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Almtraet---Sheets of leucocratic peraluminous tourmaline granite were synkinematically emplaced into meta- 
sediments of the Svratka Crystalline Unit during the Variscan orogeny. The granite was deformed under high- 
temperature conditions close to the solidus, as indicated by quartz microstructures and the presence of prism (c} 
glide in quartz. Decrease in the temperature of deformation causing orthogneissification of the granite is 
documented by transition from prism (c) to prism (a) and basal (a} glide operating in quartz grains. 

Two mutually perpendicular stretching lineations originated during high-temperature deformation of the 
granite. Detailed three-dimensional analysis of tourmaline preferred orientations underlining both lineations has 
been performed and the distributions have been compared with theoretical predictions of Jeffery and March for 
rotation of rigid linear markers. The origin of mutually perpendicular linear fabrics is discussed on the basis of 
numerical models. Transpression, considered as a combination of northwestward shearing accompanied by 
shortening across and lengthening along the shear plane, is proposed to explain the perpendicular linear fabrics 
observed. 

INTRODUCTION 

STRUCTURAL and metamorphic evolution of the Variscan 
orogen has been interpreted in terms of large-scale 
nappe emplacement (Suess 1926, Kossmat 1927), con- 
nected with lithospheric subduction and collision (Matte 
1986, Franke 1989). Stretching and mineral lineations, 
as well as sense of shear criteria, are used as reliable 
indicators of direction and sense of crustal-scale move- 
ments (Shackleton & Ries 1984). 

Stretching lineations are commonly considered to be 
subparallel to the X-axis of the finite strain ellipsoid (e.g. 
Nicolas 1984) and consequently subparallel to the princi- 
pal tectonic movement. However, stretching lineations 
perpendicular to the expected direction of regional 
displacement were described in many regions. In addi- 
tion, two mutually perpendicular stretching lineations 
exist in some areas (Bouchez et al. 1984, Burg et al. 
1987). Such a geometrical configuration has been 

explained either in terms of superposed deformations 
(Cannat & Bouchez 1986) or as a result of combined 
thrusting and wrenching (Brunet  al. 1985, Burg et al. 
1987) or due to complementary conjugate strike-slip 
movements allowing tectonic escape of overthickened 
crust (Molnar & Tapponier 1975, Behrmann 1988). 

In this paper we discuss the generation of two perpen- 
dicular linear fabrics defined by preferred orientation of 
tourmaline in a sheet-like granitic body. The growth of 
tourmaline crystals and their preferred orientation are 
attributed to synkinematic emplacement of this peralu- 
minous granite during the Variscan thrust event. 

We will describe the three-dimensional fabric distri- 
bution of tourmaline columns associated with two per- 
pendicular stretching lineations lying on commonly 
oriented foliation planes. These distributions will then 
be compared with the rotation of rigid linear markers 
based on the theoretical predictions of Jeffery (1922) 
and March (1932). Finally, a numerical model of the 
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fabric evolution will be developed to try to explain the 
observed patterns in terms of their complex deforma- 
tional histories. 

GEOLOGICAL SETTING 

The area studied (ca 25 km 2) is situated at the eastern 
border of the Svratka Crystalline Unit (Fig. 1) which, 
together with the Moldanubian nappes, occupies a high 
position in the nappe pile at the eastern margin of the 
Bohemian massif (Schulmann et al. 1991). The Svratka 
Crystalline Unit and the Moldanubicum contain relics of 
high-pressure rocks, and were emplaced over lower 
Moravian nappes, characterized by intermediate press- 
ure and temperature mineral assemblages, during early 
Variscan convergence dated at around 350 Ma (Van 
Breemen etal. 1982, Matte 1986). An E-vergent sense of 
nappe emplacement, originally proposed by Suess 
(1912, 1926) and still supported by some authors (Jaro~ 

& Misaf 1986, Jaro~ 1989) is a subject of recent debate. 
New investigations brought evidence for clear north- 
ward or northwestward nappe transport in this area 
(Schulmann et al. 1991). 

The Svratka Unit in the area studied (Fig. 1) consists 
essentially of garnet-mica schist, migmatized two-mica 
schist and anatectonic peraluminous orthogneiss, rich in 
tourmaline (N6mec 1979). Intercalations of marble, 
amphibolite and quartzite are present together with 
some skarns and slices of serpentinite (Weiss 1966). An 
extensive anatexis developed under amphibolite facies 
conditions, characterized by the mineral assemblage: 
quartz + plagioclase + biotite + muscovite + garnet 
(almandine) + K-feldspar _+ kyanite + sillimanite. 

