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Abstract--Metamorphic belts in the internal parts of mountain belts have invariably undergone regional 
penetrative deformation. Such deformation may form as the result of bulk simple shear between two essentially 
rigid plates or, alternatively, as a result of ductile thickening or thinning. Studies of the degree of non-coaxiality 
during deformation (vorticity analyses) can help distinguish between the resulting kinematic histories. Possible 
indicators of the degree of non-coaxiality include: (i) the rotation of porphyroclasts with different aspect ratios; 
(ii) the distribution of sets of material lines with different stretch histories; (iii) geometries of crystallographic 
fabrics; and (iv) the orientation of oblique grain shape fabrics. Application of such methods in the Sanbagawa 
metamorphic belt, SW Japan suggests that the dominant regional tectonic fabric, associated with orogen-parallel 
shearing, formed as a result of ductile extension. Quantitative analyses suggest the associated thinning was of the 
order of 50%. The major departure from bulk simple shear can also be related to the formation of conjugate 
shears with opposed senses of shear on various scales. The significant amount of thinning that took place during 
ductile deformation of the Sanbagawa belt shows that this tectonic phase is related to exhumation processes and 
not to burial during subduction. Both the thinning and its associated stretching direction (roughly orogen- 
parallel) may be related to oblique convergence with a gradient in the strike-slip component along the length of 
the orogen. 

INTRODUCTION 

The internal parts of mountain belts are commonly 
occupied by metamorphic belts that characteristically 
have undergone penetrative ductile deformation. There 
are several possible tectonic interpretations of such 
regional ductile fabrics. In some instances the defor- 
mation may have formed during subduction processes 
between two essentially rigid plates. The associated 
deformation should then approximate to progressive 
simple shear. Alternatively deformation may be related 
to large-scale ductile thickening or thinning of the crust. 
In these cases bulk deformation may approximate more 
closely to pure Shear than simple shear. The possibility 
that extension and thinning may be important processes 
during the formation of mountain belts has attracted 
particular attention recently (e.g. Molnar & Tapponier 
1978, Platt 1986, Royden & Burchfiei 1987, England & 
Houseman 1988). One of the key issues in searching for 
a tectonic interpretation of deformational fabrics in 
metamorphic belts is the extent to which deformation 
caused changes in thickness of the tectonic pile. 

The question of whether a metamorphic sequence has 
been thickened or thinned as a result of high-strain 
deformation can, to some extent, be tackled by using 
syn-deformational metamorphic minerals to determine 
P - T  paths. Such techniques have been successful in 
revealing the importance of ductile thinning in, for 
instance, the Eastern Alps (Selverstone 1985, 1988) and 
Corsica (Jolivet et al. 1990). There are, however, a 
number of potential problems with this approach: e.g. 
non-diagnostic mineral assemblages; growth under non- 
equilibrium conditions; lack of retrograde metamorphic 

reactions. This paper focuses on the problem of using 
structural data to carry out kinematic reconstructions in 
one particular region of penetrative ductile formation. 

The Sanbagawa metamorphic belt of SW Japan has 
undergone regional penetrative ductile deformation 
characterized by a stretching lineation approximately 
parallel to the trend of the belt (Toriumi 1982, Faure 
1985). Faure (1983, 1985) suggested that this defor- 
mation was close to simple shear and directly reflects the 
former plate movement. In contrast, Wallis et al. 
(1992a) emphasize the widespread, albeit incomplete, 
association of retrograde metamorphism with this defor- 
mation and suggested it could be related to ductile 
extension. These two tectonic interpretations can be 
distinguished by the predicted kinematic types, i.e. 
whether deformation caused thinning or not. The princi- 
pal aim of this paper is to use the Sanbagawa belt as an 
example of how vorticity analysis can be applied as a 
structural tool for testing such hypotheses. 

VORTICITY AND MEASURES OF NON- 
COAXIALITY 

Introduction 

Finite deformation can be decomposed into three 
independent components: finite strain (deviatoric 
stretch), volume change and rotation. There are many 
techniques available for estimating finite strain in meta- 
morphic tectonites (see Ramsay & Huber 1983 for a 
review). In low-grade rocks, pressure solution and vol- 
ume change can be important processes (Durney 1972, 
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Wright & Platt 1982, Bell & Cuff 1989). However, in 
higher grade rocks that have dominantly undergone 
deformation by processes of intracrystalline plasticity, 
solution transfer is commonly assumed to have played a 
lesser role (Kerrich et al. 1977, Rutter 1983) and defor- 
mation is likely to be essentially equal volume. There are 
numerous possible methods of estimating volume 
change using both structural (e.g. Passchier 1988b, 
Wright & Platt 1982) and chemical techniques (e.g. 
Gratier 1983, O’Hara 1990). In contrast to finite strain 
and volume change, methods for determining the ro- 
tational component of finite deformation have been 
relatively little studied. All three components need to be 
estimated to carry out a kinematic reconstruction of a 
deformed region. 

