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Abstrae t - -A  study of the deformation of a granitic massif indicates a relationship between palaeostress fields and 
the geometry of microfractures as defined by fluid-inclusion trails, that is, healed microfractures. A statistical 
study of the distribution of the trails leads to the following conclusions: trails exhibit several distinct preferred 
orientations on the scale of a grain, which may be observed in many samples; the orientations of the trails are 
similar to those of micro- and mesoscale fractures in the granite; and the dominant trail direction is parallel to the 
main direction of regional shortening. Thus, fluid-inclusion trails are mode I cracks which can be used as excellent 
markers of palaeostress fields. 

Resum6--L'etude de la d6formation rupturelle d'un massif granitique a permis de mettre en 6vidence 1'6xistence 
de relations entre les pal6odirections de contraintes et la g6om6trie d'un marqueur particulier de la microfissura- 
tion: tes train6es d'inclusions fluides. Une ~tude statistique de la r6partition des train6es d'inclusions fluides 
montre que: a 1'6chelle du grain min6ral, les train6es ont des orientations pr6ferentielles nettes et r6guli~res d'un 
echantillon ~ l'autre; leur r6seau est analogue ~ celui des micro et m6sofractures du granite; leur orientation 
pr6ferentielle principale est parall61e /~ la direction de raccourcissement majeure r6gionale. Les train6es 
d'inclusions fluides sont donc des fractures en mode I qui peuvent 6tre utilisees comme marqueur des 
pal6odirections de contrainte. 

INTRODUCTION 

WITHIN the last few years, much work has been done on 
microcracks in rocks. Nevertheless a better understand- 
ing of microcrack creation, propagation mechanisms 
and spatial distribution is necessary, as microcracks 
affect many physical properties of rocks, such as their 
strength, seismic wave velocity, and permeability. On 
the other hand, it can be assumed, as stated by Krantz 
(1983, pp. 461-462), that " . . .  the principles of fracture 
mechanics will apply to isolated, individual microcrack 
growth". Thus, microcracks should be capable of yield- 
ing valuable information about the local state of stress in 
rocks. Experimental tests (e.g. Brace & Bombolakis 
1963, Friedman & Logan 1970, Peng & Johnson 1972, 
Tapponnier & Brace 1976, Krantz 1979a,b, 1983) indi- 
cate that most cracks appear to be extensional fractures 
propagated roughly parallel to the local maximum stress 
axis. 

Compared to the rather large quantity of experimental 
data, only a few papers discuss the relationships between 
the preferred orientations of cracks and the regional 
framework of deformational events affecting the sur- 
rounding area. There may be only a very weak correla- 
tion between each, since grain-scale stress fields are very 
heterogeneous, depending on the mechanical and 
thermal anisotropy of the minerals, on grain-boundary 

geometry, and on older discontinuities in the rock. 
Nevertheless, some examples can be used to emphasize 
the regularity on a regional scale of the sets of various 
joints and fractures. 

In a major study within metamorphic rocks near 
Washington D.C., Tuttle (1949) systematically investi- 
gated the orientations of planes of fluid inclusions 
throughout an area of more than 750 km 2. It appears that 
these planes, although not clearly related to any particu- 
lar macroscopic structure, have a remarkably regular, 
non-random, orientation throughout the metamorphic 
rocks. 

In the same way, Wise (1964) analysed the preferred 
orientation of microjoints and planes of fluid inclusions 
in granites of the Precambrian basement of the Montana 
and Wyoming Rocky Mountains. Here also, these 
planes appear to form a few constant sets, very regularly 
orientated across the area, more or less parallel to the 
common joint directions, but simpler. 

Recently, Engeider & Geiser (1980) and Engeider 
(1982a) described the joint pattern of the Appalachian 
Plateau, New York. Again, it is astonishingly regular 
over hundreds of kilometres, and not dependent on 
other tectonic structures. The youngest set is parallel to 
the maximum horizontal compression of the present day 
continental-scale stress field of North America. 

