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Abstract--Archaean gold-quartz vein deposits are commonly hosted in high-angle reverse shear zones and are 
interpreted to have formed in a regime of horizontal compression and high fluid pressure environment. This 
paper presents the results of a combined structural and fluid inclusion study on three gold-quartz vein deposits of 
the Val d'Or area (Abitibi, Quebec) consisting of subhorizontal extensional veins and E-W steeply dipping shear 
veins. Crack-seal structures, tourmaline fibres, stretched quartz crystals and open-space filling textures indicate 
that the subhorizontal veins formed by hydraulic fracturing under supralithostatic fluid pressure. CO2-rich and 
H20 + NaCl fluid inclusions, interpreted as two coexisting immiscible fluids, occur typically in microcracks of 
different orientations interpreted to have formed in the at-02 plane. Horizontal CO2-rich fluid inclusion planes 
are contemporaneous with the opening of these veins (03 vertical). Vertical H20 + NaC1 fluid inclusion planes, as 
well as some microstructures, such as deformed minerals, indicate that the same extensional veins have 
experienced episodic vertical shortening (03 horizontal) alternating with the opening events. Deformation and 
slip/opening also occurred in shear veins in which preferred orientation of fluid inclusion planes is not clear, 
except that the H20 + NaCl fluid inclusion planes tend to be oriented at high angles to the slip direction. 

The successive opening and collapse events in subhorizontal extensional veins are correlated with deformation 
and slip/opening events in shear veins, respectively, and are attributed to cyclic fluid pressure fluctuations in the 
system. They are thus consistent with the fault-valve model: sudden drop in fluid pressure from supralithostatic to 
lower values induces fluid unmixing and occurs immediately post-failure following seismic rupturing along the 
shear zone. Sealing of the shear veins allows the fluid pressure to build up again and the subhorizontal extensional 
veins to form. 

The intermittent change in orientation of o3 in horizontal extensional veins is ascribed to a total shear stress 
release along the neighbouring shear veins after rupture. The complex internal structures of the gold-quartz 
veins provide an excellent record of Archaean seismic activity along high-angle reverse faults. 

INTRODUCTION 

THE importance of fluids in deformation and faulting has 
long been recognized, as illustrated by the work of 
Hubbert & Rubey (1959) on the role of fluid pressure in 
the mechanics of overthrust faulting and by that of Secor 
(1965) showing the importance of high fluid pressure in 
the generation of extension fractures at significant 
depths in the crust. More recently, the interplay be- 
tween fluid pressure, slip events along faults and vein 
development has been addressed by a number of authors 
(e.g. Phillips 1972, Kerrich & Allison 1978, Sibson 1981, 
Cox et al. 1986, in press, Sibson et al. 1988, Parry & 
Bruhn 1990) who pointed out that fluid pressure fluctu- 
ations are likely to accompany shear stress release dur- 
ing faulting, especially in the case of high-angle reverse 
faults. However, the details of such interplay remain 
poorly understood. 

As recognized by Cox etaL (1986, in press) and Sibson 
et al. (1988), mesothermal gold-quartz vein deposits 
represent an ideal case for studying the role of fluids in 
faulting and veining, and the related fluid pressure and 
stress cycling. Such deposits occur predominantly in 
greenstone terranes and are more abundant in those of 

Archaean age. Typically, these veins occur in steeply 
dipping, reverse to reverse-oblique shear zones and 
have developed incrementally in regimes of horizontal 
compression or transpression (Sibson et al. 1988, Ker- 
rich 1989, Robert 1990a). Sibson et al. (1988), Sibson 
(1989) and Cox et al. (in press) have proposed models in 
which reactivation of sealed high-angle reverse faults is 
triggered by fluid pressure build up and is accompanied 
by a fluid pressure drop related to increased fracture 
permeability along the fault. 

In order to further understand the relation between 
intermittent seismic slip, gold~luartz vein development 
and fluid dynamics, a detailed study of textures, micro- 
structures and fluid inclusion planes has been under- 
taken on gold-quartz veins of the Val d'Or district in the 
southeastern part of the Archaean Abitibi greenstone 
belt of the Superior Province in Canada (Fig. 1). The 
area was selected for a number of reasons: it contains 
typical mesothermal gold-quartz vein deposits, well 
exposed in several active mines, and the geometry and 
structural setting of the vein networks, as well as the 
structural evolution of the host rocks, are relatively well 
understood (see Robert 1990a). Finally, the presence of 
well developed subhorizontal extensional veins in low 
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strain rocks adjacent to shear zones provides a unique 
opportunity to unravel the details of complex variations 
in fluid pressure and local stress state, and to relate them 
to seismic activity along adjacent shear zones. 

GEOLOGY OF THE DEPOSITS 

Geological context 

In the Val d 'Or  area, the Abitibi Subprovince consists 
of supracrustal volcanic and minor clastic sedimentary 
rocks, and of synvolcanic to syn- to late-kinematic intru- 
sions of predominantly dioritic to tonalitic composition 
(Fig. 1). These rocks are separated from the clastic 
sedimentary rocks of the Pontiac Subprovince, to the 
south, by the Cadillac tectonic zone, described by Gun- 
ning & Ambrose (1937) and Robert  (1989). Most of the 
volcanic and sedimentary rocks display a weak to 
moderate subvertical foliation, striking E - W  to N W -  
SE, and a predominantly down-dip elongation lineation 
(Robert 1990a). Such a fabric geometry is recently 
ascribed to a N-S compression related to the Late 
Archaean Kenoran orogeny (Dimroth et al. 1983, Lud- 
den et al. 1986). Greenschist grade metamorphism has 
affected all rock types, including late-kinematic intru- 
sions. 

In the Val d 'Or  district, most gold-quartz vein de- 
posits are located within a zone up to 15 km wide on the 
north side of the Cadillac tectonic zone (a first-order 

shear zone at a district scale, Fig. 1). The deposits 
however, are more closely associated with neighbouring 
smaller scale shear zones (second- and third-order shear 
zones, Robert  1990a). Gold-quartz  veins and their host 
structures formed late in the geological evolution of the 
Vat d 'Or  district. They cross-cut all rock types including 
late-kinematic intrusions, and were emplaced after the 
peak of the greenschist metamorphism. Therefore  these 
deposits represent one of the last geological events in the 
Val d 'Or area and are not overprinted by any significant 
metamorphism or deformation (Robert  1990b). This 
late timing of gold mineralization is supported by recent 
geochronological data (Wong et al. 1989, Zweng & 
Mortensen 1989, Jemielta et al. 1990). 