Deformation may also be analyzed at any instant. 
Instantaneous deformation, or flow, can be decomposed 
into components of stretching rate (which includes rate 
of volume change) and vorticity (instantaneous rotation 
rate). The relationship between the contributions of 
vorticity and stretching rate to the flow is referred to as 
the degree of non-coaxiality. Studies of the degree of 
non-coaxiality are commonly referred to as vorticity 
analyses and have received relatively little attention in 
the geological literature. Vorticity analyses can be com- 
bined with studies of strain to estimate the rotational 
component of deformation. 

Before looking at particular techniques of vorticity 
analysis, I will briefly review the continuum mechanics 
background and ways in which the degree of non- 
coaxiality has been defined. 

Definitions of vorticity 

General flow of a continuous medium can be ex- 
pressed by the second-order tensor quantity, Lij (the 
velocity gradients tensor), which has components of 
spatial gradients in velocity (vi): 

Lij = VVi. (1) 

Lij can be split into components representing instan- 
taneous stretching rate, D,, (the rate of deformation 
tensor) and instantaneous rotation, Wij (the vorticity 
tensor). If L$ is the transpose of Lij then D, and Wij can 
be expressed as follows, 

Dij = h( Lij + Lo) (2) 

Wij = 1(Lij - Lo) (3) 

(e.g. Malvern 1969 p. 147). Wij is a skew symmetric 
tensor representing an angular velocity vector with com- 
ponents: 

1 av. 3 _l- 
( 1 2 aXj aXi 

(Truesdell 1954 p. 58, Malvern 1969 p 56). 
Vorticity is likewise a measure of the instantaneous 

rotation rate of slow but is defined slightly differently. 
For a given two-dimensional velocity field the vorticity, 
w, can be defined by: 

W = CUrlVi 

=VXVi 

= I- 

( 1 

av. 3 

aXj aXi ’ (4) 

By comparison with equation (3) it can be seen that the 
components of the angular velocity vector represented 
by W, are exactly half those of the vorticity vector w. 
The vorticity vector w can be thought of as twice the 
instantaneous rigid body rotation of a small element of 
the continuum (Truesdell 1954 p. 64). 

The magnitude and orientation of w can be affected by 
the choice of reference frame. Vorticity measured with 
respect to a reference frame that is at a fixed angle to the 
instantaneous stretching axes is referred to by some 
authors as ‘internal vorticity’ (Means et al. 1980, Lister 
& Williams 1983). In many geological situations, how- 
ever, it is more convenient to attach the reference frame 
to shear zone boundaries or to geographical coordinates 
which may not remain at a fixed angle to the instan- 
taneous stretching axes of deformation. Vorticity which 
includes an extra angular velocity of the stretching axes 
with respect to an external reference frame may be 
referred to as external vorticity (Means etal. 1980, Lister 
& Williams 1983). 

Vorticity may be zero, in which case the flow is coaxial 
(e.g. pure shearing). If the magnitude of w is non-zero 
then flow is non-coaxial. Positive and negative values of 
vorticity differ in the associated sense of rotation rate. 

Degree of non-coaxiality 

The flow type that results from a given magnitude of 
w, the vorticity vector, depends on the amount of 
simultaneously operating stretching, which is rep- 
resented by D,. The relationship between the vertical 
and stretching components of flow is referred to as the 
degree of non-coaxiality, which can be expressed in 
terms of a vorticity number. There is a difficulty, how- 
ever, in trying to express the relationship between the 
second-order stretching rates tensor, Dij and the vorti- 
city vector, w, with a meaningful scalar quantity. 

The most general approach to this problem is given by 
Truesdell (1954 p. 107) who defines a kinematic vorticity 
number, Wk, as: 

Wk = 
W 

U/2@: + s; + s:> ’ 

where w is the magnitude of the vorticity vector and si 
are the magnitudes of the principal stretching rates of 
D,. A simplified vorticity number, W,, can also be 
defined as 

w, = 5 (6) 

where s is the average of the principal stretching rates 
s, and s2 (McKenzie 1979, Bobyarchick 1986, Passchier 
1988a,b). For plane-strain equal-area deformation 
w,= w,. 
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Fig. 1. Main tectonic units of SW Japan (after Wallis et al. 1992b). The Sanbagawa metamorphic belt is shown by horizontal 
stripes. MTL = Median Tectonic Line, T = Tokyo, N = Nagoya, K = Kyoto, 0 = Osaka, H = Hiroshima, Ko = Kochi. 

The location of Fig. 2 is shown by a box. 