Thus these studies point to the use of small-scale 

169 



170 M. LESPINASSE and A. PI~CHER 

+ 

. : . . :7 :  

10 K M  
I 

A 

/ • + +  + + t 
+ + +p 

/ 4 -  + + + + 

+ + + - i l k  + + + 

+ + + d  +4- . 

~ .t. "t" 
+ + 

+ 
+ +  .4- 

M . D .  

+ + 4- + + + 4- - 
+ + + + + + 
~_+ 4- 4- 4- + 

+ +  ~ 1 
+ +  

++  q75-? 2 

+ +  3 

+ ~ +  +, 4 

+ + I Is 
I 

Fig. I, Sketch map of the western part of the La Marche dislocation. M.D. ,  Marche dislocation; dots, sites of 
microtcctonic measurements  (station D corresponds to the Le Bernardan quarry); 1, sedimentary (Jurassic) cover; 2, 
leucogranites (the northern one,  along the Marche dislocation, is the Marche granite, and the southern one is the Saint 

Svlvestre granite); 3, Br~me foliated leucogranite: 4, Gueret  biotite granite; 5, Palaeozoic gneisses and phyllites. 

fractures as independent tectonic markers: they appear 
to be mainly mode I (extensional) cracks formed in 
response to regional tectonic stress fields. They should 
yield information on the arrangement of stress trajec- 
tories at the time of their formation (see Hancock 1985). 

In the present study, dealing with a Hercynian granite 
in the northwestern part of the Massif Central, France, 
we have examined the preferred orientations of micro- 
fractures versus the successive average regional palaeo- 
stress states, as they can be independently determined 
from the analysis of striated fault planes. 

T H E  G E O L O G I C A L  F R A M E W O R K  

Our work derives from a detailed study of the Le 
Bernardan uranium deposit (Lespinasse 1984) in the La 
Marche granite. It is a Hercynian two-mica granite, the 
petrography and geochemistry of which is detailed in 
Kurtbas et al. (1969), Ranchin ( 1971) and La Roche et al. 

(1980), but the age of which is only poorly known [Rb/Sr 
dates on the neighbouring biotite-granite of Gu6ret and 
two-mica granite of Crevant led respectively to a late 
Devonian age and to a Namurian age (Berthier et al. 

1979, Petitpierre & Duthou 1980)]. As in many intra- 
granitic Hercynian uranium deposits, the ore is trapped 
in hectometric episyenitic columns, which result from 
potassic alteration and quartz dissolution of the granite 
by hydrothermal brines, traces of which can be found 
today in the numerous fluid inclusions which are seen in 
the granite itself or in quartz veins cutting across it 
(Michel 1982, 1983, Leroy 1983, 1984). 

The La Marche granite is separated from the northern 
Palaeozoic metamorphic series by a major ductile fault, 
the so-called "Marche dislocation" (Fig. 1). It is a thick 

mylonitic zone, either dipping steeply south, or vertical, 
which generally trends N90°E, but trends N110°E north 
of the Le Bernardan quarry. Penetrative deformation 
textures (appearance of C-S almonds, Berth6 et al. 1979) 
decrease progressively from the main mylonitic zone to 
the undeformed granite. In the Le Bernardan quarry, 
about 1.5 km south of the dislocation, the granite dis- 
plays only slight traces of deformation: a rough N120°E 
foliation, emphasized by preferred orientation in phyl- 
lites and elongate quartz aggregates (the elongation is 
due to intracrystalline plastic deformation and some 
pressure solution). 