Geology and structure o f  the deposits 

Most mineralized zones consist of gold-quartz veins 
and their adjacent altered wall-rocks. The deposits 
themselves are networks of various types of veins (filled 
fractures) hosted by, or associated with, second-and  
third-order (brittle-ductile) shear zones (Robert  & 
Brown 1986a, Robert  1990b). Following the classifi- 
cation of Sibson (1990), two main types of veins are 
distinguished on the basis of their internal structure and 
the orientation of opening vectors relative to the vein 
walls: shear veins and extensional veins (opening vector 
nearly parallel and nearly perpendicular to the vein 
walls, respectively). Individual deposits consist of differ- 
ent combinations of these types of veins. 
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Fig. 1. Simplified map of the Val d'Or area showing distribution of gold deposits (after Robert 1990b). Inset shows Abitibi 
belt and location of Val d'Or area. 
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The veins are mainly composed of quartz and tourma- 
line, with subordinate amounts of carbonate minerals, 
chlorite, pyrite, pyrrhotite, scheelite and free-gold. 
They are surrounded by zoned alteration envelopes 
dominated by carbonatization of the wall rocks (Robert 
& Brown 1986b). Studies of fluid inclusions (Robert & 
Kelly 1987) and of hydrothermal alteration envelopes 
(Robert & Brown 1986b, Guha etal. 1991) indicate that, 
in general, the mineralizing fluid was mainly a low 
salinity, CO2-bearing fluid with variable amounts of 
CH4.  

Fluid inclusion studies and oxygen isotope analyses of 
wall-rock alteration provide consistent estimates of tem- 
perature during vein formation (270-450°C, Kerrich 
1986; 300-400°C, Robert & Kelly 1987). Depths of vein 
formation are not well constrained but are probably in 
the range of 7-14 km (2-4 kbar, Brown & Lamb 1986, 
Kerrich 1986, Robert & Kelly 1987). Therefore, they 
formed at a structural level corresponding approxi- 
mately with the brittle-ductile transition zone in the 
continental crust (Robert & Brown 1986a) or with the 
base of seismogenic zone (Sibson et al. 1988). 

Samples from three mines have been studied in detail: 
the Sigma, New Pascalis and Dumont-Bras d'Or mines 
(Fig. 1). The Sigma deposit is hosted in metavolcanic 
rocks, intruded by two generations of pre-ore diorite 
intrusions, and has been described by Robert & Brown 
(1986a,b). It consists of shear veins in E-W-striking, 
steeply S-dipping, reverse shear zones and in a poorly 
developed N-dipping conjugate set, and of subhorizon- 
tal extensional veins developed preferentially in the 
most competent host rock between the ductile shear 
zones (Fig. 2). 

At the New Pascalis (L.C. Beliveau) Mine (Fig. 1), 
mineralized veins are confined to N-S-striking, subverti- 
cal diorite dykes intruding volcanic agglomerates (Gau- 
mond 1986). The vein network consists of subhorizontal 
extensional veins (5%), of shear veins in vertical or 
moderately S-dipping E-W shear zones and their associ- 
ated 'en 6chelon' extensional veins, both of which collec- 
tively represent 80% of the veins. Figure 3 shows the 
down-dip termination of a moderately dipping shear 
vein, en 6chelon veins indicating reverse movements, 
and a horizontal extensional vein. Small E-W vertical 
extensional veins are also common at the New Pascalis 
Mine. 

At the Dumont-Bras d'Or Mine (Fig. 1), the mineral- 
ized veins are contained in a single E-W reverse shear 
zone dipping 70°S; subhorizontal extensional veins are 
rare. It is similar to the Ferderber gold deposit located in 
the centre of the Bourlamaque batholith and described 
by Vu (1990). 

Despite differences in the nature and complexity of 
the vein networks, the three deposits, as well as many 
others in the area (Robert 1990a), combine one or more 
sets of E-W, moderately to steeply dipping reverse 
shear zones with variably developed subhorizontal 
extensional veins. Conflicting cross-cutting relation- 
ships between the different types of veins indicate that 
they are broadly contemporaneous and cogenetic. In 
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Fig. 2. Gross-section through the Sigma Mine (after Robert & Brown 
1986a). The extensional veins and shear veins are localized between 
two second-order shear zones. Block diagram illustrates general 
relationships among extensional veins, shear veins and structural 
elements, from which bulk strain axes are deduced (after Poulsen & 

Robert 1989). 

most cases, it is possible to reconstruct the bulk strain 
axes of the vein networks (Poulsen & Robert 1989, 
Robert 1990a), which record approximately N-S hori- 
zontal shortening and subvertical elongation, ascribed 
to a late N-S compression, as illustrated in Fig. 2. Finite 
displacement along individual shear zones, as estimated 
from integrated strain analyses (Ramsay & Graham 
1970) and offset of markers, falls in the range of a few 
metres to a few tens of metres (see Robert 1990a). It 
should be noted, however, that macroscopic evidence 
for local normal faulting has also been reported by 
previous authors at the Sigma (Robert et al. 1983) and 
the Pascalis Nord deposits (Tessier 1990). 

Characteristics o f  the veins 

Exensional veins are best developed at the Sigma 
Mine. They have dips of less than 30 ° and are character- 
ized by regular planar walls. They range in thickness 
from a few centimetres up to 1 m, and extend away from 
shear veins in low strain rocks for distances up to several 
tens of metres (Robert & Brown 1986a, Robert 1990a). 
Extensional veins consist of one or more major growth 
layers, corresponding to major individual opening incre- 
ments. These have sharp, well-defined boundaries, and 
contain several types of internal mesostructures such as 
inclusion bands and trails, mineral fibres, and euhedral 
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Fig. 3. Vertical cross-section view of a moderately dipping shear vein from the New Pascalis Mine. Note foliation on 
footwall of  the vein. and extensional veins on its hanging wall, indicating a reverse sense of shear. 30 and 31 are locations of 

samples 89RAO30 and 89RAO31,  respectively. 

scheelite and carbonate crystals (Fig. 4b). Individual 
major growth layers can be traced laterally over a few 
metres. The opening vector, defined by offset of 
markers or by the tourmaline fibres, is typically vertical 
(Figs. 4a-c), despite small variations in the dip of the 
extensional veins. Slight variations of the opening direc- 
tion are locally observed from one major growth layer to 
another (Fig. 4c; see below). 

