m u r a  & O k a n o  1980) suppor t -  
ing the ex is tence  of  a crust  of sialic type  south  of  the 
MTL.  

The South Kurosegawa basin or Sanbosan zone 

This is made  of  m idd l e - l a t e  Jurass ic  flysch inc luding  
late  Pa leozo ic  and  ear ly  Mesozo ic  ol is tol i ths .  The  San- 
bosan  zone  is b o u n d e d  to the south  by  a faul t :  the  
Butsuzo  Tec ton ic  Line.  T o g e t h e r  with the  C r e t a c e o u s  
flyschs of  the  S h i m a n t o  zone ,  the  S a n b o s a n  zone  and the 
faul t  are  u n c o n f o r m a b l y  cove red  by N e o c o m i a n  sha l low 
wa te r  depos i t s .  

The  superf ic ia l  n a p p e ,  the K u r o s e g a w a  b a s e m e n t ,  
and  the South  K u r o s e g a w a  zone  be long  to the  
supe r s t ruc tu re  whi le  the  Greensch i s t  n a p p e s  and the 
O b o k e  Uni t  be long  to the  in f ras t ruc ture .  The  s t ruc ture  
of  the  Jurass ic  o rogen  is due  to two tangent ia l  t ec ton ic  
phases  fo l lowed  by a phase  of  upr igh t  fo ld ing  as 
de sc r ibed  be low.  Dur ing  the first phase ,  p r e sen t  on ly  in 
the  in f ras t ruc tu re ,  the  Greensch i s t  n a p p e s  were  thrus t  
e a s twa rds  upon  the K u r o s e g a w a  con t inen t  unde r  duc-  
t i le,  s y n m e t a m o r p h i c  cond i t ions .  D u r i n g  the second  
phase ,  in late Jurass ic  t ime ,  the  midd l e  Jurass ic  
o l i s t o s t rome  (which lacks the  f i rs t -phase  d e f o r m a t i o n  
s t ruc tures )  was thrus t  into the  supe r s t ruc tu re  and  the 
in f ras t ruc tu re  was r e w o r k e d  u n d e r  m o r e  superf ic ial  con-  
di t ions .  

T H E  P O L Y P H A S E  D E F O R M A T I O N  O F  T H E  
I N F R A S T R U C T U R E  

The inf ras t ruc ture  suf fered  f rom y o u n g e r  to o l d e r  the  
fo l lowing br i t t le  and  duct i le  de fo rma t ions .  

Paleocene faulting 

This has not  been  s tud ied  in deta i l .  Two d i rec t ions ,  
N E - S W  and S S W - N N E ,  of  s t r ike-s l ip  faults  are  recog-  
n ized.  T h e i r  le f t - la te ra l  mo t ion  is r e l a t ed  to the br i t t le  
d e f o r m a t i o n  s tages  of  the  M T L  ( I ch ikawa  1980). 

Cretaceous upright folding 

This  th i rd  phase  of  fo ld ing  is r e spons ib le  for  the 
k i l ome t r e - s ca l e  an t i fo rms  and synforms  (F3 folds) ,  
t r end ing  E - W  (N80°E-N110°E) .  A t  the  ou t c rop  scale,  
the  F~ folds b e a r  a subver t ica l  f a n - sha pe d  c renu la t ion  
c leavage .  A c c o r d i n g  to H a r a  et al. (1977), the  F~ folds 
a re  a r r a n g e d  in a l e f t - ha nde d ,  en -6che lon  d i spos i t ion ,  
p r o b a b l y  r e l a t ed  to the le f t - la te ra l  mot ion  a long the 

M T L .  