The episyenitization took place after the plastic defor- 
mation, during late Hercynian brittle deformation, when 
hydrothermal circulation was favoured by the high 
density of fractures of all scales. For example, the Le 
Bernardan main episyenitic column is clearly related to 
a fault breccia orientated N20°E (fault D, Fig. 2). Later 
still, a stage of fracturing, visible in the granite and 
gneisses as well as in their Mesozoic cover to the north, 
occurred after the Jurassic• 

T H E  P A L A E O S T R E S S  F I E L D  

Several recently developed methods make use of 
brittle deformation features (joints, veins, striated fault 
surfaces) to determine the orientations of the palaeo- 
stress tensors (see e.g. Angelier 1983. Hancock 1985). 
Based on a station by station analysis of mesoscopic 
(i.e. outcrop- and quarry-scale) or macroscopic (map- 
scale) fractures, these methods average out the sample- 
scale or grain-scale stress variations. They give an "aver- 
age stress state" at each station, from which it is possible 
to obtain the regional stress pattern by interpolation. 
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Fig. 2, Sketch map of fractures in the Le Bernardan quarry, a, main faults: b, main N20°E breccia: c, other faults and 
main joints: d. quartz veins, aplites and pegmatites; e, episyenites. Equal-area plots are for poles to fracture planes: 
lower hemisphere. 1:103 measurements (8, 6, 3, 2, 1% density contours). 2 : 1 3 0  measurements (5, 3, 2, 1% density 
contours). 3:123 measurements (7, 5 . 3 ,  2, 1% density contours). 4 :127  measurements (6, 4, 2, 1% density contours). 
5 : t l 7  measurements (7, 4. 3, 2, 1% density contours). 6 : 1 5 0  measurements (6, 4, 3, 1.5% density contours). 7 :114  

measurements (6, 4, 2, 1% density contours). 8:152 measurements (5, 3, 2, 1% density contours). 

To determine the palaeostress trajectories in the La 
Marche granite, we used the computer-aided method 
proposed by Etchecopar et al. (1981), based on Bott's 
(1959) theory. For a set of striated fractures initiated or 
reactivated in more than one tectonic phase, the method 
allows the separation of the main superimposed stress 
states• 520 fault planes and their striae were measured at 
six stations (labeled A-F, Figs. 3 and 4), spaced out 
along 30 km of the La Marche dislocation. Station D is 
the Le Bernardan quarry• 

The six stations give very homogeneous results (an a 
posteriori justification of the mechanical approximations 
of the method?): the measured striae being related to 
the superposition at least of three main stress fields, each 
characterized by an intermediate principal stress, 0, 2 , 
which remained close to vertical, and by maximum 

principal stresses, cry, orientated respectively N20°E, 
N80°E and N150°E. 

The more accurately defined direction is the N20°E 
one (Fig. 3), inferred from 30% of the striations in 
stations A and B, 15% of the striations in station C, 40% 
of the striations in station D and 20% of the striations in 
station E. In the field, the structures are conjugate 
dextral (N150°E to N180°E) and sinistral (N50°E to 
N90°E) faults, and N20°E extensional faults. Only at 
station Fwas this direction not obtained by the automatic 
treatment. This does not imply that N20°E compression 
was ineffective there, but rather it is an effect of the 
particular location of the station, close to the La Marche 
dislocation, in a granite strongly foliated along N90°E: 
the main effect of the N20°E compression was reactiva- 
tion of the plane of anisotropy (sinistral shear indicated 
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Fig. 3. Palaeostress state in the central and western Marche zone. N20°E compression. Stereographic projection (lower 
hemisphere) of the corresponding striae. Circles, triangles and squares correspond to o'1, cr~ and o-~ stress axes. The 
histograms are the residuals between observed and computed striae (see Etchecopar et al. 1981); the horizontal axis is 
scaled in radians. The percentages of measurements for which the deviation is less than 20 ° (0.34 rd) are 80, 95, 95, 85 
and 95% in stations A, B, C, D and E, respectively. R = (o- z - o-3)/(cr ~ - o-3) (see Bott 1959) is equal to 0.74, 0.18, 0.15, 

0.33 and 0.38 in A-E. 

by slickenside striae). Thus,  the data for this station 
display only a single family of striae compat ible  with the 
N20°E direction of compression (the striae on the N90°E 
foliation in the granite),  which is insufficient for stress 
tensor  determinat ion.  