Other measures of the degree of non-coaxiality are 
also possible (e.g. Elliott 1972, Ghosh & Ramberg 1976, 
Ghosh 1987). In particular, the measure of non- 
coaxiality proposed by Ghosh & Ramberg (1976) has 
been used by a number of different workers in geological 
studies. Ghosh & Ramberg (1976) decompose plane- 
strain constant-area flow into factors of instantaneous 
pure and simple shearing. The simple shearing factor is 
associated with a shear strain rate of i, and the pure 
shearing component is associated with a stretching rate 
of & parallel to the shear plane of the simple shearing. 
The quantity S, = .$/j~ can then be used as a measure of 
the degree of non-coaxiality (e.g. Bobyarchick 1986, 
Vissers 1989, Tikoff & Fossen 1993). This is related to 
W,, by the equation 

s = Q0 - IC) 
r 

2w, (7) 

(Passchier 1987, Vissers 1989). 
The above measures of the degree of non-coaxiality 

are defined only for an instant of deformation. To 
describe finite deformation, Passchier (1988b) intro- 
duced the mean vorticity number, Wm. Finite defor- 
mation can then be decomposed into three quantities: 
volume change, finite (deviatoric) strain and Wm. If flow 
is steady state, i.e. the values of L, are constant, then 
w, = w,. 

The vertical and stretching components of flow as well 
as the counterparts for finite deformation, rotation and 
strain, are essentially independent. The principle axes of 

these tensor quantities need not therefore coincide with 
each other. In many geological examples, however, the 
vorticity vector is approximately parallel to the Y axis of 
finite strain. This suggests that in many cases defor- 
mation can be effectively analyzed in the X-Z plane of 
finite deformation. Deviations from plane strain can be 
taken into account by including an appropriate amount 
of stretch along the vorticity vector. In the following I 
refer to the relationship between a variety of structures 
and the ‘flow plane’. For general two-dimensional flow 
this is the plane with zero angular velocity with respect to 
the instantaneous stretching axes which is itself extend- 
ing. During steady-state deformation the maximum 
finite elongation direction will rotate towards this plane. 
In the case of simple shearing the flow plane corresponds 
to the shear plane. 

I have used a variety of techniques to assess the degree 
of non-coaxiality during deformation in a number of 
samples from the Sanbagawa belt, SW Japan. Before 
discussing the practical details of the vorticity analysis, 
the geology of this region will be introduced. 

REGIONAL GEOLOGY OF THE SANBAGAWA 
BELT 

The Sanbagawa (or Sambagawa) belt is a regionally 
coherent high P-T metamorphic belt that stretches for 
several 100 km through SW Japan (e.g. Banno & Sakai 
1989, Wallis & Banno 1990, Takasu et al. 1994) (Fig. 1). 
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Fig. 2. Metamorphic zonal map of central Shikoku after Banno (1964) and Higashino (1990). In general the foliation dips 
north (Wallis etal. 1992a) although there is some local variation due to later folding as shown on the map. The orientation of 
the stretching lineation is shown by lines; the sense of shear, where known is shown by an arrowhead. Details of the sense of 
shear determinations are given in Wallis et al. (1992a). The locations of the samples used in the vorticity analyses are shown 

by stars and labelled A, B, C and D. 

The metamorphism can be divided into four zones 
according to the appearance of index minerals in meta- 
pelite (Banno 1964, Higashino 1990). In increasing 
order of grade these are: the chlorite zone, the garnet 
zone, the albite-biotite zone, and the oligoclase-biotite 
zone. This sequence represents both an increase in peak 
temperature and pressure (Banno & Sakai 1989, Wallis 
et al. 1992a, Enami ef al. 1994) and the estimated P-T 
conditions for the formation of the oligoclase-biotite 
zone are 10 kbar 610°C. The highest grade rocks are 
exposed mainly in the central part of Shikoku island and 
samples from this area form the focus for this study 
(Fig. 2). 

The main phase of ductile deformation in the region 
can be described in terms of high-strain orogen-parallel 
shear associated with the development of a prominent 
stretching lineation (Toriumi 1982, Faure 1985, Shimizu 
1988, Wallis er al. 1992a). The dominant deformation 
mechanism in the higher grade region is crystalline 
plasticity, and I therefore assume deformation to be 
essentially equal volume. Wallis (1992a) uses deformed 
vein arrays to show that volume change was negligible in 
one particular part of the region. Studies of finite strain 
in central and eastern Shikoku suggest that deformation 
on a large scale was close to plane strain (Faure 1985). 
This is supported by the widespread development of 
quartz c-axis fabrics with central girdles (Kojima & Hide 
1958, Wallis et al. 1992a,b, Sakagibara et al. 1992, Hara 
ef al. 1992). Departures from plane-strain are rep- 
resented by the development of small-circle patterns 
(e.g. Schmid & Casey 1986). In the following I shall 
therefore assume the main deformation was plane-strain 
and equal-area. 

There are at least two distinct phases of folding that 
postdate the phase of orogen-parallel shearing (Hara et 

al. 1977, Faure 1985, Wallis 1990). There is, however, 
general agreement that the main foliation of the region 
can be accounted for in terms of one tectonic event, even 
if some workers locally subdivide this into several differ- 
ent stages (e.g. Hara et al. 1990). Formation of the main 
foliation is, at least in part, synchronous with retrograde 
metamorphism of the region (Toriumi 1982, Wallis et al. 
1992a,b). 