Shear veins are steeply to moderately dipping and 
localized in the central portion of shear zones. They are 
not as extensive as the host shear zone and several shear 
veins may occur along the same shear zone. Shear veins 
range in thickness f rom several centimetres up to a few 
metres and reach several tens of metres in their longest 
dimension. The reverse nature of the host shear zone 
can be deduced from the sigmoidal pattern of foliation, 
dragfolding of small deformed extensional veins (Fig. 
5a) and subvertical lineation in the shear zone. Shear 

veins are typically banded and consist of tourmaline 
layers and altered wall-rock slivers separating quartz-  
carbonate lenses, and are interpreted as the result of a 
complex sequence o f  opening, slip, deformation and 
amalgamation of smaller veins (Robert  & Brown 
1986a). Some shearing or slip is localized on these 
tourmaline layers as indicated by down-dip striations 
and tourmaline slickenfibres. In several cases, such slip 
can be shown to be reverse and to accompany and 
control, rather than post-date, vein growth (see Robert  
1990a). Severe buckling and folding of small subhori- 
zontal extensional veins (fig. 6 in Robert  & Brown 
1986a) (Fig. 5a) indicate that significant shortening 
occurred across the shear zone. The presence of small 
horizontal veins and boudinage of the shear veins (Fig. 
5b) also indicates vertical extension of the shear veins, 
which is consistent with the down-dip elongation linea- 
tion on the foliation plane. 

~'~-'.~'~,',' ~ 3 2  !~'~. ~¢,~ - ~ ~ ; ~  

Fig. 4. Mesoscopic characteristics of subhorizontal extensional veins as seen on vertical stopc walls in the Sigma Mine. (a) 
Vertical tourmaline fibres indicate a subvertical opening vector which is consistent with the offset of small steeper vein. 
Location of sample 89RAO32 is shown as 32. (b) Euhedral  scheelite crystal suggesting open-space filling in part of the vein; 
crack-seal inclusion bands are shown by thin lines parallel to vein walls: (c) Multistage extensional vein showing a complex 
history. SubvcrticaI lines indicate orientation of tourmaline fibres. Lines subparallel to the walls separate different growth 

layers or major opening events. 
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Fig. 5. Mesoscopic characteristics of shear veins, as observed on vertical stope walls. (a) Shear vein at Sigma Mine; 
relationship between schistosity in foliated wall rock and the vein itself indicates a reverse sense of shear. Note small folded 
extensional veins on both sides of shear vein. Location of sample 89RAO35 is shown as 35. Black lines are tourmaline. (b) 
Shear vein at Dumont-Bras d'Or Mine. Pyrite is medium grey, black lines are tourmaline. Note boudinage of small vertical 
vein and ribbon structure of both veins. (a) & (b) show shallowly dipping tourmaline layers which may be interpreted as 

extensional veins related to stretching of the shear veins. 

INTERNAL STRUCTURE OF THE VEINS 

In this study, emphasis has been placed on the internal 
structures and microstructures of the gold-quartz  veins, 
as they preserve an excellent record of the complex 
history of incremental vein development .  A variety of 
structures are observed in both extensional and fault 
veins. These structures are grouped into two categories: 
those representing vein growth and material  addition, 
and those representing deformation of existing vein 
material.  As the degree of development  and preser- 
vation of these structures differ in the two vein types, 
they are described separately for each. 

Subhorizontal extensional veins--structures related to 
vein growth 

Four main types of growth structures are observed 
within individual major  growth layers (see Fig. 6a): 
crack-seal  structures, mineral  fibres, stretched quartz 
crystals and open-space filling textures. 

Crack-seal  structures analogous to those previously 
described by Ramsay  (1980) and Cox & Etheridge 
(1983) are relatively common in the extensional veins. 
They are defined by very regular lines of small crystals of 
albite, calcite, rutile, chlorite and tourmaline,  similar to 
those of  the vein walls. The lines (or inclusion bands) are 
parallel to each other and reproduce the commonly 
delicate geometry  of the wall (Fig. 6b). Spacing between 
the inclusion bands is regular, but seems to depend on 

the grain size of the wall rock. For example,  spacing is 
25/~m on average for crack-seal  increments formed 
adjacent to layers of very fine tourmaline (<10/~m), and 
is of the order of 200~tm for crack-seal  increments 
formed adjacent to volcanic rocks in which plagioclase 
phenocrysts are 100-200~tm in diameter.  Inclusion 
bands locally make up the whole thickness of a major  
growth layer, i.e. they are repeated over a cumulative 
thickness in excess of 2.5 cm (about 1000 lines) without 
any disturbance. They have been observed to extend 
laterally on a metre  scale in the stopes. In some areas, 
inclusion bands terminate laterally for a few increments 
leaving some spaces in which rosettes of small tourma- 
line needles developed. Inclusion bands are also com- 
monly interrupted along quartz grain boundaries,  and 
therefore,  define columnar inclusion band-rich crystals 
separated by clear quartz crystals with the same crystal- 
lographic orientation. These structures are similar to 
those described by Henderson et al. (1990). Inclusion 
trails (Ramsay 1980) are almost ubiquitous and show 
slight variations (up to 30 ° ) in their orientation relative 
to the vein walls. 

Mineral fibres are relatively common in subhorizontal 
extensional veins, and are generally perpendicular,  or at 
a high angle, to the vein walls. Tourmaline fibres (Fig. 
6a) are the most abundant ,  but fibres of quartz and 
carbonate are also present.  Two types of monocrystal-  
line tourmaline fibres can be distinguished depending on 
their size. Large fibres (>1 ~m,  Fig. 6c) are well crystal- 
lized. Their  c-axes are generally parallel, but are locally 
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oblique (up to 42 ° ) to the elongation of the fibres. They 
contain large (up to 0.1 mm thick) cracks that are most 
commonly oriented at high angles to the c-axis of the 
fibre: where healed by new tourmaline, these cracks are 
outlined by differences in colour and by tubular primary 
fluid inclusions along the c-axis (Fig. 6d). The cracks do 
not extend into neighbouring quartz crystals. Hair-like 
tourmaline fibres (<<l/~m in diameter, Fig. 7a) are 
included in quartz or constitute fibrous skeins. 

Stretched quartz crystals, similar to those described 
by Cox & Etheridge (1983) and Ramsay & Huber 
(1983), have also been observed in extensional veins, 
They are long and narrow (0.5 to a few mm) crystals with 
c-axes at high angles to the walls and show irregular 
grain boundaries. 

Open-space filling textures are common in exten- 
sional veins. Rosettes of tourmaline or coarse euhedral 
crystals of other vein minerals (calcite, muscovite, 
seheelite) are attached to the vein walls, which indicate 
crystallization in a fluid-filled cavity (see Fig. 4b). Such 
textures have been described in detail by Robert  & 
Brown (1986b). Some very large and clear quartz crys- 
tals exhibit Brazil twins and primary fluid inclusions 
along pyramidal planes. Such twins, described in euhed- 
ral crystals (Frondel 1962), are growth twins and indi- 
cate crystallization in open-spaces. In some cases, the 
minimum thickness of individual openings is up to 8 cm, 
as indicated by the dimensions of the largest tourmaline 
rosettes and scheelite crystals. 