The  N80°E compress ion (Fig. 4) is well defined in the 
five stations A, B, C, D and F. It is marked  by dextral 
movemen t  on N0°E to N50°E faults and sinistral move-  
ment  on N90°E to N120°E faults. 

Finally, a N150°E compression also appears  in each of 
the six stations, but it is ra ther  ill defined because of 
insufficient striae (no more  than 10 per  station). 
Nevertheless ,  it could be a true regional palaeostress  
direction: a similar N N W - S S E  compress ion has been 
inferred f rom the southern Saint Sylvestre granite (de 
Fraipont  1982), 

The  mechanical  assumptions used to differentiate the 
stress tensors do not yield information about  their rela- 
tive order,  which can only be established on the basis of 
criteria such as fault intersections and the superposi t ion 
of striae. It appears  that the N20°E compression occur- 

red first. It was responsible for the late ductile deforma-  
tion of the granite around 310 Ma (Lespinasse & Pecher 
1984), and later for the emplacement  in the Saint 
Sylvestre granite of N20°E lamprophyre  dykes, dated at 
295 Ma (Leroy & Sonet 1976). Thus this direction was 
probably  the main regional compression direction from 
the Vis6an to the Stephanian.  

It  was followed by a N150°E compression.  In the Saint 
Sylvestre granite,  it is reflected by dextral N120°E faults, 
which displace the lamprophyre  dykes, by sinistrai reac- 
tivation of older N-S  faults, and by N150°E faults pene- 
con temporaneous  with ore deposition (de Fraipont 
1982, Lespinasse & Mollier pers. comm.) ,  dated at 275 
Ma (Leroy & Holl iger 1984). Thus the age of the N150°E 
compression is probably  S tephanian-Autunian .  

The N80°E direction is the youngest  of the three 
compression directions. It is defined by faults observed 
both in the Hercynian basement  and in its Mesozoic 
cover; it is at least partly post-Jurassic, and could be a 
response to the distant late Alpine mountain  building 
episode (Lerouge et al. 1983. Lerouge 1984). 
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From the above inference, it is possible to postulate 
successive patterns of maximum principal stress trajec- 
tories (Fig. 5). 

MICROFRACTURING 

In the Le Bernardan quarry, there is a set of complex 
metric to pluridecametric faults (Fig. 2), which have 
been used to determine the average regional stress states 
defined above. The brittle deformation is also marked 
by a set of pervasive microfractures of two types, 
unhealed and healed microcracks. 

The unhealed microcracks are intercrystalline cracks 
(following the terminology of Simmons & Richter 1976) 
cutting across grain boundaries. They are often large 
enough to be seen under the microscope at low magnifi- 
cation. A few of them obviously display slight displace- 
ments of their two walls, indicated, for example, by 
displacement of plagioclase twins. There is still con- 

troversy over the origin of grain-scale shear cracks and 
whether some observed shear movements are only due 
to the reactivation of former mode I (extensional) cracks 
(see Scheidegger 1982, Engelder 1982b, Hancock 1985). 
To avoid any ambiguity, only cracks considered as pure 
extensional cracks, that is, not displaying any evidence 
of lateral movement, were counted in the statistics pre- 
sented here. 