METHODS OF VORTICITY ANALYSIS 

Four different techniques are used to estimate the 
degree of non-coaxiality of deformation in samples from 
the Sanbagawa belt. All of the samples underwent 
penetrative ductile deformation associated with the 
dominant orogen-parallel shear of the region. Quanti- 
tative vorticity analyses of deformed rocks are relatively 
rare and the consistency of different methods has been 
little studied. Where possible I have, therefore, used 
more than one method in a particular sample to estimate 
the degree of non-coaxiality. The comparable results 
obtained using different methods suggests that these 
methods can be used to make quantitative estimates of 
the rotational component of deformation. 

Deformed veins 

At any given time during progressive deformation, 
sectors of material lines that have distinct stretch histor- 
ies can be defined. Lines that have extended only, 
shortened only, shortened then extended, and extended 
then shortened are all possible (e.g. Talbot 1970, Pass- 
chier 1990). In natural examples the deformation history 
of material lines in different orientations may be rep- 
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resented by the deformation of veins of dykes. These 
features have been used as strain markers (e.g. Talbot 
1970) and to differentiate non-coaxial from coaxial de- 
formation histories (Hutton 1982). Passchier (1990) 
shows that the orientations of the boundaries between 
material line sectors with distinct stretch histories can be 
used to characterize the kinematics of finite deformation 
by determining finite strain, volume change, and mean 
vorticity. Wallis (1992a) uses this method to estimate the 
mean vorticity of a deformed metachert in the south of 
the Sanbagawa belt (sample A in Fig. 2). The orien- 
tation data are given in Wallis (1992a, fig. 6) and suggest 
0.51 < w, < 0.70. 

Vein orientation data can be measured very accu- 
rately. There may, however, be some uncertainty about 
the precise orientation of the sector boundaries. This 
uncertainty arises because veins may unfold before 
showing signs of necking or boudinage and they may 
shorten along their length before folding. The associated 
uncertainties can be minimized if there is an indepen- 
dent measure of finite strain (Wallis 1992a). 

Rotated porphyroclasts 

The rotation of rigid objects within a flowing viscous 
medium is a function of several factors including the 
degree of non-coaxiality. The relationship between the 
orientation of such objects and their aspect ratio can be 
used in vorticity analyses in a variety of geological 
settings (Passchier 1987, Vissers 1989, Cowan 1990, 
Wallis et al. 1993, Simpson & De Paor 1993). The 
equations I use in this analysis (Appendix 1) are derived 
from Ghosh & Ramberg (1976). 

The sample material is quartz schist containing abun- 
dant large albite porphyroclasts (C in Fig. 2). The 
porphyroclasts have a well-defined planar internal fab- 
ric. In thin-section the trace of this internal fabric lies 
parallel to the long axes of the porphyroclasts (Fig. 3) 
suggesting the porphyroclasts grew along a preexisting 
foliation. Formation of the porphyroclasts and the in- 
cluded fabric predates the dominant deformation during 
which the porphyroclasts rotated by various amounts. 
There is no evidence for significant internal deformation 
of the clasts themselves. Figure 4 shows there is a clear 
relationship between the orientation of the long axis of 
the porphyroclasts and their aspect ratio. The data 
indicate a mean vorticity less than simple shear. Curve 
fitting using a least squared difference method suggests 
0.45 < W, < 0.60. 

Quartz c-axis fabrics and strain ratio 

Quartz-rich tectonites commonly develop crystallo- 
graphic preferred orientation patterns by slip along 
particular crystallographic planes. Well-developed c- 
axis fabrics show geometries that can be used to charac- 
terize the kinematics of the associated flow (e.g. Lister 
& Hobbs 1980, Schmid & Casey 1986). In this section I 
shall follow a number of workers in assuming that the 
central girdle of a quartz c-axis fabric forms perpendicu- 

lar to the flow plane. This assumption is supported by 
the following arguments. 

For pure shear deformation, theoretical models are in 
agreement in predicting orthorhombic quartz c-axis fab- 
rics with a central girdle perpendicular to the plane of 
zero finite rotation (e.g. Lister & Hobbs 1980, Wenk et 
al. 1989). This is supported by the observations of Law et 
al. (1984) in naturally deformed samples where there is 
independent evidence of a very low degree of non- 
coaxiality. In many natural examples of deformation by 
simple shear, quartz c-axis fabrics are single girdles 
inclined to the foliation in the direction of shear (Simp- 
son 1981, Schmid & Casey 1986, Law et al. 1990). Law et 
al. (1990) give a particularly clear example showing that 
the c-axis girdle and flow plane are perpendicular. These 
relationships are predicted by the kinematic model of 
Etchecopar (1977). More sophisticated models based on 
the Taylor-Bishop-Hill theory have also been used to 
study the development of quartz c-axis fabrics in non- 
coaxial flow. Lister & Hobbs (1980) emphasize that the 
leading edge of the fabrics generated in their model is 
perpendicular to the flow plane. The modelling of Wenk 
et al. (1989) suggests the relationship may be more 
complex but predict very similar fabrics to those of 
Lister & Hobbs (1980). 