According to Pertoldov~i (1986), using different 
geothermometers and geobarometers (garnet-biotite, 
garnet-phengite, garnet-plagioclase-quartz-A12SiO5, 
K-feldspar-plagioclase), the temperature in the garnet- 
mica schists reached 600-675°C for a pressure estimated 
at 6-9 kb. Significantly lower temperatures of 550-600°C 
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Fig. 1. (a) Geological map of the area under study (after Misaf 1965, Schulmannov~i 1987). Legend to inset (b): 
1---Cretaceous, 2--Permian, 3---Devonian, 4----Outer phyUites, 5--Biteg orthogneiss, 6--Inner phyllites, 7--Ti~nov 
granitoids, 8---Letovice ophiolitic complex, 9--thrust-fault boundary. Legend to inset (c): 1-4 Svratka crystalline unit: 
1---peraluminous orthogneiss without/with tourmaline, 2--mica schist, 3---marble, 4--skarn; 5--8 Moravicum: 

5---quartzite, 6--marble, 7--phyllites, 8---B/te~ orthogneiss; 9---fault, 10---thrust, ll---sites of tourmaline analyses. 



Linear fabrics in tourmaline granite, Czechoslovakia 607 

obtained in peraluminous granite rich in tourmaline are, 
according to Pertoldovd (1986), probably due to the high 
concentration of boron and fluorine. Growth of musco- 
vite and sillimanite at the expense of kyanite and biotite 
in the mica schist is associated with retrogression under 
lower pressure conditions. 

MESOSCOPIC STRUCTURES 

Foliation and lineations 

The regional metamorphic S 1 W-dipping foliation 
(Fig. 2) is marked by alternation of mica-rich and 
quartzofeldspathic layers in garnet-mica schist, and by 
flattened quartz grains and arrangement of micas and 
feldspar in peraluminous granite. This foliation bears 
two mutually perpendicular mineral lineations: L~ 
plunging to the southwest at shallow angles and Lii 
plunging to the northwest (Fig. 2). Both lineations occur 
in tourmaline granite as well as surrounding mica schist. 
In the mica schist these lineations are marked by the 

alignment of micas, by pressure shadows around garnet 
porphyroblasts and by elongated quartz lenses. In the 
granite oriented tourmaline columns up to 20 mm long 
and elongated quartz and feldspar grains define the 
lineations. 

Li and Lii never occur together on a single foliation 
plane so that their mutual relationships cannot be 
directly observed. Rather they occur in alternating 
domains several metres thick, the Lu being more com- 
mon mainly in the northern part of the area studied (Fig. 
2). Microstrnctural evidence indicates that both the L i 
and L~ lineations are connected with subsolidus defor- 
mation in the leucocratic granite and the Lii lineation 
exhibits superposition of solid-state flow on early sub- 
solidus stage (see below). The relative ages of L~ and Lii 
in the first subsolidus stage are not known, that is why we 
prefer to refer to these lineations as L i, L~i rather than 
L1, L2. 

The sense of shear criteria, e.g. garnets with spiral- 
shaped inclusion trails in their cores, numerous shear 
bands and asymmetrical pressure shadows around 
rotated garnets and feldspars, are connected with L~ 
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Fig. 2. Structural map of the area studied: 1--mineral and stretching lineations, 2--metamorphic foliation, 3---thrust, 
4---mica schists and syntectonic granites of the Svratka crystalline unit, 5--outer phyllites of Moravicum, 6--Bfle~ 
orthogneiss. Orientation diagrams: F--poles to foliation planes, L---stretching lineations. Lower-hemisphere, equal-area 
projection, contours 1, 3, 7, 18 and 24 multiples of uniform distribution. Diagrams a, b, c and d correspond to subareas 

indicated in the map. 
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lineation only. These criteria indicate NW-oriented 
shearing extending throughout metamorphic retrogres- 
sive conditions. 

The latest stage of granite deformation is represented 
by planar shear zones with shear planes at a high angle to 
regional foliation and direction of shear subparallel to 
the Lii lineation. 

Folding 

Two phases of folding can be observed in the area. 
(1) Rootless Fl folds several centimetres in size, 

locally developed in the mica schist, emphasize the 
composite character of the $1 metamorphic foliation. It 
was not possible to measure the orientation of the axes 
of these folds in the field, so the relationships to both Li 
and Lii lineations are impossible to establish. 

(2) Cylindrical asymmetric F2 folds up to 1 m in size 
refold the $1 foliation and veins of leucocratic material 
penetrating into the mica schist. The F 2 folds can be 
subdivided into two groups according to spatial relations 
of their axes with the Li and Lii lineations. The axes of 
the F2i folds are parallel to the L i lineation (Fig. 3a) and 
these folds occur locally in the southern part of the 
studied area. Northwest-plunging F2ii folds with their 
axes subparallel to the Lii lineation (Fig. 3a) are more 
common. Most of the F2, folds are SW vergent. 