The second phase or folding 

This  is cha rac t e r i zed  by a symmet r i c  folds (F2) with 
gent ly  d ipp ing  axial  p lanes  and axes t r end ing  N90°E - 
N120°E,  with a f a n - sha pe d  c renu la t ion  c leavage  (Fig. 5). 
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Fig. 5. Schematic cross section of the basal thrust of the Mt. Kotsu 
nappe (second phase) in Eastern Shikoku (location in Fig. 4). (a)-(c) 
Mt. Kotsu nappe; (a) pelitic schist; (b) basic schist; (c) radiolarites. (d 
and e) Shozanji nappe; (d) pelitic schist; (e) basic schist. Adjacent to 
the thrust zone, drag folds invert both the foliation and the first phase 
E-directed rotational criteria, producing apparent westward asym- 

metry. 
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Fig. 6. Cross-section of the infrastructure in Central Shikoku (location in Fig. 7). (a) Oboke unit: (b) Shozanji nappc. (c)-(e) 

Mt. Kotsu nappe; (c) garnet zone; (d) biotite zone; (e) serpentinite bodies. M T L  Median Tectonic Line. 

Statistically they show a southward apparent overturn- 
ing, and where recrystallization is not so intense, for 
instance in the southernmost part of the Greenschist 
nappes, graded bedding allows determination of a south- 
ward facing for the second phase. It is uncertain, how- 
ever, whether or not the rocks were already inverted 
during the first phase. This second phase is responsible 
for two main nappe structures (Figs. 2 and 4). In the 
superstructure there is the emplacement of the Middle 
Jurassic olistostrome. In the infrastructure there is the 
slicing of the first-phase Greenschist nappe into two 
units, causing the apparent metamorphic inversion. 
These units are (a) the Mt. Kotsu nappe, with biotite- 
garnet schist, glaucophane schist and amphibolite, which 
has been thrust upon (b) the Shozanji nappe, made up of 
low-grade pelitic schist and pumpellyite-actinolite basic 
schist. The contact zone of approximately 500 m thick- 
ness is marked by flat lying brittle shear zones and drag 
folds showing a southward displacement well observed 
in Eastern Shikoku (Faure 1983) (Fig. 5). In Central 
Shikoku, the existence of large-scale second-phase 
recumbent folds has been assumed based on the asym- 
metry of microfolds (Hide et al. 1956, Hide 1972, 
Kawachi 1968, Ernst et al. 1970) and reverse metamor- 
phic zoning (Banno et al. 1978). This model has been 

extended westwards (Hide 1972) and eastwards (Hara et 
al. 1977, Shiota 1981). But it has been recently ques- 
tioned in Central Shikoku by Takasu & Makino (1980), 
who state that there is no evidence for the recumbent 
folding, all the rocks belong to the same sedimentary 
sequence, and the biotite crystallization is related to a 
kind of contact metamorphism caused by the mafic 
masses, which they regard as intrusions. The locations of 
the recumbent syncline and anticline axes differ for each 
author. The second-phase structures can be better 
explained as in Eastern Shikoku, by a stacking of thrust 
nappes, each including rocks of different metamorphic 
grade, separated by shear zones parallel to the foliation 
(Figs. 6 and 7). 

The first phase o f  deformation 

This was contemporaneous with the HP/MT San- 
bagawa metamorphism and produced conspicuous pene- 
trative microstructures such as foliation, lineation, and 
folds, described below. At the regional scale, two kinds 
of tangential contacts are attributed to the first phase. 
Inside the Mt. Kotsu nappe, there are several ductile 
shear zones, containing mylonitized serpentinite pods 
and actinolite nodules. As there is no metamorphic gap 
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Fig. 7. Structural map of the infrastructure in Central Shikoku. (a) Oboke sandstone unit. (b) Shozanji nappe (epimetamor- 
phic schist). (c)-(f) Mt. Kotsu high grade schist: (c) garnet zone; (d) biotite zone; (e) amphibolite bodies: (f) serpentinitc 
bodies: (g) L~ lineations. Each location represents average of about 15 field observations, numbers arc the plunge, arrows 

show the sense of rotation. MTL, Median Tectonic Line. 
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across the contact and the first-phase microstructures 
are observed on both sides of the shear zone, they are 
attributed to the first phase, but a late reworking is also 
possible. Moreover, as the serpentinites are olistoliths, 
they provide a lithological discontinuity with the sedi- 
ments, promoting further slip and fluid circulation. 