Many quartz c-axis fabrics have geometries that are 
intermediate between those representative of pure and 
simple shear. Such fabrics commonly have a kinked 
outline and can most straight-forwardly be interpreted 
as the result of deformation intermediate between sim- 
ple and pure shear, i.e. 0 < W, < 1 (Law et al. 1984, 
1986, Platt & Behrmann 1986, Schmid & Casey 1986, 
Vissers 1989, Wallis 1992a). By analogy with the fabrics 
developed during progressive simple and pure shearing, 
it has been suggested that the central girdle of such 
intermediate fabrics may also form perpendicular to the 
flow plane (Fig. 5) (Platt & Behrmann 1986, Vissers 
1989, Wallis 1992a, Wallis et al. 1993). 

Under the above assumption, for constant values of 
L+ the angle between the perpendicular to the central 
girdle and the flattening plane of finite strain, fi, is a 
function of finite strain and the degree of non-coaxiality. 
This can be expressed by the following equations: 

(8) 

(9) 

(Wallis 1992a), where Rfis the strain ratio. Therefore, if 
/3 and Rr are known, W,,, may be calculated. 

Deformed metachert is common in the Sanbagawa 
belt. The rock type is almost pure quartz and was 
originally fine-grained making it ideally suited for quartz 
fabric studies. Quartz c-axis fabrics that developed dur- 
ing the orogen-parallel shear have been measured 
throughout central Shikoku (Kojima & Hide 1958, 
Wallis et al. 1992 a,b, Hara et al. 1992, Sakagibara et al. 
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1992). The majority of these fabrics suggest that regional maximum angle of 44” to the shear plane. This is only 1” 
deformation was intermediate between simple and pure different from the predicted angle between the flow 
shear. apophysis and ISA during simple shear of 45”. 

In three samples (A, C and D in Fig, 2) with well- 
defined quartz c-axis fabrics it was possible to estimate 
both the angle between the flow plane and the flattening 
plane and the aspect ratio of the strain ellipse (Figs. 6 
and 7). Using equations (8) and (9) the degree of non- 
coaxiality, W,, can therefore be determined in these 
samples. The three estimates are: sample A, 0.35 < W,,, 
< 0.60; sample C, 0 < W,,, < 0.5; sample D, 0.66 < W,,, 
C 0.74. In the samples A and C the quartz c-axis fabrics 
are in agreement with the estimates of W,,, using differ- 
ent methods. In all cases the results show a significant 
departure from simple shear. The fourth sample shown 
in Fig. 6, sample B, is discussed in the following section. 

The above type of analysis can be carried out in 
samples where there are well-developed c-axis and 
oblique grain shape fabrics. Two such samples (samples 
A and B) were located in the present study (Fig. 8). The 
angle between the perpendicular to the central girdle of 
the c-axis and the orientation of the maximum of the 
grain shape fabric can be used to estimate W,,. The 
orientation data relating to the oblique grain shape 
fabric in samples A and B are given in Fig. 9 and the 
results give sample A 0.72 < W, < 0.81; sample B 0.9 < 
w, < 0.97. 

Oblique grain shape and quartz c-axis fabrics 

If deformation was steady state then the value for W, 
can be used with the angle p to calculate Rf The results 
can be derived from the standard solution of a quadratic 
equation 

In two-dimensional flow, if a is the acute angle be- 
tween lines of zero instantaneous rotation (the flow 
apophyses) and theta is the acute angle between these 
lines and the instantaneous stretching axes, ISA (see fig. 
1, Passchier 1988b), then: 

Rf= 
-b + VbL - 4ac 

2a ’ 
(13) 

where: 

W, = cos a 

(e.g. Passchier 1988b). Also, 

(10) 

a = 2W$ - 2Wk cos 28 - sin* 2p 
b = -2 sin* 2@ 
c = 2Wi + 2Wi cos 2p - sin* 2/l 

therefore 

0 = *(90” - a) (11) 

W, = sin 28. (12) 

In the previous section I have argued that the orientation 
of the flow plane may be estimated from the geometry of 
well-developed quartz c-axis fabrics. If the orientation 
of ISA can also be determined, equation (12) can be 
used to find W,,. 