The ~ ,  folds are close to tight with axial planes 
subparallel to S Z foliation while the F2i i folds are very 
heterogeneous in style and geometry ranging from open 
buckle folds with variable axial-plane orientation to 
tight flattened folds with axial planes subparallel to the 
$1 foliation (Fig. 3b). The origin of the F2 folds, with 
axes parallel to stretching lineation, may be explained by 
foliation-parallel extension in the lineation direction. 
With ongoing deformation the folds were further flat- 
tened and their axial planes were reoriented parallel to 
foliation (Fig. 3b). 

QUARTZ MICROFABRIC 

Three stages of quartz deformation have been recog- 
nized: 

(1) deformation of anatectic granite near the solidus 
conditions which is connected with the origin of both L i 
and Lii lineations; 

(2) post-solidus deformation of granite associated 
with the Lii lineation; 

(3) low-temperature deformation in heterogeneous 
shear zones with movement direction subparallel to the 
tii  lineation. 

Quartz microfabric in anatectic granite 

Quartz usually occurs as large isolated grains 1-2 mm 
in size which are slightly elongate in the stretching 
direction. Grain boundaries are either slightly curved or 
reveal strongly lobate shapes, suggesting extensive grain 
boundary migration (Figs. 4a & b). Rectangular mosaic- 
like grain boundaries (Fig. 4b) indicate a high mobility 
of grain boundaries controlled by crystallographic orien- 
tation (Gapais & Barbarin 1986) at high-temperature 
conditions. Prismatic subgrain boundaries, commonly 
transecting the whole grains, are subparallel to the grain 
elongation, whilst basal or sub-basal subgrain bound- 
aries are ill-defined and form rectangular subgrains with 
planar prismatic walls (Fig. 4a). Systematic measure- 
ments using the U-stage reveal about 70% of prismatic 
subgrain boundaries and about 20% of basal ones (Fig. 
5a). 

Quartz c-axes show small-circle distribution around 
the X-axis of the finite strain ellipsoid with maxima near 
Li and L .  stretching directions. These circles are con- 
nected by weaker small circles centred around the Z-axis 
(Figs. 6a & b). These quartz c-axis fabrics may be 
compared with numerically modelled c-axis patterns for 
plane strain deformation of both hexagonal and trigonal 
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Fig. 3. Folds k" 2 refolding the S 1 foliation. (a) Orientation of axes of F2/and F2ii folds parallel with L i and L~i lineations, 
respectively. (b) Poles to axial planes of F 2 folds. Open circles = folds with intedimb angle (ILA) > 45°; dotted circles = 

45 ° > ILA > 30 °, full circles = ILA < 30 °. 
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quartz with dominant prism (c) glide (Lister 1981, figs. 2 
and 3). Similar natural c-axis patterns from granites and 
migmatites deformed at very high temperature con- 
ditions are also reported by Blumenfeld et al. (1986) and 
Gapais & Barbarin (1986). The size of individual quartz 
grains depends on the orientation of its c-axis. Those 
grains with the c-axis close to the principal stretching 
direction are larger than grains with c-axes at a high 
angle to the X-axis (Fig. 5b). The quartz microfabric in 
anatectic granite can be interpreted in terms of com- 
bined prism (c) glide and extensive grain boundary 
migration in grains oriented favourably for easy prism 
(c) slip. 

Quartz in orthogneissified granite 

Quartz forms mono- or poly-crystalline ribbons with 
straight boundaries between individual grains (Fig. 4c). 
Prismatic subgrain boundaries transecting the whole 
grains are generally subparallel to the foliation trace. 
Quartz c-axis fabrics form typical type II crossed-girdle 
patterns of Lister (1977), with strong maxima parallel to 
the Y-axis of the finite strain ellipsoid (Fig. 6). The 
quartz deformation occurred in the field of crystal plasti- 
city dominated by prism (a) glide; some minor grain 
boundary migration is still present. 

Quartz in late shear zones 

Quartz is present in the form of strongly recrystallized 
ribbons with irregular boundaries between individual 
grains. Common internal microstructures are strong 
undulatory extinction and the presence of numerous 
prismatic subgrain walls perpendicular to the foliation 
trace (Fig. 4d). Quartz c-axis patterns show intense 
maxima parallel to the Z-axis of the finite strain ellipsoid 
(Fig. 6). The deformational mode is mainly basal (a) 
glide accommodated by rotational recrystallization. 

TOURMALINE FABRIC ANALYSIS 

Tourmaline in peraluminous orthogneiss occurs in the 
form of euhedral crystals up to 20 mm in size exhibiting 
variable degrees of preferred orientation. Tourmalines 
are either dispersed throughout the rock, indicating a 
magmatic origin, or lie in foliation planes, suggesting 
later mimetic growth (N6mec 1979). Only euhedral 
magmatic crystals are considered in this study. 