The contact between the Oboke unit and the Shozanji 
nappe is not always clearly observed, as the rocks are of 
the same metamorphic grade on both sides; but it is 
marked in Eastern and Central Shikoku by crushed 
zones with intense microfolding and quartz veins. There 
also, a late reworking is likely. The three phases (F~, F~ 
and F~) of folds are nearly homoaxial and do not allow a 
sharp phase separation using the trend of the microfolds. 
The homoaxiality can be explained by the anisotropy 
created by the first phase lineation, which created an 
easier deformation direction for the following deforma- 
tion phases. 

THE SANBAGAWA METAMORPHISM 

The Sanbagawa metamorphism has long been studied 
by means of isograd mapping and considerations of 
phase transitions and P/T conditions (e.g. Miyashiro 
1961, Iwasaki 1963, Banno 1964, Ernst et al. 1970, 
Higashino 1975, Banno et al. 1978). The Sanbagawa 
metamorphism is of plurifacial high-pressure inter- 
mediate-temperature type, but with atypical features; 
for instance the HP phases such as jadeite + quartz, 
lawsonite and aragonite are lacking and the 
glaucophane-schist outcrops are geographically limited. 
From the study of mineral associations in pelitic schist. 
the chlorite, garnet and biotite zones are defined for the 
prograde stages of metamorphism (Higashino 1975). 
The prograde stage is afterwards followed by a retrogres- 
sive one marked by chlorite and actinolite crystallization 
(Fig. 8). The mafic and ultramafic masses included in the 
pelitic schist show a more complex history (Yokoyama 
1980). Before the Sanbagawa metamorphism, some 
masses suffered a granulitic metamorphism at about 
750°C, 5-10 kbar. Then during the Sanbagawa 
metamorphism they reached the amphibolite facies, and 
even in some areas the eclogite field with estimated P/T 
conditions about 600°C, 8 kbar. 
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Fig. 8. P T path of pelitic rocks (stippled line) and ultramafic rocks 
(boxes): moditied from Yokoyama 1980. 

THE FIRST-PHASE MICROSTRUCTURES 

The first-phase microstructures are the foliation 
(S0-1), the lineation (L~) and the isoclinal folds (F1). 
They are conspicuous in the infrastructure and in con- 
trast to the second- and third-phase features, they are 
penetrative from the scale of the thin section to the 
regional one. 

Foliation and lineation 

The foliation is the main reference surface, and in the 
Mr. Kotsu nappe is marked by the preferred orientation 
of phyllosilicates and quartzo-feldspathic ribbons. In the 
low metamorphic grade area, sedimentary structures 
are commonly preserved. Thus, S0-1 corresponds to a 
bedding-foliation surface. S0_1 bears a conspicuous L1 
lineation defined by mineral preferred orientation 
(L lm) ,  stretching lineation (Lie) and fold axes (L10. The 
L1 general trend is around N70°E-N100°E, that is to say 
E-W on average (Figs. 4 and 7). However some notice- 
able deviations occur, especially in highly folded areas of 
limited extent, proba.bly related to curviplanar folds. 
Lira corresponds to crystallization or recrystallization of 
minerals as such as amphibole and tourmaline needles, 
albite porphyroblasts, and quartz and chlorite fibres in 
pressure shadows. Elongate structures (L~.) formed by 
by ductile or brittle deformation mechanisms are con- 
spicuously visible at all scales. At the hand sample and 
outcrop scale, they include for example elongate pillow- 
structures and vesicles in law~. prolate pebbles in breccia 
and stilpnomelane boudins in basic schist. In thin-section 
brittle features include pull-apart structures and com- 
minution of strain-resistant minerals such as garnet, 
tourmaline, amphibole, epidote, piedmontite and 
pyroxene, as reported by Toriumi (1982). Stretching due 
to ductile strain is observed in quartz grains in sandstone, 
vesicles in lava, radiolaria in chert and quartz ribbons in 
highly metamorphosed rocks. Fold axes, crenulations, 
and microwrinkles parallel to 1~,~, strengthen the linear 
fabric. Generally, the rock fabric is S > L, but L > S 
tectonites, produced by a high concentration of fold 
hinges or prolate pebbles, occur locally. 