Grain-shape fabrics oblique to the main foliation are 
observed in many metamorphic tectonites and have 
been produced in laboratory experiments (Ree 1991). 
Such fabrics form by progressive stretching and rotation 
of dynamically recrystallizing grains which is, however, 
modified by the process of grain boundary migration 
(Means 1981, Lister & Snoke 1984, Knipe and Law 
1987). During the last increment of deformation new 
grains will be stretched in the direction of maximum 
instantaneous stretching parallel to the ISA that is 
extending. Other grains will have rotated by greater or 
lesser amounts towards the flattening plane of finite 
strain and have been modified by recrystallization and 
grain boundary migration. It should therefore be poss- 
ible to identify the approximate orientation of ISA by 
taking the highest angle to the foliation of the new 
oblique grain shape fabric. In order for the long axes of 
recrystallized grains to rotate progressively away from 
ISA they have to be equant at the time of formation. 
This is unlikely to be precisely true. However, support 
for this method is given by observations in a sample 
naturally deformed by simple shear (Law et al. 1990). In 
this sample the observed oblique grain shape fabric has a 

(Appendix 2). Using the above values suggests for 
sample B, 33 > Rf > 8. The same calculation for sample 
A gives an estimate for Rf over twice the measured 
value. Similar estimates of W, were obtained from the 
same sample using deformed veins and quartz c-axis 
fabric. Both these features are likely to have formed 
over a greater part of the deformation history than the 
recrystallized grain shape fabric and are therefore more 
representative of Wm. The discrepancy with the result 
from the grain shape fabric suggests that in this sample, 
W,, during the final increment of deformation was some- 
what greater than W,,,, the mean vorticity. 

CONTRADICTORY SENSE OF SHEAR 
INDICATORS AND GENERAL SHEAR 

One of the characteristics of general (sub-simple) 
shear (Simpson & De Paor 1993) is that rotations of 
material lines and rigid objects may be opposite to the 
bulk sense of shear. The potential for rotations of either 
direction during general non-coaxial deformation is, for 
instance, illustrated by the calculations of Ghosh & 
Ramberg (1976). In the higher grade parts of the Sanba- 
gawa belt porphyroclasts are commonly present which 
have overgrown a metamorphic fabric and subsequently 
been rotated. Both senses of rotation are locally present 
in the same sample (Wallis 1992b, fig. 3). Another 
important effect of general shear is the potential for the 
development of conjugate shears with opposed senses of 
shear (Platt 3984, Bobyarchick 1986, Simpson & De 
Paor 1993). 

The initiation of shear bands requires strain softening 
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Fig. 3. Photomicrograph of albite porphyroclast used in vorticity analysis (sample C garnet-biotite-quartz schist). The 
long axis of the porphyroclast lies parallel to the trace of a preexisting foliation defined by inclusion trails (Wallis et al. 

1992a). 
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Fig 
mic 

8. Photomicrographs of the oblique grain shape fabrics: (a) sample A, (b) sample B. Samples for which there 
:rostructural evidence for post-deformational annealing were not included in the study. In both cases the mesosc 

foliation is approximately parallel to the base of the photograph. 
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Fig 4. (a) Plot of aspect ratio against rotation angle of porphyroclasts for sample C and the predicted relationship far 
different W,,, values. Curves are for W,,, = 0.2,0.4,0.6,0.8,1.0. There isaclear devjation from the expectedrelationshipfor 
simple shear suggesting 0.45 > W, > 0.60,S.S > R, L- 5.8. ALI porphyroclasts used in the study have a consistent angular 
relationship between the long axis of the porphyroclasts and the trace of the inclusion fabric suggesting they originated in 
approximately the same orientation. The earlier fabric may not have been parallel to the present foliation but an original 
angle of up to 20” makes no significant difference to the results. The porphyroclasts lack undulose extinction and subgrains 
suggesting there was no significant internal deformation. (b) Definition of symbols used in the rotation analysis of (a) and in 

Appendix 1. 

Quartz c-axis 

Fig. 5. Illustration of the relationship between the central girdle of a quartz c-axis fabric and the flow plane. This angle is 
defined as fi and used in the vorticity analysis discussed in the text. The anglefi can be plotted in the Mohr circle for stretch as 

shown in Fig. Al. 
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Foliation 
Trace 

km-scale domains with 
opposed senses of shear 

t 1 
smaller-scale deformation 

partitioning 

Fig. 10. Block diagram showing the way in which deformation is partitioned into domains with opposed senses of shear in 
central Shikoku. The diagram is schematic but represents a package of material approximately 6 km thick. The effects of 
late-stage folding have been omitted for simplicity. The inset shows localized shear band development on the metre to 
centimetre scale. More data are required to determine the lateral geometries of the large-scale shear zones with opposed 
senses of shear. The front face of the block diagram represents the plane of study for the vorticity analyses. The structural 

levels and relative positions of the samples A, B, C and D are also indicated. 

observation for these studies is roughly parallel to the 
trend of the belt (e.g. Toriumi 1982, Faure 1985, Wallis 
et al. 1992a) and therefore close to horizontal (Fig. 10). 
The flow plane of the orogen-parallel shear in the 
Sanbagawa belt must therefore also be close to horizon- 
tal and the shortening across this plane must cause 
thinning of the tectonic pile. 