The orientation of the long axes of the tourmalines as 
well as their length and width, have been measured at 14 
sites in a N-S-trending body of peraluminous granite 
(Fig. 1). On average 80 measurements have been made 
at each locality. Orientations of the tourmaline long axes 
were plotted on equal-area, lower-hemisphere projec- 
tions (Fig. 7a). The orientation tensor (Fara & Scheideg- 
ger 1963, Scheidegger 1965, Watson 1965, Woodcock 
1977, Cobbold & Gapais 1979) was calculated from 
these data and consequently the eigenvalues El, E 2 and 
E3 and corresponding eigenvectors vl, v2, v3 determined 
(Fig. 7b). The ratios of In (E1/E2) and In (E2/E3) were 
plotted according to Woodcock (1977) (Fig. 73). Sym- 
metry of the fabric ellipsoid is represented by the K 
value: 

K = In (E1/E2)/In (17,2/17,3) (1) 

and the intensity of the preferred orientation is given by 
the I parameter (Lisle 1985): 

3 

I = 15/2 x ~ ,  ( E l -  1/3) 2. (2) 
i=1 

I ranges between 0 (no preferred orientation) and 5 (all 
fabric elements perfectly parallel one to another). In 
view of the trigonal symmetry, elongated habit and large 
ductility contrast between markers and matrix, the tour- 
maline columns may be considered as axial markers 
(Fernandez 1984). The length/width ratios (r) varies 
from 1.5 to 15, with distributions of r varying slightly 
from site to site (Fig. 8). 
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Theoretical studies of the behaviour of linear markers 
embedded in deforming viscous fluids, based on Jef- 
fery's (1922) equations (Gay 1968, Reed & Tryggvason 
1974, Fernandez 1984, 1988, Freeman 1985) as well as 
various experimental works (Ghosh & Ramberg 1976, 
Fernandez 1984, 1987), have shown that markers with 
high length/width ratios (r) tend to behave as passive 
lines (March 1932). 

Jeffery's (1922) equations govern the motion of an 
active ellipsoidal particle flowing in viscous fluid in a 
simple shear regime: 

tan ~ = r. tan [y/(r + l/r)] (3) 

tan 0 = C-[cos 2 ~ + (1/r e) sin e q~]ue, 

where r is the axial ratio of the particle, y is the shear 
strain, 0 and ~ are the azimuth and plunge of the 
particle's long axis with respect to the plane of shear and 
C is a constant of integration. We have used equations 
(3) and an initially uniform distribution of 500 model 
markers to study the effect of the axial ratio (r) on the 
resulting fabric during three-dimensional simple shear. 
As can be seen in Fig. 10, the strength of fabric (I) 
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formed by markers  with sufficiently high axial ratios 
approximates  that of  passive lines, whilst fabrics formed 
by less elongate markers  are much weaker .  

In populat ions containing markers  of  various axial 
ratios different rates of  rotations of these markers  pro- 
duce asymmetry  of the final fabric. As pointed out by 
Fernandez (1984), this asymmetry  may theoretically be 
used to deduce the sense of shearing. However ,  because 
of oscillatory fabrics (Willis 1977), which appear  at 
rather  low strains for lower axial ratios (Fig. 9), an 
opposite asymmetry  may readily appear.  The use of  
subfabric asymmetry  as an indicator of  shear sense must 
therefore be  t reated with care. 

To  study the effect of  the axial ratio of  measured 
tourmalines on resulting fabrics we have subdivided the 
data f rom each site into two subfabrics according to their 
(r) value (r = 4 was chosen as a threshold).  For  all r > 4 
and r < 4 subfabrics corresponding eigenvalues, eigen- 
vectors,  K and I parameters  have been calculated. 

According to the orientation of maximum concen- 
tration of marker  axes, two principal groups of tourma-  
line fabrics were distinguished (Figs. 7a & b). 

Group A (samples T353, T351, T666, T l l 5 )  

Maximum concentration v] of  tourmaline axe~ is par- 
allel to the NE-SW-trending  Li lineation and minimum 
eigenvector v3 is parallel to the pole of  $1 foliation. 
Global  tourmaline fabrics lie in the flattening field or 
close to the K '  -- I line. 

Group B (samples T33, T34, T32, T66, T56, T57, 
T701, T913a, b,c,d, T665, T335) 

The eigenvectors v I and v 2 of  group B fabrics also lie 
in the S 1 foliation plane, but v 1 axes are parallel to the 
NW-SE-t rending  L ,  lineation. A switch between vl and 
v2 is characteristic for the transition f rom group A to 
group B tourmaline fabrics. Various fabric types can be 
observed ranging f rom girdle distributions (K < 1) to 
constrictional clusters (K  >> 1). 