The four types of textures described above may coex- 
ist in a single vein, and moreover,  in a single growth 
layer. Rosettes of tourmaline are locally observed to 
form adjacent to tourmaline fibres or stretched quartz 
crystals, and crack-seal lines are seen to laterally termin- 
ate against tourmaline fibres. The significance and cause 
of these lateral variations in vein textures, from open- 
space filling to crack-seal to fibres and stretched crystals 
is not understood at present. 

The opening vector of the extensional veins can be 
determined from the inclusion trails in the minerals with 
crack-seal structures (Ramsay 1981), Cox & Etheridge 
1983, Cox 1987) and from displacement of external 
markers. These criteria are in general more reliable than 
the orientation of the fibres which are often determined 
by the orientation of the vein walls (Cox 1987). How- 
ever, in several cases tourmaline fibres are parallel to 
inclusion trails in crack-seal structures and, therefore. 
tourmaline fibres have also been used. Despite the fact 
that most extensional veins formed by multiple growth 
events, there is generally a good correspondence be- 
tween the finite opening direction of the vein, indicated 
by the displacement of external markers, and the various 
increments of opening, indicated by inclusion trails and 
mineral fibres (Fig. 4a). In a number of cases, however, 
individual increments record a slightly different opening 
direction. Figure 4 gives examples of extensional veins 
showing simple and complex opening histories. 

On the basis of the geometry of the veins and of 
the orientation of the opening vector, subhorizontal 
extensional veins are attributed to overall vertical 

extensional-shear fracturing, mostly indicated by layers 
of very fine tourmaline fbres.  

Extensional veins--de)ormation structures 

Several structures indicate that the subhorizontal 
extensional veins have undergone some degree of defor- 
mation. For example, quartz crystals exhibit varying 
amounts of plastic deformation and grain-boundary re- 
crystallization. Subgrain boundaries are prismatic and 
are either at high angles or nearly parallel to the vein 
walls, depending on the orientation of the host quartz 
crystal. Deformation tamellae have also been observed 
locally. Different increments of opening in a single vein 
commonly display contrasting degrees of plastic defor- 
mation, and clear undeformed quartz may coexist with 
deformed and recrystallized quartz (Fig. 6c). The less 
deformed crystals (no undulatory extinction, no sub- 
grains) are observed either where quartz is associated 
with tourmaline fibres, or within the youngest growth 
layers (Fig. 6c). 

In some samples, massive tourmaline layers display 
small vertical quartz-filled fractures corresponding to 
about 5% stretching in the horizontal direction (Fig. 8a). 
Individual horizontal tourmaline crystals locally show 
up to 11% horizontal stretching. Small vertical quartz 
veins (0.2 ram) cross-cutting hair-like tourmaline fibres 
correspond also to a vertical shortening, which is also 
indicated by incipient folding or faulting of vertical 
tourmaline fibres (Figs. 7a and 8b & c). 

Finally, numerous healed microcracks defined by 
fluid inclusion planes cut across the quartz and tourma- 
line crystals (Fig. 7b) and represent brittle deformation 
of the veins: these are discussed in more detail below. 
The abundance of fluid inclusion planes is much higher 
in the oldest increment of opening than in the youngest 
(Fig. 7c), suggesting that they were formed continuously 
throughout the formation of the vein. This is further 
supported by the presence of a fragment of deformed 
fluid-inclusion-rich quartz entirely enclosed in a 
younger, undeformed clear quartz as shown in Fig. 7(d). 

Shear veins---structures related to vein growth 

'['he primary growth structures observed in extensio- 
nal veins are not as common in shear veins. Because of 
the generally higher degree of deformation in shear 
veins, it is not clear if the relative scarcity of primary 
growth structures is related to their low degree of preser- 
vation or if it reflects fundamental differences in vein 
opening and growth processes. Local euhedral crystals 
of scheelite and pyrite attached to the vein walls, as well 
as tourmaline rosettes (Fig. 9a) and a few clear quartz 
crystals showing Brazil twins indicate, at least locally, 
open-space filling. Crack-seal structures (Fig. 9a) are 
also locally preserved and do not differ significantly from 
those in subhorizontal extensional veins except for their 
limited extension (less than 50 increments). Hair-like 
tourmaline needles are often observed and are subverti- 
cal. whereas large tourmaline fibres are absent. 



P a l a e o s e i s m i c  e v e n t s  in A r c h a e a n  g o l d - q u a r t z  ve in s  

Fig. 6. Photomicrographs in plane light of vertical sections in subhorizontal extensional veins. (a) Polished section from 
same vein as in Fig. 4(c), showing tourmaline fibres and tourmaline layers outlining different growth layers. (b) Crack-seal 
structures within a growth layer in a thick section; note regularity of crack-seal lines which are cross-cut by a younger growth 
layer (bottom) and the interruption of crack-seal lines (centre). (c) Juxtaposition of two growth layers; the older is outlined 
by deformed, inclusion-rich quartz crystals and the younger is made up of clear quartz with a few fluid inclusion planes and 
millimetric tourmaline fibres (black). (d) Large tourmaline fibre displaying horizontal cracks outlined by tubular fluid 

inclusions. 
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Fig. 8. Deformation structures in subhorizontal extensional veins; drawings after photomicrographs of vertical sections. 
(a) Boudinage (5%) of a horizontal tourmaline layer. (b) Kinked tourmaline crystal. (c) Folded hairy tourmaline fibres. 

Shear veins--deformation structures 

The internal structure of the shear veins is dominated 
by deformation features. Plastic deformation occurred 
in quartz crystals as shown by the presence of prismatic 
subgrain boundaries, undulatory extinction and sub- 
grains (grain-size 30-50/~m on average). Recrystalliza- 
tion took place at grain boundaries and gave way to less 
deformed, fluid inclusion-free crystals. Recrystallized 
grains are 50--400/~m in diameter (Fig. 9b). The intensity 
of plastic deformation varies from one growth layer to 
another in a single vein, as shown by large, almost 
undeformed quartz crystals coexisting with crystals 
exhibiting undulatory extinction or intense polygoniza- 
tion. Stylolites are common in shear veins and are 
outlined by white mica, tourmaline and chlorite (Fig. 
9c). The stylolitic peaks are mainly N-S and horizontal 
and are therefore consistent with a horizontal N-S 
compression. 