The healed microcracks, very abundant but only 
clearly observed in the quartz crystals, are extensional 
microfractures nearly completely sealed by dendritic 
growth of quartz from their limbs. Studies by Lemmlein 
& Kliya (1960), Shelton & Orville (1980), P6cher (1981), 
P6cher & Boullier (1984) and Smith & Evans (1984) 
indicate that it can be a very fast and effective process. In 
thin section, or better in the 200 /~m thick polished 
sections used for microthermometric measurements, the 
healed microcracks appear as thin planar trails of numer- 
ous minute (usually less than 10 p.m) fluid inclusions, 
aligned independently of the crystallographic orienta- 
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Fig. 5. Successive stress trajectories as determined by striated fault 
plane analysis. Arrows show the direction of the maximum principal 
stress, o h , at each of the six sampling sites. Solid arrows correspond 
to well-defined results, open ones to ill-defined results. Lines indicate 
stress trajectories. (a) N20°E compression (Vis6an-Stephanian).  (b) 
NI50°E compression (Stephanian-Autunian) .  (c) N80°E compres- 

sion (post-Jurassic). 

tions of host crystals (as would be trails of primary 
inclusions), and cross cutting the grain boundaries inher- 
ited from ductile deformation.  Their  maximum length 
reaches a few mm (Fig. 6). 

In this study, the fluid inclusion trails were used as 
markers of brittle deformation,  on the assumption that 
such sealed cracks do not affect mechanical continuity 
through the crysta ! . This is shown, for example,  by the 
evidence for fracturing and healing in granite studied 
using cathodoluminescence by Sprunt & Nur (1979), or 
by the repeated parallel, but distinct, fractures in crystals 
of 'crack-seal '  type described by Ramsay (1980). Thus, 
in the case of superposition of differently or ientated 
stress states, it is anticipated that the set of trails related 
to one stress state will be essentially unaffected by the 
geometry of previously formed trails. 

Moreover ,  the composition and density of the fluid 
t rapped in a crack can be estimated simply by micro- 
thermometr ic  study of the fluid inclusions, and thus give 
an idea of the fluid present in the rock at the time of crack 
sealing. Such studies show (P6cher et al. 1975) that the 
content of the inclusions was homogeneous along a 
single trail, but can vary significantly between two differ- 
ently orientated trails. Thus the included fluids could be 
either or both traces of local pore fluid (if so, why do we 
observe different fluids in different trails'?), or residues 
of fluid that has percolated over long distances. Different 
stages of failure will possibly be distinguished by differ- 
ent types of fluids. 

Microfracturing has been studied in 19 samples scat- 
tered throughout  the 200 m width of the Le Bernardan 
quarry. Only samples of unaltered granite free of hand- 
scale fractures were investigated. Most of the micro- 
cracks are steep to nearly vertical as can be seen from 
Fig. 7 (equivalent cyclographic projection of the fluid 
inclusion trails measured in nine of the samples using a 
Fedoroff  universal stage). Thus, we obtained a good 
representat ion of them by taking account only of their 
traces in horizontal thin-sections. The measurements 
are presented in rose diagrams, in which the cracks are 
given in 10 ° classes. In these diagrams, to gain a more 
realistic picture of the actual state of microcracks than 
that given by the stereograms (in which various cracks 
have the same weight whatever their length), fracture 
densities were used, that is, the cumulate length of the 
cracks of similar direction in a given section area ( 1 cm2). 

Microcracks  vs f lu id- inclus ion trails 

To test the preliminary assumption that fluid inclusion 
trails are equivalent to other  microcracks, and to test the 
homogenei ty  of fracturing on a specimen scale, measure- 
ments of both microcracks and fluid inclusion trails 
(number  of discontinuities of different orientation) were 
made in four sections of a sample of unaltered granite 
collected in the wall of a N20°E episyenitic lens (sample 
ML 82-72). 

Figure 8 shows the rather homogeneous fracture pat- 
tern of both cracks and fluid inclusion trails. Neverthe- 
less, there is an increase in the number of N20°E frac- 
tures from section 4 to section 1 : more numerous N20°E 
fractures occurring closer to the episyenite. Also seen is 
the very strong similarity of equivalent crack and trail 
diagrams; it can be seen, for example,  that the major 
N20°E direction is nearly absent in sample ML 82-72c, 
both in the microcracks and fluid inclusion trails. Thus, 
the unhealed and healed cracks are equivalent markers,  
although the reason why some of the cracks are unhealed 
is unknown. Possibly they were cracks unconnected with 
the general network of other  microfractures, and stayed 
"dry' at the time of fluid percolation. 