Folding 

The folds related to the first deformation phase are 
divided into three groups based on their geometry. The 
Fla fold-type is the most common. They are metric to 
millimetric isoclinal folds observed in all kinds of rocks 
(Fig. 9). The Fib type is more scanty, but always 
associated with the Fla type, and is common in quartz- 
schist, calc-schist and glaucophane-epidote schist. They 
present the classical eye or mushroom-shaped sections 
characteristic of sheath folds (e.g. Carreras et al. 1977, 
Quinquis etal .  1978, Faure & Malavieille 1980, Mattauer 
et al. 1981) (Figs. 10 and 15). Indeed, the F], and Fib 

types are probably two different aspects of the same fold 
style, but this cannot be verified where three-dimen- 
sional exposures are lacking. The F~,, fold-type occurs 
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Fig. 9. lsoclinal F~ fold refolded by F2 fold, marked by quartz veins in 
pelitic schist (stippled). Such folds are common in pelitic schists but 

seldom observed because of a lack of appropriate markers  

only in well-banded pelitic schist. They are curviplanar 
folds, as shown by curved axes and the wide scattering of 
axes and intersection lineations in the S0_~ plane (Figs. 11 
and 15), while the L~ lineation keeps the same E - W  
trend. The S0_~ planes appear to have behaved as a 
shear-plane, at least in the late stages of the first phase. 
According to experiments (Cobbold & Quinquis 1980), 
and other natural examples (e.g. Carreras e t  a l .  1977, 
Faure & Malavieille 1980), sheath and curviplanar folds 
are formed in ductile shear zones during progressive 
simple shear. In the case of F~ fold type, it seems that a 
more complex mechanism occurred involving discon- 
tinuous slip on the S0_~ surface. These features suggest 
that the F~ folds were probably formed during a shear 
deformation. This hypothesis will be tested by the 
analysis of the strain ellipsoid and the deformation 
regime. 

S t r a i n  e l l i p s o i d  

The principal strain axes ( X >  Y >  Z) are qualitatively 
related to rock fabric, following Flinn. The maximum 
flattening plane X Y  corresponds to S~_~ and the 
maximum extension axis X is parallel to Lj.  This does 
not fit with the previous statement that S~_~ acted also 

Fig. 
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10. Serial cross sections of sheath folds (Ftl,) in epidote 
glaucophane schist. Mt. Kotsu nappe, SE of Mt. Kotsu. 
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Fig. 11. Schematic block diagram of FI~ curviplanar folds (cf. Fig. 14). 
During shear, the axes are progressively reoriented parallel to the 
stretching lineation, L. The diagram shows thc scattering of axes 
within the schistosity plane (50 measurements,  Oboke Unit, Omiko). 

locally as a shear plane during the formation of the F]<. 
folds. But the slip along S ~  probably occurred in the last 
stages of the first phase, and the discrepancy can be 
explained if one considers that for high shear strains the 
angle between the shear plane and the maximum flatten- 
ing plane is very small and hence cannot be precisely 
measured. Previous measurements of conglomeratic 
schist in the Oboke area provide an oblate strain ellip- 
soid (Hara e t  a l .  1973). In the Kanto mountains, Toriumi 
(1982) found that the maximum extension of deformed 
radiolarians is parallel to the mineral lineation and the 
longitudinal strain changes from 5 to 2000% with 
increasing temperature.  Similar results were found in 
Eastern Shikoku (Fig. 4). In the southern part of the 
Shozanji nappe, where the metamorphic grade is weak, 
radiolarians were used as strain markers, because they 
can be assumed to be close to a sphere in the undcformed 
state. The shape parameter  K = ( X / Y  - 1 )/(  Y / Z  - 1 ) is 
close to 1. In higher metamorphic grades, radiolarians 
are difficult to recognize. The longitudinal strain, e, is 
inferred from pull-apart structures in brittle minerals 
such as pyroxene, amphibole, piedmontitc and garnet, 
using the relation e = ( l  - l o ) / l o  where lo and / are the 
initial and present lengths of the marker,  respectively. 
But the measured strain is probably underestimated 
because the host rocks deform more than the included 
strain resistant minerals. A qualitative estimate of the 
strain ellipsoid is provided by pressure shadows in YZ 
sections (Choukroune & Lagarde 1977). Where crystal- 
lization fibres develop akmg the Y axis, this direction is 
an extension axis as well as X. The strain ellipsoid then 
falls into the oblate field, K < 1. 
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Fig. 12. Schematic block diagram of hand-specimen hyaloclastite with 
S > L tectonic fabric and asymmetric pressure shadows in X Z  sections 
at the end of magmatic porphyroclasts (Shozanji nappe, W of Omiko). 