Differences between r > 4 and r < 4 subfabrics exist 
in both groups A and B (Figs. 10a & b). I f  global fabrics 
are in the flattening field or close to the K '  = 1 line, 
markers  with higher axial ratios show in most  cases more  
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Fig. 7. (a) Woodcock's (1977) diagram showing different types of tourmaline fabrics at individual sites studied. Groups A 
and B are distinguished by horizontal and vertical stripes, respectively (see text for explanation). All orientation diagrams 
are lower-hemisphere, equal-area projections contoured at 1.2, 4.4, 7.6, 10.8, 14 multiples of uniform distribution. 
Numbers of tourmaline long axes measured in parenthesis. (b) Orientations of maximum (v 1), intermediate (v 2) and 
minimum (v3) eigenvectors deduced from individual tourmaline orientation tensors. Note the switch between v 1 and v 2 axes 

of groups A and B within the foliation plane. 



614 R. MELKA, K. SCHULMANN, B. SCHULMANNOVA, F. HROUDA and M. LOBKOWICZ 

% 
4-0- 

30" 

20" 

t0 -  

0 

T 34. 
n=48  

J LL 1 ! | 
I 1 

5 t0 
i r 

t5 

% 
40-  

30-  

20-  

t0 -  

0 

T 701 
n= 70 

, I 
5 t0  

r 
t5 

% 
50- I ' - I  
40- [ I  T 3 5 3  j, n =70 
30" 

20- 

t0- 

0 , i , , r 
5 t0  15 

Fig. 8. Distribution histograms of tourmaline axial 

% 
~,o- T 666  

n = t00 
30 -  

20 -  ~ 

t 0 -  

0 , r q r 
5 t0 t5 

ratios r (length/width) of some populations measured. 

intense fabrics (Figs. l l a  & b and 12). This is in agree- 
ment with theoretical predictions for particle reorien- 
tation in viscous fluids. The symmetry of r > 4 subfabrics 
is often more prolate than where r < 4. On the other 
hand, in more prolate global fabrics (T34 and T56 in Fig. 
10), markers with lower aspect ratio are better aligned 
and form more constrictional subfabrics than markers 
with lower axial ratio. This may be explained from field 
observation, since sites with intense constrictional 
fabrics have large tourmaline crystals which are often 
boudinaged, thus forming a well aligned subfabric with 
lower axial ratio. 

NUMERICAL MODELLING 

We have tried to develop a mathematical model of 
fabric evolution to explain the observed tourmaline 
fabrics. As the final fabrics (Fig. 7a) could result from an 
infinite number of deformation paths, we have con- 
sidered several common deformations to visualize which 
of them could most probably produce observed fabrics. 

First, an initially uniform distribution of 500 unit 
vectors was generated, following Sanderson & Meneilly 
(1981). This distribution represents the initial fabric 
before deformation (I in Fig. 12). Eigenvalues calcu- 
lated from this distribution show negligible deviation 
from one another (less than 0.1%) and the number of 
500 vector used for the modelling gives results with 
reasonable precision (Harvey & Laxton 1980). 

Various types of deformation were applied to the 
generated uniform distribution to see which produced 
fabrics comparable to that observed at our localities. 
The orientation tensor was calculated from the de- 
formed distribution and its eigenvalues El,  E2, E 3 and 
eigenvectors Vl, v2, v3 used to specify the shape and 
orientation of final fabric. 

We have assumed in our modelling, that the markers 
behave as passive material lines during deformation 
(March 1932). Because some of the tourmalines 
measured have low aspect ratio (r) (Fig. 8), their behav- 
iour cannot be considered as perfectly passive (Fig. 9). 
This means that the strength of the model fabrics is 
slightly overestimated for a given amount of defor- 
mation. 

I3 
? r f f i 4  

2 

1 

Fig. 9. Fabric strength I of initially uniform distribution of axial markers with axial ratio r deformed in simple shear regime. 
y--shear strain. 



Linear fabrics in tourmaline granite, Czechoslovakia 615 

N 

Fig. 10. Lower-hemisphere,  equal-area projection of  the orientation of 
long axes of  tourmaline columns at site T-353. Three areas on the 
diagram are distinguished according to different aspect ratio values, r, 
of the tourmalines: black, r > 4; striped, 3 < r < 4; dotted, r < 3. 
Note clear dependance of fabric strength on axial ratio r of the 

markers, n = 70. 

Although quartz microstructures and microfabrics 
indicate high temperatures close to the granite solidus 
prevailing during both Li and Lii formation, it is not 
clear if these lineations originated simultaneously or if 
they result from superposed deformations. That is why 
we have considered both possibilities: (1) the simul- 
taneous origin of perpendicular linear fabrics in a trans- 
pressive regime and (2) superposition of two different 
deformation phases with mutually perpendicular exten- 
sion directions. 