Fluid inclusion trails across the quar O' 

On the scale of the quarry, plotting the values of the 
orientations of the fluid inclusion trails on equal-area 
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Fig. 6. Photomicrographs of fluid inclusion trails. (a) Relation between polycrystalline quartz and the alignment of fluid 
inclusions. Scale-bar: 2 ram. Note the regularity of the trail networks (1) and that the trails cut across grain boundaries 
and are rectilinear. (b) Detail of fluid inclusion trail. 1, microcrack progressively sealed with appearance of fluid 

inclusions; 2, fluid inclusion trail. Scale bar---0.5 mm. 
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coun t ing  nets  shows the s imilar  o r i en t a t i ons  of the fluid 
inclus ion trails and  mesof rac tu res  (cf. Figs. 2 and  7). 
Rose  d iagrams  (Fig. 9) show more  clearly the 
h o m o g e n e i t y  of the microf rac ture  o r i en t a t i ons  th rough-  
out  the quarry .  A d o m i n a n t  and  ub iqu i t ous  N20°E 
d i rec t ion  s tands  out ,  t oge the r  with much  less dense ,  but  
regular ,  sets fol lowing the N70-80°E ,  N l l 5 ° E  and 
N140-160°E  direct ions .  

The  regular i ty  of the mic rof rac tu r ing  is on ly  d i s tu rbed  
in the vicinity of the large A and  B faults.  As  can be seen 

(Fig. 9), dense  N 1 3 0 ° E - N 1 6 0 ° E  microf rac tures  occur  
nea r  the r ight- la teral  str ike-sl ip fault ,  A,  o r i en t a t ed  
N120°E;  these microf rac tures  are a long a compress ion  
di rec t ion compa t ib l e  with the sense of m o v e m e n t  of the 
fault.  In  the same way, a N45°E microf rac tur ing  direc- 
t ion appears  in samples  k and  f, close to the N170°E 

dextral  fault ,  B. In  so far as fluid inc lus ion  trails are 
equ iva l en t  to mode - I  cracks ( that  is they should  lie close 
to the pos i t ion  of the local m a x i m u m  stress), these 
o r i en ta t ions  suggest a local dev ia t ion  of cr~ in the vicinity 
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Fig. 8. Comparative rose diagrams of crack and fluid inclusion trail directions. Le Bernardan quarry, sample ML 82 72. 
Transition between granite and episyenite. Frequence rose diagrams. 

of the compressive large faults (2nd-order extensional 
fracturing accompanying a first-order discontinuity). 

Relative timing of  various families of trails 

Extensional cracks such as fluid inclusion trails display 
no relative displacement of their walls; thus classical 
failure chronology criteria, based on intersection dis- 
placements, are inappropriate. Because of the lack of 
geometrical criteria, data on the physico-chemical 
characteristics of the fluids trapped in the inclusions 
were employed to erect a chronology. This information 
is easily obtained by microthermometry, that is measur- 
ing under the microscope the melting temperature, Tin, 
which yields the salinity of the fluid, and the homogeni- 
zation temperature. Th, which gives the density of the 
fluid. Previous studies of fluid associated with episyeniti- 
zation in the La Marche granite (Leroy 1983, 1984) and 
in a similar setting [data by Leroy (1978) from the Saint 
Sylvestre granite] have indicated significant changes in 

the chemistry and temperature of the hydrothermal 
fluids during the evolution of the hydrothermal system: 
for example both temperature and salinity decrease with 
time. 