Deformation regime 

A comparative study of the rotational features in X Y  
and Y Z  sections (i.e. respectively normal to the foliation 
plane and parallel or perpendicular to the L1 lineation), 
has been undertaken at the outcrop, hand sample and 
thin-section scales, in order to test the hypothesis (based 
on the analysis of F~ folds) that the deformation regime 
is rotational and the deformation can be explained by a 
shear mechanism along the Lj trend. As a general result, 
in YZ  sections (perpendicular to Ll) rotational features 
are scarce, and if present are inconsistent, so that no 
clear rotation sense can be determined (Fig. 12). In X Z  
sections (parallel to L~), on the other hand, rotational 
features are conspicuous and consistent from the thin- 
section scale up to the outcrop one, regardless of rock 
type or metamorphic grade. Regionally a rotation sense 
from W to E is observed, parallel to the stretching and 
mineral lineation. Two exceptions giving rise to a west- 
ward rotation are noticed. They are related to the 
inverted limbs of the F2 folds, especially along the 
second phase thrust at the base of the Mt, Kotsu nappe 
(Fig. 5), and around the F3 upright folds where top and 
bottom must be carefully checked before sampling. On 
the mesoscopic scale, asymmetric quartz lenses (Fig. 15) 
in pelitic schists and sheared conglomerates are the most 
useful rotational criteria. The F~ microfold asymmetry 
commonly shows an eastward overturning in agreement 
with other criteria. However, the overturning of sheath 
folds cannot be considered a reliable indicator of shear 
sense as the bedding polarity is unknown (e.g. Faure & 
Malavieille 1980, Mattauer etal. 1981). 

Under the microscope, rotational criteria are con- 
spicuous all over the infrastructure. The following well 
established criteria are used. (i) Asymmetric pressure 
shadows developed at the fringe of quartz and feldspar 
clasts in sandstone, pyroxene and pyrite grains in basic 
schist (Figs. 13 and 17), and garnet (Figs. 13 and 15), 
hornblende (Figs. 13 and 16) and albite porphyroblasts 
(Figs. 14 and 16) in high-grade metamorphic rock, are 
well-known non-coaxial strain markers (Fairbairn 1950, 
Zwart & Oele 1966, Choukroune 1971, Choukroune & 
Lagarde 1977, Mattauer et al. 1981). (ii) Oblique pull- 
apart structures that develop in minerals resistant to 
ductile deformation, such as pyroxene, epidote, pied- 
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Fig. 13. Some examples of common rotational criteria; all the rotation 
senses are eastward. (A) Sheared and cracked garnets with asymmetric 
pressure shadows in pelitic schist, Mt. Kotsu nappe, Sakase. (B) 
Zoned amphibole at high angle to the schistosity plane, Bizan. (C) 
Asymmetric pressure shadows around garnet in glaucophane schist, 
South of Mr. Kotsu. (D) Pull-apart structure in epidote, basic schist, 
East of Omiko. (E) Sigmoidal biotite in pelitic schist with synthetic and 
antithetic shears, Sakase. (F) Pull-apart in pyroxene in gabbro, South 

of Shozanji. 

montite, and apatite (Fig. 13). Owing to the initial 
orientation of weak planes, both antithetic and synthetic 
slip with respect to the main shear plane are developed 
in agreement with computer simulation models (Etch- 
ecopar 1977) (Fig. 13). (iii) Sigmoidal phyllosilicates 
(Fig. 16) are reliable criteria for deriving the sense of 
shear (e.g. Eisbacher 1970, Choukroune & Lagarde 
1977, Burg & Laurent 1978, Mattauer et al. 1981). (iv) 
Quartz deformation microstructures were also used as 
non-coaxial strain markers (Fig. 15). In SW Japan, their 
evolution follows that of the metamorphism, as tempera- 
ture together with the strain rate are the main controlling 
parameters. In the southernmost part of the Shozanji 
nappe the radiolarites are weakly recrystallized, but in 
the Mr. Kotsu nappe they suffered syntectonic recrystal- 
lization shown by small grains with serrated boundaries 
surrounding large undulose clasts. Oblique subgrain 