The amount of thinning depends on both the value of 
W,,, and the finite strain. Assuming time constant behav- 
iour, the equation relating these quantities to the stretch 
along the flow plane (A J is: 

A1 = $(l - W;)‘” 
[( 

Rr+ RF1 + 2 (1+ W&) 
l-W%) 

+ (Rf+ RTr - 2)l’* 1 (14) 

(Wallis et al. 1993) (Appendix 2). This equation can be 
used to relate the amount of thinning for a given finite 

strain and constant vorticity (Fig. 12). The results from 
this study suggest a thinning of 35-65%. 

IMPLICATIONS FOR TECTONICS OF THE 
SANBAGAWA BELT 

The quantitative analysis of strain and vorticity in 
central Shikoku suggests that the region underwent 
ductile extension and thinning of the order of 50%. This 
ductile deformation is related to shearing in a domi- 
nantly E-W direction and began close to the peak of 
metamorphic conditions (Hara et al. 1990, Wallis et al. 
1992b) which in the high-grade regions of central Shik- 
oku represent depths of 30 km or more (Banno & Sakai 
1989, Enami 1982, Enami et al. 1994). A value of 50% 
for the ductile extension can, therefore, account for 
around 15 km of the exhumation of this region. At such 
levels in the crust it is likely that brittle deformation 

Fig. 11. Strain compatibility requirements shown in two dimensions for parallel zones with opposed senses of shear. If the non-coaxial zones are 
simple shear (a) then the bounding domain has to be a zone of no deformation. However, if the non-coaxial zones are general (sub-simple) shear 
(b), then the bounding domain can be one of pure shear. Only in the second case can a foliation be developed throughout the sequence as is 
observed in central Shikoku. The numbers I, II and III refer to three domains with distinct deformational histories. The diagrams show the same 
state of finite strain in all the non-coaxial domains. Deformation in domains I and III of (b) has a value of W, = 0.5 and stretch of 2 along the 
boundary with domain II. The orientation and shape of the strain ellipse is shown in domain I of both (a) & (b). Deformation in each of the 
domains I, II and III is also shown by a series of Mohr circles for the reciprocal stretch tensor, Hij (e.g. Means 1983). Strain compatibility requires 
that the Mohr circle for domain II has to pass through the intersection of the Mohr circles for domains I and III. If the deformation of domains I 
and III is simple shear then there is only one point of intersection representing zero deformation. The stretch and rotation of lines a, b and c in the 

block diagrams are represented by points on the Mohr circles. 
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Fig. 12. Graph showing the relationship between R, and amount of 
stretch along the flow plane for different values of W,,,. The thinning 
perpendicular to the flow plane is simply the inverse. The curves are 
drawn using equation (16) which is derived in Appendix 2. When 
deformation is close to simple shear changes in W, imply greater 
changes in the associated amount of shortening perpendicular to the 
flow plane than when deformation is close to pure shear. In the present 
study the estimates for W, cover a relatively large range. The associ- 
ated finite strain is, however, also different and the resulting estimates 
of thinning perpendicular to the flow plane lie between 35 and 68%. 

would become dominant and any further tectonic thin- 
ning would probably be by movement along normal 
faults. Such faults would have the property of extending 
along their length as they propagated (e.g. Means 1989). 

. Locally candidates for such low-angle extensional faults 
between the Sanbagawa belt and its former hangingwall 
material have been identified (Wallis ef al. 1990). 
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APPENDIX 1 

In this paper I have chosen to define the angle used in the study of 
rotated porphyrociasts as the angle between the long axis of the rigid 
object and the flow plane. The symbols used in this analysis are defined 
in Fig. 4(b). The equations used to generate curves in Fig. 4(a) are 
derived from the work by Ghosh & R>mberg (1976) by substituting + 
= # - 90” in their equations (1) and (2) as follows. 

After substitution, equation (1) of Ghosh & Ramberg (1976) be- 
comes: 

$= i (R2 - ‘) sin 2(# - 90) 
x(R2 + 1) 

(Al) 

Equation (2) is then: 

4 = i lR* cos*(qb - 90) + sin2($ - 90)] 

(R2 + 1) 

4 = f (R* sin* @ + cos* $) 
(R2+ 1) . W) 

These are the expressions giving the rate of rotation of a rigid ellipse in 
a ~~CWS fluid for pure and simple shearing, respectively. Addition of 
the two gives the rotation rate for a combination of simple and pure 
shearing, i.e. general (sub-simple) shearing. Therefore 

+=+(R *sin*++cos*$)_; (R2-1)sin2# 
(R* + 1) x(R2 + 1) 

which after rearrangement gives 

$=+[AcosZ@+Bsin2@+Csin2#] (A3) 

where, 

A=(R2:lj; B=-S.(R2+1); (R* - 1) c= R* (R2+ l); and S,= 7 

Equation (A3) can be arranged to give 

‘dy= 
0 

I I( d@ 

0 ,A+C A-C (A4) 