Transpression 

Transpression (Harland 1971, Sanderson & Marchini 
1984) is defined as a wrench shear accompanied by 
shortening or extension across the shear plane. Sander- 
son & Marchini (1984) modelled the strain variations 
and deformation paths in transpression. They showed 
that the shapes of the finite strain ellipsoid varied 
strongly with the amount of shortening (extension) 

across the shear zone, and that 'switches' between prin- 
cipal strain axes may occur producing lineation perpen- 
dicular to the shear direction (Sanderson & Marchini 
1984, fig. 2). 

Using our model we have studied the variations in 
fabric evolution in the transpression regime. Transpres- 
sion was defined as: 

/ 10 ) (i 0 00) (i 0o-'  ) 
0 1 0 x a = a 0 , 
0 0 1 0 a -1 0 a -1 

(4) 

where y represents the shear strain and a -  i the shorten- 
ing (a -1 < 1) or extension (a -1 > 1) across the zone 
(Fig. 12). Using different values of 7 and a -1 we can 
calculate the corresponding fabric and thus study how 
the variation in these parameters is reflected in the 
resulting fabrics. Figure 12 shows the fabrics modelled 
for different values of 7 and a-1. For easy comparison 
between model and natural tourmaline fabrics, the 
modelled transpression fabrics are shown in lower- 
hemisphere equal-area projections (1-6 in Fig. 12) with 
the orientation of x-, y- and z-axes rotated to positions 
corresponding to that observed in the area studied (II in 
Fig. 12). The fabric shapes vary with a -1 as follows: 

---simple shear deformation (a -I = 1) produces 
slightly oblate fabrics with K '  = 1 symmetry (2 in Fig. 
12); 

-- transpression (a -1 < 1) results in oblate fabrics 
(K'  < 1), at lower a -1 values (a -1 << 1) a switch 
between Vl and v2 occurs so that fabrics perpendicular to 
the shear direction are produced (4-6 in Fig. 12) with K '  
-< 1 symmetry; 

--transtension (a -1 > 1) leads to prolate fabrics (K'  
>> 1; I in Fig. 12). A switch between v 2 and v3 occurs at 
high a-1 values producing foliation perpendicular to the 
shear plane and parallel to the shear direction. 

When we compare the fabrics modelled (1-6 in Fig. 
12) with the tourmaline fabrics observed in our localities 

(a) 
GROUP A GROUP B 

1t<4 

(b) 

r .  

3-  

0 
0 

, , -  

• ~ ~_~ T g t 3 b  
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APPARENT APPARENT 
FLATTENING -~ [ CONSTRICTION 
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! , i i i ~ i i i 

- t  0 t 

Fig. 11. (a) Woodcock's (1977) plot showing the difference between r > 4 and r < 4 tourmaline subfabrics for individual 
populations measured. (b) Graph of  fabric intensity (I) vs fabric shape (log K) showing the differences between r > 4 and 

r < 4 tourmaline subfabrics. K = In (E1/E2)lln (E2/E3). 

io9 K 
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Fig. 12. Fabric modelling in transpression regime. Initially uniform distribution of passive linear markers (I) was deformed 
in transpression regime (see text) with x-, y- and z-axes rotated to their geographical positions in the area studied (II). 
Different fabric types (1--6) produced for varying a and y parameters are shown as lower-hemisphere projections and in 

Woodcock's (1977) plot. 

(Fig. 7a) they are very similar for shear strains, y varying 
between 2 and 5, and for shortening across the zone, a 
varying between 0.5 and 5. 

We have also modelled the development of fabrics 
during progressive deformation by the successive appli- 
cation of small increments of deformation (a~ -t < 0.05, 
Yi < 0.95). The parameter 7"/of Sanderson & Marchini 
(1984) 

T i = ~i(1 - o~1) -1 (5) 

was used to specify the deformation (Fig. 13). 

Superposed deformations 

Observed perpendicular linear fabrics could also re- 
sult from two superposed deformation phases with per- 
pendicular stretching directions. Microstructural argu- 
ments indicate that both L i and Lii lineations show signs 
of high-temperature origin close to granite solidus and 
that a decrease in temperature is associated with the Lii 

lineation. Taking this into account, as well as other 
constraints of mesoscopic fabrics, e.g. shapes and 
intensities of tourmaline fabrics, the following two-stage 
evolution can be proposed: 

,]/ 

0 t 2 3 4 5 

In (E 2 / E 3 )  

Fig. 13. Fabric paths in transpression regime shown in Woodcock's 
(1977) plot. Parameter Ti = yi(1 - ui-1) -1 (Sanderson & Marchini 

1984) specifies the deformation. See text for explanation. 
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Fig. 14. Modelling of fabric evolution during two-stage deformation history. D 1 plane-strain deformation produces fabrics 
with SW-plunging L i lineation (path 1-2-3) and K' = I symmetry./)2 deformation coaxially superposed on D1 fabrics and 
characterized by NW-SE subhorizontal extension, perpendicular to D1 stretching first produces oblate fabrics (3~ 5),then 
switches in orientation of the longest axis of the fabric ellipsoid occurs, general triaxial fabrics (6-7) with NW-trending ~i 

lineation and finally pure constrictional fabrics (7-8) result. See text for discussion. 