W 
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Fig. 14. Syntectonic albite porphyroblast with an internal schistosity 
(Si) defined by epidote, amphibole, piedmontite, apatite, rutile and 
opaque minerals, branching into the matrix schistosity (So). S i asym- 

metry agrees with an eastward rotation. 
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boundaries and internal shape fabric are in agreement 
with other  rotational criteria (Brunne11980). Moreover ,  
the c-axis lattice preferred orientations (LPO) display a 
monoclinic symmetry with a principal maximum at a 
small angle from the Z axis and a second one around the 
Y axis. Assuming that quartz deformation occurs by 
intracrystalline slip on the basal plane with some related 
slip on the prismatic plane the monoclinic LPO fabrics 
are due to non-coaxial deformation,  as suggested by 
simulation models (Etchecopar 1977, Lister 1977). In 
the studied area the LPO diagrams show an eastward 
asymmetry, in agreement with other  criteria observed in 
the same thin-section. (v) Sigmoidal inclusions in 
porphyroblasts should be used carefully. When there is 
evidence for syntectonic crystallization, such as con- 
tinuity between internal (Si) and external (Se) schisto- 
sities, or the same mineralogical composition of the Si 
and Se schistosity, or & symmetry with respect to the 
center of the porphyroblast  (e.g. Spry 1969, Schoneveld 
1977, Vernon 1978), then the sigmoidal shape o f S  i shows 
the rotation sense (Fig. 14). Assuming the porphyroblast  
behaves in the matrix as an isolated sphere in a New- 
tonian fluid, the shear strain 3, is related to the Si-Se angle 
~o by: 2w = y. In our case 3' averages 1.6 for amphibolite, 
but can reach 4 for some snow-ball garnets in 
glaucophane schist near Mt. Kotsu. However ,  such an 
evaluation is probably an underestimate. Albite spots in 
hornblende schist are generally zoned with an inclusion- 
rich core and an inclusion-free rim (Itaya 1978, Takagi & 
Hara 1979, Otsuki 1980). The rim develops asymmetri- 
cally along Xand  Yaxes but never along Z. It is therefore 
interpreted as a kind of pressure shadow whose asym- 
metry is reliable with other non-coaxial criteria. In that 
case Si orientation is highly variable even in one thin-sec- 
tion and its asymmetry does not allow a determination of 
rotation sense. Albite spots are also conspicuous in peli- 
tic schist and quartz schist (Figs. 14 and 16). Pressure 
shadows at the end of these porphyroblasts are in agree- 
ment with an eastward rotation, but complexly folded 
inclusions do not provide reliable criteria. 

INTERPRETATION AND CONCLUSION 

The study of the first-phase deformation reveals that 
the structures are due to a rotational ductile shear with 
eastward displacement along the L1 direction. The 
strain-ellipsoid measurements suggest a plane strain 
deformation. At the regional scale, during this deforma- 
tion, the Greenschist nappes were thrust upon the 
Kurosegawa continent. Thus the L~ lineation is a marker 
of nappe displacement direction: an 'a' kinematic linea- 
tion (e.g. Escher & Watterson 1974, Mattauer 1975, 
Mattauer et al. 1981). The infrastructure with its charac- 
teristic eastward ductile shear extends from Eastern 
Kyushu to North of Tokyo (Guidi etal .  1984) over more 
than 1000 km. Afterwards, the belt was refolded and 
reworked by longitudinal faults as the MTL or the 