A microthermometric study of the fluid inclusions in 
the Le Bernardan granite, taking into account for each 
inclusion not only its Th and Tm but also the orientation 
of the trail in which it is located (P6cher et al. in press), 
shows that trails of different orientations are charac- 
terized by sightly different fluids. In the N20°E trails, 
salinities of the brine and homogenization temperatures 
are scattered over a fairly large range of values, but only 
in these trails can fluids with the highest salinities and the 
lowest densities be found. The fluid inclusions of the 
NT0°E to N100°E and N140°E to N160°E trails are 
everywhere filled with very low salinity fluids, whereas 
their Th values are usually lower than the Th values 
measured in the N20°E trails. It is inferred from this data 
that the N20°E set of trails, in which fluids characteristic 
of early fluids of a normal episyenitic hydrothermal type 
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Fig. 9. Preferred orientations of fluid inclusion trails. Le Bernardan quarry. The rose diagrams correspond to the linear 
density of trails, that is, the total length of trails per unit area (cm -t) in a given direction (10 ° classes). The three main 

fractures and the main episyenitic lens (stippled area) are indicated. 

are t rapped,  were the first to be formed,  whereas  the 
NS0°E and N140°E cracks, in which fluids are charac- 
teristic of the late hydrothermal  stage, were induced and 
sealed at a later stage. 

CONCLUSIONS 

The above description concerns only microcracks in 
samples collected in the Le Bernardan quarry,  that is in 
a very small part of the La Marche granite (less than 0.05 
kin:). Measurements  in a few more samples  from sites 
scattered along the whole northern boundary  of the La 
Marche granite,  as well as in the Saint Sylvestre granite,  
further to the south, show that the preferred orientat ions 
found on the scale of the quarry are valid on a much 
wider regional scale (Lespinasse & Mollier, pers. 
comm. ). Below' we list our principal conclusions. 

(1) Planes of fluid inclusions (fluid inclusion trails), 
which are believed to have originated as extensional 
microcracks which subsequently became healed by solu- 
tion and deposition of silica, have orientat ions similar to 
other  extensional cracks observed in the granite.  

(2) Fluid inclusion trails are aligned along several 
well-defined directions, remarkably  uniformly orien- 

tated over  large (hectometr ic ,  or maybe  even kilometric) 
areas.  Thus preferred orientat ions of trails must be 
dependent  on the average regional stress field and only 
slightly affected by local heterogeneit ies.  

(3) Successive regional stress t rajectories (Fig. 5) 
compare  well with the observed preferred orientat ions 
of  trails. This correlation cannot  be accidental: the early 
N20°E max imum compressive stress and the N20°E fluid 
inclusion trails (which seem also to be the oldest f rom the 
fluid data) must be related,  as well as the N130-150°E 
and N70-90°E trails with the later N150°E and N80°E 
max imum compressive stresses. 

(4) Fluid inclusion trails are mode I (extensional) 
cracks which formed parallel to the average direction of 
tr~ and perpendicular  to the average direction ofo"  3 in the 
bulk rock. Planes of fluid inclusions, typical features in 
quartz of crystalline rocks, should provide,  in the 
absence of (or in addition to) mesostructural  markers ,  a 
practical way of constructing extension direction trajec- 
tories. Nevertheless,  additional work is needed in vari- 
ous tectonic settings to investigate how much the trails 
deviate from the ~rl direction, depending on the stress 
tensor and rock strain characteristics. 

(5) The previous assumptions about  the preferred 
orientat ions of fluid inclusion trails must also be valid for 
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other types of extensional microcracks (but our data are 
too few to prove this). Nevertheless, fluid inclusion trails 
appear to be very useful tools. (a) They do not disrupt 
the mechanical continuity of mineral grains and thus 
they may be capable of reflecting slight angular rotations 
in the direction of the elongation axis. (b) In the context 
of fluid behaviour during deformation, fluid inclusion 
trails appear to be fossilized pathways of hydrothermal 
solution migration. Thus one can use the physico-chemi- 
cal differences in the included fluids to separate different 
sets of trails; or, on the other hand, it should be possible 
to use trails to relate the different stages of fluid percola- 
tion to a regional succession of deformational events. 
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