2 
+ - cos2@+Bsin2# 

2 

where +c is the original angle of the long axis of the object. The 
right-hand side is now in the form of a standard integral for which a 
solution can be found in reference tables. Integrating between 0 and y 

Fij Wm=QjR 
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MO~I Circle for &j 

Fig. Al. Mohr circle in stretch space representing the position gradi- 
ents tensor Fij (e.g. Passchier 1988a,b). For equal volume deformation 
T and R are defined by the finite strain. The height of the circle above 
the horizontal axis, Q, is a function of both the finite strain and Wm. 
This construction can be used to derive the relationships given by 

equations (15) and (16). 

and between $. and 4 and solving for # gives the following results 
(given in the same form as Ghosh & Ramberg 1976), 

(1) Ifs, < (R2c 1) then, 

# = arctan (AC CB2)ln tan [ y(AC - B2)tn 

+ arctan B&j ( I I -E. (A5) 

(2) If S, > cR2y 1) then, 

@ = arctan I P[B + (B* - AC)‘o] - B + (B* - AC)in 
C(1 -P) 1 

(A6) 

where 

,, = B + C tan $,, - (B* - AC)ln elz~a~-Ac)lni 
B + C tan Go + (B2 - AC)‘” 

(3) If S, = (R2t 1) then, 

@ -B . II (A7) 

APPENDIX 2 

In most cases the best way to make the estimates of W, is by using 
the Mohr circle construction (Means 1982, 1983, De Paor & Means 
1984, Passchier 1988b, Wallis 1992a). The Mohr construction can also 
be used to derive the analytical solutions which are given in the main 
text. These equations have the advantage that they can be used 
without first studying the Mohr construction. The two main equations 
are derived below. 

(i) Derivation of equation relating stretch along flow plane (A,) to 
R, and Wm. 

From Fig. Al, the stretch along the flow plane, A ,, can be written as 

AI = (p - Q2)‘” + (R2 - Q2)ln. (Bl) 

Because S, = Rj’* and S2 = Rj”* 
T = i(Rj’* + Ry l’*) , 
R = i(R;‘* - Rj”*), 

Q=Ww$ 
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(Passchier 1988a,b). The above equations allow A, to be found once After squaring both sides, the left-hand side (LHS) becomes: 
the mean vorticity number W,,, and the X-Y strain ratio, Rf, are 
known. Substitution gives the rather cumbersome expression LHS = W;[(R;” + R;ln)’ + cos*2/!?(R;” - R;‘3’ 

A, = 1(1- W&)1/2 Rf+ R;’ t 2(’ + w’,) + (R,+ RT1 - 2)ln . 
ii 1 I 

- 2 cos 2,9(R;‘2 - RF1’*)(Rjn t ,;I”)] 

(1 - WL) = Wz,[Rf + RT’ + 2 + cos* 2/?(Rf+ RT’ - 2) 

(B2) - 2 cos 2#?(Rf + RTl)] 

(ii) Derivation of equation relating W,, j3 and R,. 
The three quantities W,,,, /I and R,-can be plotted on the Mohr circle 

and the right-hand side (RHS) becomes: 

in stretch space as shown in Fig. Al (see also Passchier 1988b, Wallis 
1992a). Wallis (1992a) shows that: 

RHS = sin22B[Rf+ RF’ + 2 - Wk(Rf+ RT’ - 2)]. 

Multiplying both sides by Rfand collecting terms in Rfthese become: 
tan@ = 

R sin 28 
T- Rcos28’ LHS = RT(W; + W; (30s’ 2j3 - 2W2, cos 2j?) 

therefore from Fig. Al + R,(2W; - 2w; cos22/3) + w; 

+ w2, COG 2g t 2w2, cos 28 
(T’ -ee2)” = T” st::!2b’ (B3) 

and 
After rewriting R, T and Q in terms of RP equation (B3) becomes 

RHS = R;(sin* Z/3 - W$ sin* 2p) + R,(2 sin* Z/3 + 2Wi sin2 28) 
tW,(R;‘* - RF”*) 

Q(R? + RY1’2)2 - Wfn(R;‘2 - R;1’2)211’2 + sin2 2j3 - W$ sin* 28 

t(R:n - R,“*) sin 28 Subtracting RHS from LHS gives 

= ,(Ry t Rj-1’2) - 4(R)” - R;l’z) cos2# 
Rj(2WL - ZWf, cos 28 - sin’ 28) - 2R,(sin2 28) 

and so 
t2Wi+2Wt,cos28-sin22p=0 (B4) 

W,,,[(Ry* t RT”2) - COS~B(R;‘~ - RT”2)] 
which allows the strain ratio Rfto be calculated from known values of /I 

= sin 28 [(Rj” t R;l’*)* - Wi(Rj’* - RT1’2)2]‘n. and W, using the standard solution to a quadratic equation. 