Although mesoscopic textures indicate overall re- 
verse movement along the shear veins, some micro- 
scopic textures indicate that small amounts of normal 
displacement or extensional shearing occurred locally 
on tourmaline slip planes. Figure 10 illustrates such a 
case in the New Pascalis Mine, where a small calcite 
veinlet is sheared along shear planes parallel to tourma- 
line layers. 

As in subhorizontal extensional veins, fluid inclusion 

planes are numerous in shear veins and indicate inten- 
sive microfracturing. These planes show variable de- 
grees of reworking by plastic deformation. 

FLUID INCLUSION PLANES 

Fluid inclusion planes represent closed and healed 
microcracks in which a fluid has been trapped and has 
enhanced the healing of the host crystal. By analogy with 
experimental results (Brace & Bombolakis 1963, Tap- 
ponnier & Brace 1976, Krantz 1979), they are inter- 
preted as mode I microcracks, i.e. tensile cracks in the 
t~l--02 plane perpendicular to the least principal com- 
pressive stress o3. This interpretation is suggested by the 
lack of strain or lateral displacement in the host crystal, 
at least for the greatest majority of observed natural N~~.~..~.. calcite S 

t o u r m a l i n e ~  

quartz ~"~'~1~ ~ 
2 mm 

I 

Fig. i0. Drawing after a photomicrograph of a shear vein (89RAO30), 
showing a calcite veinlet that has been sheared with normal shear 

sense. 
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0 ,4 ,  , I ~ , o  41~Qp, a~, c 
coo 

, sol id H~o co~ 

0 sol id 

CH 

HC 

CO2, no visible water 

002 + H20,002 > 50% volume, 
:f daughter mineral(s) 

H20 + CO2, H20 > 50% volume, 
+ daughter mineral(s) 

H H20, ± daughter mineral(s) 

Fig. 11. DillOn'rent types of fluid inclusions as dclincd optically for classification of fluid inclusion planes daring mcasurcmcnt 
of their preferred orientation, 

microcracks in rocks (see Krantz 1983). It is also sup- 
ported by the lack of offset of grain boundaries or of 
other intersected healed microcracks in the studied 
samples. The experiments of Smith & Evans (1984) and 
Brantlev et al. (1990) show that healing of microcracks in 
the presence of fluids is thermally activated, depends on 
the width of the crack, and may occur in as little as 1 2 
days at elevated temperatures.  

The preferred orientation of fluid inclusion planes has 
been used by several authors to reconstruct the stress 
state in metamorphic,  granitic or sedimentary environ- 
ments (Tuttle 1949. Wise 1964. kespinasse & Pdcher 
1986, Laubach 1989. Ploegsma 1989. Ren etal. 1989I. In 
the present study, fluid inclusion planes are used as 
markers  of the stress state during the history of the veins 
and as markers  of the fluid pathways. A study of pre- 
ferred orientation of the fluid inclusion planes was 
performed,  recording the nature of the fluid and the 
relative ,mportance of the plane (size of the inclusions. 
length of the plane~. 

On the basis of petrographic observations, four mare 
types of fluid inclusions have been distinguished (Fig. 
11): C Icarbonic), CH ( C O 2 > H ~ O .  _+NaCI), HC 
(H20 >CO2, +NaCI)  and H (H20.  +NaCI) .  These 
types compare  verv well with those described by Robert  
& Kelly (1987). tn the absence of accompanying thermo- 
metric measurements,  and considering the small size of 
the inclusions (generally less than 5/ tm),  some uncer- 
tainties are inherent in this classification and some 
inclusions are probably assigned to the wrong type. 
Moreover.  a complete spectrum of composition is ob- 
served between types C and H inclusions and CH and 
HC in fact represent intermediate composinons.  

The orientanon of fluid inclusion planes has been 
determined on oriented, doubly polished thick (2(t0/~m) 
sections used for conventional fluid inclusion studies. 
Both the azimuths and the pro.lected widths of the planes 
were measured on a standard petrographic microscope 
with a calibrated micrometer.  Using the calibrated mic- 
rometric focusing screw to determine the thickness of 
the plate, it was possible to convert the projected width 
of the fluid inclusion plane into its dip. With each 
sample, care was taken to make measurements  on sec- 
tions oriented such that a large number  of fluid inclusion 
planes were at high to moderate  angles to the section, in 

order to obtain bettcl  precision. However .  unlike the 
universal stage, this method allows measurements  of 
planes with very low dips in a thick section 

The orientation of fluid inclusion planes was studied 
in detail in two pairs of shear veins and associated 
extensional veins from the Sigma and New Pascalis 
mines. 

Orientation of  the fluid inclusion planes in 
vuhhorizontal extensional veins 

Sample 89RAO32 comes from a subhorizontal.  
15 cm-thick extensional vein in the Sigma Mine that 
shows four main stages of opening (see Fig. 4a). The 
orientation of fluid inclusion planes was measured for 
three of these opening stages However .  as there are no 
differences in orientation from one stage to another,  the 
data are presented together (Fig. 12a). 

It is clear that the CO~-rich (type C) fluid inclusion 
planes are mostly subhorizontal, i.e. nearly parallel to 
the vein walls (Fig. 12a). This is also true for a large 
number of the CO~--H~O (type CH) fluid inclusion 
planes. Conversely, the aqueous fluid (type H) inclusion 
planes are subvertical, i.e. nearly perpendicular to 
the vein walls, with dominant strikes at 100-110 ° and 
(}-020 °. CH and HC types of fluid inclusion planes 
which are intermediate in composition, are actually 
intermediate in orientation between the two end- 
members  C and H types. 

In this sample, fluid inclusion planes display rework- 
ing by very small vertical cracks similar to those de- 
scribed by Roedder  (1984, p. 69). Measurement  of the 
orientations of these microcracks, easily observed in a 
N-S vertical section (Fig. 13), demonstrates  that they 
are nm crystallographically controlled but are mainly 
E - W  and vertical. 

Sample 89RAO31 comes from the small subhorizon- 
tal extensional vein I4 cm thick) from the New Pascalis 
Mine. shown in Fig. 3. The orientations of the fluid 
inclusion planes (Fig. 14a) are similar to those in the 
extensional vein from Sigma Mine. with the same p a m -  
tioning of C and H types in horizontal and vertical 
microcracks, respectively. The only difference is that the 
aqueous planes at New Pascalis do not show any N-S 
vertical orientation. 



N
 

N
 

N
 

N
 

a b 

32
 C

 
65

 P
L

A
N

E
S

 
32

 C
H

 
44

7 
P

L
A

N
E

S
 

32
 H

C
 

17
1 

P
L

A
N

E
S

 
32

 H
 

N
 

N
 

N
 

N
 

27
1 

P
L

A
N

E
S

 
< N

 

Q
 2 < ~,

,,°
 

35
 C

 
17

1 
P

L
A

N
E

S
 

35
 C

H
 

18
0 

P
L

A
N

E
S

 
35

 H
C

 
19

3 
P

L
A

N
E

S
 

35
 H

 

Fi
g.