(1) D1 deformation close to magmatic-solid-state 
transition producing SW-plunging L i lineations and 
associated group A tourmaline fabrics with K'  = 1 
symmetry; 

(2) D2 phase characterized by a switch in the orien- 
tation of the X- and Y-axes of finite strain (X2 = Y1) still 
under high-temperature conditions, producing a wide 
range of NW-trending Lii linear fabrics. The final stages 
of D2 occurred under lower temperature conditions. 

Using a trial-and-error method, we have examined 
superposition of common deformations which might 
produce the observed fabrics. Reasonable coincidence 
between model and natural tourmaline fabrics was ob- 
tained for the two following strains: 

Da--plane strain deformation with X 1 extension in 
the SW-NE direction producing Li lineation and XIY  1 
foliation (1-3 in Fig. 14); 

D2--strain characterized by extension in original 
I11 -axis (X2 = Y1) producing NW-SE-trending L,  linea- 
tion. During the first increments of D 2 superposed on 
D1, oblate fabrics are obtained (3-5 in Fig. 14) and a 
switch between the X- and Y-axes occurs (5 in Fig. 14). 
Continuing D E deformation produces L,  linear fabrics 
(group B) perpendicular to D 1 extension. To follow the 
5-6-7-8 path in Fig. 14, the D E deformation must be 

characterized by a constant X2[Y 2 ratio, i.e. it must 
hold: 

ex2 = ey2 I> 1; ez2 ~ 1, (6) 

where X2 = Yx, Y2 = Z1 and Z2 = X1. Three such types 
of deformation may exist: 

(1) isovolumic deformation (ex2 = ey2 > 1; ez~ << 1), 
where extension in X2 and Y2 is compensated by short- 
ening in Z2; 

(2) volume decrease (ex~ = ey, = 1; ez: < 1) with 
shortening in Z2 and no change in X2 and I72; 

(3) volume increase (ex2 = ey~ > 1; ez, = 1) with 
extension in both X2 and I72 and no shortening in Z2. 

To maintain constant volume during D2, shortening in 
the original XI extension direction must be considered. 
However, unrealistically high values of this shortening 
are necessary to produce strongly constrictional fabrics 
(e.g. 90% shortening for fabric 8 in Fig. 14). The D2 
extension could also be compensated for by a volume 
increase and no shortening in X~, but again very high 
values of volume increase are necessary to produce 
fabrics corresponding to the observed ones (dV > 
1000% for fabric 8 in Fig. 14). In fact the values of 
dilation and shortening necessary to produce fabrics 
similar to those observed for any combination of volume 

S6 14 z.~.H 
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increase and shortening in the X1 direction during D 2 
deformation are too high to accept this model as a 
realistic one. Moreover, the sheet-like character of the 
granitic bodies does not support the ballooning hypoth- 
esis. 

DISCUSSION 

Two mutually perpendicular stretching lineations 
have been observed on commonly oriented foliation 
planes in synkinematically emplaced leucocratic granite 
and surrounding mica schists of the Svratka Unit. One 
lineation is subhorizontal while the other is subparallel 
to the dip of the foliation planes. They are never devel- 
oped together on one foliation plane, rather they occur 
in alternating domains. Both lineations are marked by a 
preferred orientation of tourmaline columns which de- 
fine a wide range of fabrics. Tourmaline fabrics associ- 
ated with the subhorizontal lineation range from oblate 
to constrictional shapes while fabrics associated with 
dip-parallel lineation exhibit plane strain to oblate 
shapes. Both lineations are associated with high- 
temperature fabrics in quartz with a dominant activity of 
hard prism (c) slip. The subhorizontal lineation shows a 
decrease in temperature manifested by the increasing 
importance of prism (a) slip and even basal (a) slip in 
quartz during a constant shear regime. Folds are mostly 
tight to isoclinal with axes strictly parallel to both linea- 
tions, axial planes being parallel to the regional foliation 
plane. Only those folds parallel to the subhorizontai 
lineation may be close to open and exhibit variable dips 
of axial planes. 

Three different models have been used to explain the 
occurrence of two perpendicular stretching lineations in 
natural rocks: 

(a) a combination of two simple shears with perpen- 
dicular shear directions and parallel shear plane (thrust- 
wrench model of Burg et al. 1987); 

(b) the superposition of two independent deforma- 
tional regimes (Cannat & Bouchez 1986), for example, 
early thrusting overprinted by later retrogressive per- 
pendicular extension; 

(c) transpression defined as a combination of wrench 
shear, shortening across and extension along the shear 
plane (Harland 1971, Sanderson & Marchini 1984). 