Kurosegawa tectonic zone. The conspicuous bending 
observed in the Kanto area was caused by late Tertiary 
tectonics. Up to now the most popular geodynamic 
model,  the "Pacific type orogeny" (Matsuda & Uyeda 
1971), proposed for the Cenozoic deformations and 
extrapolated to the older orogenies (Miyashiro & Uyeda 
1974), states that orogeny was due to subduction of 
oceanic crust under an island arc similar to the present 
Japanese Islands. Thus the HP/MT metamorphism is 
supposed to have been caused by subduction of an 
oceanic plate; but the nappe structures and the first 
phase ductile deformation are not considered in the 
model. Moreover  a model based on progressive accre- 
tion of oceanic material along the southern margin of 
Japan does not account for the presence of pre-Triassic 
sialic rocks in the Kurosegawa zone. Collisional models 
have been already suggested to account for the Paleozoic 
metamorphic rocks in the Kurosegawa zone (Ichikawa 
1981, Maruyama 1981) and for the paleomagnetic data 
(Sasajima 1982). 

An explanatory model similar to those proposed for 
Corsica (Mattauer et al. 1977, Mattauer et al. 1981), the 
Western Alps (Caby et al. 1978, Mattauer & Tapponnier  
1978), and the Himalayas (Mattauer 1975) where re- 
lationships between ductile deformation and large-scale 
tectonics are established, is suggested also for SW Japan. 
The basic assumption of the model is that the Jurassic 
orogeny of SW Japan was caused by the subduction of 
the Kurosegawa continent under an oceanic crust bear- 
ing the sediments of the Greenschist nappe, and by the 
resultant choking because continental crust cannot suf- 
fer very large amounts of subduction owing to its 
buoyancy. At depth the HP metamorphism and the 
ductile deformation occurred in the continental crust as 
well as in the overlying oceanic crust. The sediments 
were tectonically sliced and obducted upon the continen- 
tal area. However,  Lj trends at about 25-30 ° from the 
general trend of the belt (Fig. 1), an orientation that is 
quite unusual when comparing with the other examples, 
where a displacement transverse to the regional trend is 
generally assumed. Thus in SW Japan, the convergent 
movement  leading to the nappe tectonics was coupled 
with transcurrent movement  subparallel to the chain. 
Strike-slip motion appears to be a striking feature of SW 
Japan, well established for the late Cretaceous 
(Ichikawa 1980), bat it possibly began in Jurassic time as 
indicated by the ductile deformation. In addition to the 
ductile deformation described in this paper, the whole of 
SW Japan from the Japan Sea to the Kurosegawa zone 
suffered tangential tectonics at a more superficial struc- 
tural level. A comprehensive model accounting for the 
Mesozoic history of SW Japan, involving sedimentation, 
metamorphism, deep and superficial tectonics, will be 
available after a geological survey of the superstructure, 
now in progress. 
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Fig. 15. (A) Curviplanar fold in the Oboke Unit (Omiko), with curved intersection lineation and constant mineral lineation 
L. (B) Eyed section of a sheath fold, perpendicular to the lineation, in calc schist of the Mt. Kotsu nappe, NW of Mt. Kotsu. 
(C) Asymmetric quartz lens in a pelitic schist of the Mt. Kotsu nappc, NE of Mt. Kotsu. (D) Quartzite (metaradiolarite?) 
in the Mt. Kotsu nappe (Sakase) showing oblique sub-grain structure and dynamic recrystallization. Scale bar is 1.3 ram. 

(E) Garnet with asymmetric chlorite pressure-shadows, Mt. Kotsu nappe east of Mt. Kotsu. Scale bar is 1.3 ram. 
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Fig. 16. Microphotographs of rotational criteria. The scale bar in each is 1.3 mm. (A) Sigmoidal amphibole (dark) and 
muscovite showing eastward asymmetry, Mt. Kotsu nappe, North of Sakase. (B) Asymmetric pressure shadows around 
clasts in shale, upper part of the Shozanji nappe, SE of Shozanji. (C) Asymmetric pressure shadow at the end of the albite 
porphyroblasts. The internal schistosity made up by opaque minerals is unrelated to the external one, Mt. Kotsu nappe, 

West of Bizan. 

Fig. 17. (A) Sheared garnets with asymmetric pressure shadows; pelitic schist, Mt. Kotsu nappe, Sakase. (B) Opaque 
mineral with quartz pressure shadows in pelitic schist, Mt. Kotsu nappe, North of Mt. Kotsu. 
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