 1
2.

 E
qu

al
-a

re
a,

 t
ow

er
-h

em
is

ph
er

e 
st

er
eo

gr
ap

hi
c 

pr
oj

ec
ti

on
s 

of
 fl

ui
d 

in
cl

us
io

n 
pl

an
es

 i
n 

tw
o 

sa
m

pl
es

 f
ro

m
 t

he
 S

ig
m

a 
M

in
e.

 K
am

b 
co

nt
ou

rs
. 

O
ri

en
ta

ti
on

 
da

ta
 w

er
e 

tr
ea

te
d 

w
it

h 
'S

T
E

R
E

O
N

E
T

' 
so

ft
w

ar
e 

(R
. 

W
. 

A
ll

m
en

di
ng

er
, 

C
or

ne
ll

 U
ni

ve
rs

it
y,

 I
th

ac
a)

. 
(a

) 
S

ub
ho

ri
zo

nt
al

 e
xt

en
si

on
al

 v
ei

n,
 s

am
pl

e 
89

R
A

O
32

. 
Pl

an
e 

of
 v

ei
n 

in
di

ca
te

d 
by

 g
re

at
 c

ir
cl

e 
an

d 
to

ur
m

al
in

e 
fi

br
es

 b
y 

la
rg

e 
fi

ll
ed

 d
ot

 (
ve

rt
ic

al
).

 (
b)

 S
he

ar
 v

ei
n,

 s
am

pl
e 

89
R

A
O

35
. 

Pl
an

e 
of

 v
ei

n 
in

di
ca

te
d 

by
 

co
nt

in
uo

us
 g

re
at

 c
ir

cl
e,

 s
li

p 
pl

an
e 

by
 d

is
co

nt
in

uo
us

 g
re

at
 c

ir
cl

e,
 to

ur
m

al
in

e 
li

ne
at

io
n 

on
 s

ch
is

to
si

ty
 b

y 
la

rg
e 

fi
ll

ed
 d

ot
, 

an
d 

to
ur

m
al

in
e 

sl
ic

ke
nl

in
es

 o
n 

sl
ip

 p
la

ne
 

by
 la

rg
e 

op
en

 s
qu

ar
e.

 

52
0 

P
L

A
N

E
S

 

"-
.,.1

 



174 A.-M. BOULLIER and F. ROBERT 

uP 

t o u r m a l i n e |  
f ibres t !  4° 

20 10 0 0 

122 data 

Number of measuments  

Fig. I3. Rose diagram showing orientation of microcracks originating 
on fluid inclusion planes in a vertical N-S thick section of extensional 
vein 89RAO32. Arrows indicate projected trace orientation of the 

c-axis of the measured quartz grains. 

Orientation of fluid inclusion planes in shear veins 

Sample 89RAO35 is from a 45 cm-wide vein within a 
reverse E -W  shear zone containing tourmaline slip 
planes (Fig. 5a) from the Sigma Mine. Tourmaline 
lineations on the foliation and tourmaline striations on 
the slip planes are both down-dip. Measurements were 
performed on different layers of quartz contained in two 
perpendicular sections (one subhorizontal and one verti- 
cal N-S). Except for variations in the number of planes 
and the degree of reworking of the fluid inclusion 
planes, all the layers show similar patterns of orientation 
and consequently are presented together (Fig. 12b). The 
orientation patterns of fluid inclusion planes are not as 
clear as for the subhorizontal extensional veins. Poles of 
CO2-rich planes (type C) define a girdle at a high angle 
to the vein walls with a maximum parallel to the slip 
direction (Fig. 12b): i.e. they vary in dip from horizontal 
to N- and S-dipping. Fluid inclusion planes of CH and 
HC types define a similar pattern, except that poles of 
HC planes indicate that these planes are dominantly E -  
W and vertical. The planes of H type inclusions display a 
more complex orientation, but most of the planes are at 
a high angle to the vein walls and strong concentrations 
of poles lie near the slip direction along the shear zone. 

Sample 89RAO30 was collected from a shallowly 
dipping, E-W-striking reverse shear zone (Fig. 3) with 
small-scale evidence for normal faulting (Fig. 10) from 
the New Pascalis Mine. In this case, the walls of the vein 
also acted as slip planes, and contain down-dip tourma- 
line striations. The CO2 planes (type C) are at a high 
angle to the vein walls and display an average NE dip 
(Fig. 14b). Again the aqueous planes (type H) are 
oriented nearly perpendicular to the vein walls and to 
the slip direction. 

One important point emerging from this study is that 
the orientation of fluid inclusion planes within the veins 
is not random and depends strongly on the type and 
orientation of the veins. The presence of both horizontal 

and vertical healed microcracks within the extensional 
veins records both vertical extension and vertiCal short- 
ening of the veins, consistent with microstructural obser- 
vations. In both vein types studied, there is also a strong 
partitioning of end-member fluids in different sets of 
healed microfractures; the CO2-rich fluids occur in hori- 
zontal microfractures and the aqueous fluids occur 
dominantly in vertical microfractures. In shear  veins, 
the trends are not so clear but aqueous fluid inclusion 
planes tend to be oriented at high angles to the slip 
direction along the shear vein. 

INTERPRETATIONS 

Relative timing oJ incremental vein growth and defor- 
mation 

In both types of veins, evidence has been found from 
internal structures and fluid inclusion planes for alter- 
hating episodes of vein growth and deformation, rather 
than for deformation completely post-dating vein 
growth as inferred by Robert  & Kelly (1987). The 
character and history of deformation in both types of 
veins is discussed below. 

Deformation structures indicate that the subhorizon- 
tal extensional veins underwent two main types of defor- 
mation: vertical extension (growth of tourmaline fibres. 
opening of horizontal fluid inclusion planes), which may 
be related to repeated extensional opening of the vein. 
and vertical shortening (folding of the tourmaline fibres. 
boudinage of tourmaline layers, opening of subvertical 
fluid inclusion planes), which seems incompatible with 
the formation of these veins. Several observations indi- 
cate. however, that the vertical shortening took place 
intermittently during the growth history of the vein 
rather than during a later tectonic event. They include 
different degrees of plastic deformation for different 
increments of opening (Fig. 6c), and higher density of 
fluid inclusion planes m older increments than in 
younger (Figs. 7c & d). Thus. the incremental develop- 
ment of the extensional veins comprises alternating 
episodes of vertical extension and vertical shortening. 