The combination of two simple shears with ortho- 
gonal shear directions and the same shear plane pro- 
duces generally stretching lineations oblique with re- 
spect to the direction of shear. Only when one shear 
component is much higher than the other may lineations 
subparallel to the shear direction result (Burg et al. 1987, 
fig. 2). The presence of transverse, oblique and longi- 
tudinal stretching lineations and more or less continuous 
changes in lineation trajectories in many areas supports 
the validity of this model. However, it is difficult to 
explain the perpendicular tourmaline fabrics in the 
Svratka Unit by the thrust-wrench model because: (1) 
no oblique lineations or continuous changes in lineation 
trends have been observed; and (2) fabric shapes ob- 

served vary from oblate to constrictional and do not 
correspond to plane strain symmetry resulting from a 
combination of two perpendicular simple shear defor- 
mations. 

As has been shown by mathematical modelling, one 
possible way to obtain the observed range of fabric 
shapes is by coaxial superposition of two deformations 
with perpendicular extension directions: the D1 defor- 
mation exhibiting plane strain symmetry and the D 2 
deformation (ex2 = er~ -> 1, ez: -< 1) characterized by a 
switch between principal axes (X 2 = Y1, Z2 = X0. Early 
thrusting producing the SW-NE-trending dip-slip linea- 
tion followed by coaxial extension perpendicular to the 
initial shear direction could be used to explain the 
observed fabrics. However, there are only very few 
asymmetric structures associated with the Li lineation, 
e.g. o-porphyroclasts and asymmetries of the maxima in 
c-axis patterns which would indicate non-coaxial D 1 
thrusting with possible top-to-the-northeast movement. 
Moreover, unrealistically high values of shortening in Z 2 
and/or volume increase are necessary to produce con- 
strictional D2 fabrics similar to that observed. 

The transpressional model (Harland 1971, Sanderson 
& Marchini 1984) corresponds well, from a geometrical 
point of view, to relatively steeply inclined foliation 
planes with two perpendicular lineations, one approxi- 
mately strike-parallel and the other dip-parallel. The 
observed range of tourmaline fabrics fits well with fabric 
shapes produced in transpression and the switches of 
principal axes orientations occur as suggested in Sander- 
son & Marchini's (1984) model. Moreover, realistic 
strain magnitudes are sufficient to produce observed 
changes in fabric symmetry and in strain axes orien- 
tations. 

Decreasing temperature conditions documented by 
retrograde microstructural evolution are consistent with 
the prevailing importance of the strike-slip component 
of the bulk strain during a long lasting shear regime. 
Folds with axes parallel to both lineations were probably 
formed at different stages of the deformation. Older 
folds with axial planes subparallel to the S l foliation are 
more flattened while later open folds with axes subparal- 
lel to strike-parallel lineation and with variable dip of 
axial planes are associated with relatively low- 
temperature deformational conditions and an extensio- 
nal shear regime. 

CONCLUSIONS 

Detailed field mapping, mesostructural and micro- 
structural observations in the granite of the Svratka Unit 
leads to the following conclusions. 

(1) Leucocratic peraluminous granite was synkinema- 
tically emplaced during northwestward Variscan shear- 
ing. Indications of prism (c) glide operating in large 
quartz grains show high-temperature deformation con- 
ditions close to the granite solidus. Two perpendicular 
lineations, one subparallel and the other subperpendicu- 
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lar to the shear direction are associated with this stage of 
granite deformation. 

(2) A transition in the operating slip system in quartz 
from prism (c) to prism (a) and basal (a) glide is associ- 
ated with the decrease in temperature of deformation of 
the granite during continuing top-to-the-northwest 
movements. 

(3) Tourmalines in the granite studied may be 
regarded as passive markers if their aspect ratio is large 
enough (r > 5). Tourmalines with lower aspect ratios 
form weaker subfabrics, which is in agreement with 
Jeffery's (1922) theory. However, this is not true at sites 
with strong post-solidus deformation, where tourma- 
lines with lower aspect ratios are often boudinaged and 
better aligned than those with higher aspect ratios. 

(4) Perpendicular linear fabrics marked by the pre- 
ferred orientation of tourmaline may be explained by a 
transpressional model. Combination of dextral shearing 
with shortening across the shear plane and lengthening 
perpendicular to the shear direction is inferred in the 
granite near subsolidus conditions. 

(5) Explanation of the observed perpendicular linear 
fabrics by coaxial superposition of two deformation 
phases seems less probable due to very high amounts of 
shortening and/or volume increase necessary to produce 
such fabrics. The origin of these fabrics in a thrust- 
wrench regime is also not probable. 
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