In the shear veins, highly deformed quartz grains 
containing deformed fluid inclusion planes have recrvs- 
tallized into inclusion-free quartz grains which again are 
slightly deformed and cross-cut by fluid inclusion planes. 
Figure 9(b) shows an example of such a juxtaposition of 
variably deformed quartz grains, and Fig. 9(d) shows a 
scheelite crystal cut by a quartz veinlet in which a crack- 
seal increment truncates fluid inclusion planes. Micro- 
fracturing thus occurred intermittently during the whole 
history of the shear veins, which comprises alternating 
episodes of opening, crystallization, plastic and brittle 
deformation, as proposed by Robert  & Brown (1986a). 
The strain conditions responsible for shear vein defor- 
mation cannot be as easil y interpreted as for extensional 
veins because plastic deformation has perturbed the 
fluid inclusion planes. However~ it may be noted that 
most fluid inclusion planes are oriented at high angles to 
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the movement  direction, which is consistent with exten- 
sion along that direction. In addition, the N-S horizontal 
stylolitic peaks indicate that the veins also underwent 
some N-S horizontal shortening. 

The microstructurai and fluid inclusion evidence pre- 
sented above suggest that reversals in shortening direc- 
tion occurred during the development  of extensional 
veins and that cyclical deformation was an integral part 
of vein development.  

Robert  & Kelly (1987) previously concluded that gold 
emplacement  followed vein growth, because gold typi- 
cally occurs in microcracks in common association with 
fluid inclusion phmes. Because gold-bearing micro- 
cracks are truncated in some places by younger crack-  
seal increments, it is now believed that the gold was 
deposited episodically during the whole history of the 
veins. 

Vein development and fluid dynamics 

Repeated growth and deformation cycles during 
development  of the subhorizontal extensional veins 
were clearly coupled with transient reversals in shorten- 
ing direction that we ascribe to local stress variations. 
The fault-valve model proposed by Sibson et al. {1988) 
to explain such gold deposits also involves shear stress 
variations related to fluid pressure fluctuations and 
provides a framework tk)r detailed analysis of the pro- 
cesses accompanying vcm development.  

High-angle, E W reverse faults were unfavourably 
oriented for slip in 1he prevailing stress field responsible 
for the N-S shortening and could be reactivated only if 
fluid pressure exceeded lithostatic load and at low values 
of differential stress (Sibson 1985). High-angle reverse 
faults may then act as fluid-activated valves capping 
overpressured portions of the crust and promoting large 
cyclic fluctuations in fluid pressure. Pr (Fig. 15). As 
discussed by Sibson et al. (1988), seismm rupture along 
such faults is triggered by an increase in both Pf and 
shear stress along the fault. The vein systems are thus 
inferred to represent rupture nucleation sites within the 
fault zones. Before rupture. Pr reaches supralithostatic 
values, promoting the formation of the subhorizontal 
extensional veins. After shear failure, which releases 
shear stress along the fault. P, decreases dramatically by 
fluid discharge through the extensive fracture per- 
meability along the rupture zone. Pressure builds up 
again when the shear veins are re-sealed by mineral 
deposition. 

In the light ol our microstructural and fluid inclusion 
observations, the details of vein development  are best 
discussed in a two-stage model in relation with the fault- 
wdve model. 

Stage 1 :.[tuid pressure build up and opening of  subhori- 
zontal extensional veins. Incremental vertical opening of 
the subhorizontal extensional veins and open-space fill- 
ing textures imply that fluid pressure was high enough to 
support the rock column above the vein. i.e. that fluid 
pressure was higher than the lithostatic load. The geom- 

SHEAR STRESS 

FLUID PRESSURE , ', 

I" PH EQ EQ EQ 
F 

EXTENSIONAL VEIN ~ 
F ~ 

I growth [ - - f i  r-] 
deform, j j J 

SHEAR VEIN 

i 
i I 
i 
[ ]  J growth [ ]  [ ]  

I def°'m" ,: m 
TIME 

Fig. t5. Diagram showing shear stress variations and fluid pressure 
fluctuations with time. as pledicted by the fault-valve model (Sibson et 
al. 1988} Pt. lithostatic pressure. PH, hydrostatic pressure. EQ, 
earthquake. Growth and deformation stages of the extensional and 

shear veins are ct~related with these variations. 

etry of the subhorizontal veins with a vertical opening 
vector also indicates that these extensional fractures 
initiated by hydraulic fracturing under conditions of high 
fluid pressure, 

Pr = 03 + 7' 

and low differential stress. 

. , ,  o ~  ~,- 4 T .  

where T is the tensile strength of the rock (Sccor 1965). 
As crack seal textures preserve the delicate geometry 

of the vein walls, it ts suggested that these cracks propa- 
gated slowly, probably by subcritical crack growth. A 
crack may propagate slowly even if the stress concen- 
tration factor (K)  at the tip of the crack is lower than the 
critical value Kc for catastrophic crack extension (Atkin- 
son & Meredith 1987). The driving mechanism of subcri- 
tical crack growth could be stress corrosion at the crack 
tip enhanced by the presence of a fluid at supralithostatic 
pressure. 

Subhorizontal fluid inclusion planes also correspond 
to very small opening increments of the subhorizontal 
extensional veins. They are different front the crack 
seal structures in that they probably occur haphazardly 
across the width of the vein. as suggested by their greater 
number  in the oldest growth layers than in the youngest. 
Their propagation mechanism is probably different from 
that of crack-seal  planes because they are planar, some- 
times branched, and cross-era different minerals 
(quartz, tourmalines I or crack-seal lines. Consequently,  
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it is suggested that they result from fast crack growth 
(K -> Kc). 

The presence of clear quartz displaying Brazil twins 
between areas of tourmaline fibres, columnar inclusion- 
rich quartz, and crack-seal structures in subhorizontal 
extensional veins, suggests that those individual growth 
layers formed predominantly by crack-seal processes 
also contained local fluid-filled pockets during their 
formation. The existence of extensive fluid-filled cavi- 
ties has been described as water-sills (Fyfe et al. 1978, 
Henderson et al. 1990) and may be very important in 
understanding some stages of the vein filling history. 

The growth stages of the subhorizontal extensional 
veins reflect increase of fluid pressure (Fig. 15) and 
correspond to the pre-failure stage of the fault-valve 
model of Sibson et al. (1988). As subhorizontal exten- 
sional veins are connected with steeply dipping shear 
veins, their opening should correspond to a stage where 
the shear veins were sealed (permeability barrier). Cor- 
responding textures in the shear veins above the seal 
point could be the observed stylolites (recording hori- 
zontal shortening of the veins) and plastically deformed 
quartz crystals. As fluid pressure builds up, crack-seal 
opening as well as development of microcraeks (fluid 
inclusion planes) may also occur in the shear veins below 
the seal point. 

If this correlation with the fault-valve model is cor- 
rect, successive growth layers in subhorizontal exten- 
sional veins should have been separated in time by 
seismic rupture events along the neighbouring shear 
veins (Fig. 15). 

isms may be cyclic or discontinuous in time (Drury & 
Urai 1990). 

Evidence for local shear stress reversal 

Microstructural and fluid inclusion observations pre- 
sented above clearly indicate episodic vertical shorten- 
ing during development of extensional veins. Such 
shortening is ascribed to sudden drop in Pf after rupture 
along neighbouring shear veins. This has important 
implications on local (vein scale) stress conditions: al 
must be vertical at the time of vertical shortening which 
in turn requires a total release of shear stress along 
adjacent shear veins after rupture. 

The observed local normal faulting along shear veins 
(Fig. 10) is compatible with a total release of shear stress 
and may further indicate shear stress reversal. In addi- 
tion, the formation of extensional veins by hydraulic 
fracturing implies that the differential stress was low 
(Secor 1965, Etheridge 1983), and that the level of shear 
stress along the fault prior to rupture must also have 
been relatively low. Under such conditions it is generally 
considered that there is an almost total release of shear 
stress after rupture along the fault (see Sibson 1989, p. 
5). Given the low differential stress, it is conceivable that 
the total release of shear stress is accompanied by a 
transient reversal of stress axes, as suggested by the 
documented intermittent vertical shortening of the 
extensional veins. 

Nature of the percolating fluids 

Stage 2: slip along shear veins, fluid pressure drop, and 
collapse of  subhorizontal extensional veins. Vertical 
shortening of the subhorizontal extensional veins took 
place episodically during vein formation. This defor- 
mation corresponds to collapse of the veins and is 
ascribed to a sudden drop in fluid pressure. It is not 
comparable in intensity to the deformation leading to 
the opening of the veins and is estimated to be around 
1% or less of the whole thickness of a vein. Such 
transient and episodic drops in fluid pressure, alter- 
nating with episodes of high fluid pressure, are predicted 
by the fault valve model of Sibson et al. (1988) and are a 
consequence of post-rupture high fracture permeability 
along the fault zone. This stage of transient high per- 
meability in shear veins is indicated by the observed 
open space filling textures. 

The variety of quartz microstructures in shear veins 
can be explained by two alternating processes (see 
Drury & Urai 1990) and probably reflects both aseismic 
and seismic deformation along the fault zone. The first 
process involves dynamic recrystallization by rotation of 
subgrains leading to the formation of 50/~m grains and 
results from aseismic deformation. The second involves 
recrystallization by grain-boundary migration enhanced 
by shear stress drop and by the presence of a fluid phase, 
leading to the formation of larger (up to 400/~m) less 
deformed and clear quartz grains; this process is inter- 
preted as the result of seismic rupture. These mechan- 

Based on a fluid inclusion study of the Sigma deposit, 
Robert & Kelly (1987) interpreted the two dominant 
CO2-rich and HzO-NaC1 fluids as resulting from unmix- 
ing of a parent H20-CO2, low-salinity fluid due to 
pressure drops. It is now suggested that such pressure 
drops occurred at the time of seismic rupture along the 
shear veins. 

One intriguing aspect of fluids revealed by the present 
study is the sample-scale partitioning of these two end- 
members fluids into microfractures of contrasting orien- 
tation in extensional veins (Figs. 12a and 14a). We 
propose that the physical separation of the two immis- 
cible fluids is related to their very different wetting 
properties which become an important parameter in 
capillarity forces at small scale and high flow rates (Y. 
Gueguen written communication 1991). Recent experi- 
mental studies by Watson & Brenan (1987) have shown 
that the wetting or dihedral angle (0) of a fluid in quartz 
at textural equilibrium decreases with increasing H20/ 
CO2 ratio and with increasing NaCl content. Thus, the 
CO2-rich fluids have 0 around 90 ° and the aqueous fluids 
may have 0 as low as 40 °. Assuming that the parent fluid 
infiltrates the extensional veins along subhorizontal 
microcracks, rupture along the shear vein induces Pf 
drop and fluid unmixing, as well as the formation of new 
vertical microcracks. Given their respective wetting 
properties, the CO2-rich fluid would remain in the 
horizontal microcracks, and the H20-NaCI fluid would 
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be expelled in vertical microcracks. Such a phenom- 
enon, similar to the 'wicking' process (Crawford & 
Hollister 1986), is locally observed at a small scale where 
short vertical aqueous fluid inclusion planes originate on 
longer horizontal CO2-rich fluid inclusion planes. 

It is not clear at present if this mechanism can explain 
fluid partitioning in shear veins. Given that these are 
drained systems connected with the reservoir and, inter- 
mittently, with higher crustal levels, additional factors 
may influence fluid distribution in microcracks, includ- 
ing escape of CO2 along the fault (Parry & Bruhn 1990). 

CONCLUSIONS 

Subhorizontal extensional veins at Val d'Or are the 
result of successive vertical opening and collapse events, 
which may be related to episodes of sealing and seismic 
slip along adjacent shear veins, respectively. As pro- 
posed by Sibson et al. (1988), the opening of the exten- 
sional veins is due to hydraulic fracturing in a regional 
N-S compressional regime, in a lithostatic or supralitho- 
static fluid pressure environment. Structures such as 
crack-seal inclusion bands, fibres, stretched crystals and 
open-space filling crystals are attributed to hydraulic 
fracturing and probably subcritical crack growth. Pri- 
mary fluid inclusions found in such structures and hori- 
zontal CO2-rich fluid inclusion planes are related to the 
high fluid pressure episodes. 

Episodic collapse of the subhorizontal veins is attribu- 
ted to a dramatic fluid pressure drop related to seismic 
slip parallel to the shear veins. Vertical H20 + NaCI 
fluid inclusion planes are characteristic of that low fluid 
pressure period and may indicate localized shear stress 
reversal post-failure. 

The complex internal structures of the gold-quartz 
veins provide an excellent record of Archaean seismic 
activity along high-angle reverse faults. As shown by 
Parry & Bruhn (1990) for normal faults, fluid inclusion 
studies can provide evidence for, and quantify, fluid 
pressure fluctuations along faults. This study empha- 
sizes the importance of fluid pressure in faulting and 
shows that combined microstructural and fluid inclusion 
studies of exhumed seismogenic faults may provide new 
insights in understanding earthquake processes along 
active faults. 
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