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Abstract-An integrated geometrical investigation and microthermometric analysis of fluid inclusion trails in 
fibrous crackkseal veins at Dugald River, Mount Isa Inlier, allowed distinction of two general types of fluid 
inclusions: a CO2 k CHd-rich variety and a HzO-rich variety. At least three stages of fluid percolation are identified 
to be related to the vein formation. Trails of pseudosecondary inclusions have a constant orientation relative to the 
direction of the regional maximum principal shortening direction (,I-,). This relationship allows the trails to be 
regarded as potential structural markers. However, trails of secondary inclusions generally show a deviation from 
the established bulk shortening direction and possibly reflect the overprinting of a later deformation event. 
Microthermometric data combined with knowledge of metamorphic reactions suggest that the P-Tpath of crack- 
seal deformation started at about 450°C and 2.8 kbar, then crossed 340°C and 1.2 kbar, and possibly terminated 
around 130°C and at near-surface pressure, corresponding to the regional crustal uplift. This study shows the 
importance of combined geometrical and microthermometric studies of fluid inclusions for understanding the 
physical conditions of crackkseal deformation, a common phenomenon in low-grade metamorphic terrains, 
0 1997 Elsevier Science Ltd. 

INTRODUCTION 

During the last 10 years, much work has been done on 
relations between fluid inclusion trails and regional stress 
fields (Pecher et al., 1985; Lespinasse and Pecher, 1986; 
Kowallis et al., 1987; Laubach, 1989; Ren et al., 1989; 
Alvarenga, 1990; Cathelineau et al., 1990; Boullier et al., 
1991; Boiron et al., 1992; Boullier and Robert, 1992; 
Selverstone et al., 1995). The coherent behaviour of fluid 
inclusion orientations relative to the macroscopic struc- 
ture provides independent strain markers to unravel a 
rock’s deformation history. By looking at fluid inclusions 
within healed microcracks, Pecher et al. (1985) and 
Lespinasse and Pecher (1986) were able to demonstrate 
that the inclusion trails were directly related to distinct 
deformation events. Kowallis et al. (1987), Laubach 
(1989) Ren et al. (1989) Cathelineau et al. (1990) and 
Boullier et al. (1991) have emphasized the use of fluid 
inclusion trails for relating the different stages of fluid 
percolation in crystalline rocks to a regional succession of 
deformation episodes and establishing the palaeostress 
fields involved. Fluid inclusion trails have also been used 
as a reliable indicator of ore fluid pathway by correlating 
the geometry of microstructural markers with the time- 
space relationships between deformation events, mineral 
healing, fluid trapping and ore deposition (Boiron et al., 
1992). In addition, geothermal chronology established on 
oriented fluid inclusion planes has been successfully 
applied to constrain fault kinematics (Selverstone et al., 
1995). 

However, previous fluid inclusion studies in this field 
were almost exclusively conducted on secondary inclu- 
sions; that is, those that form by healing microfractures 
developed after the growth of the host crystal (Roedder, 
1984). Fluids trapped in these secondary inclusions do 

not reflect the physicochemical conditions under which 
the host mineral crystallizes. In contrast, samples 
collected from crack-seal fibrous veins in the Dugald 
River area of the Mount Isa Inlier provide an uncommon 
opportunity to examine pseudosecondary inclusions. 
Crack-seal fibrous veins also provide an ideal case for 
studying the role of fluids in their formation, related 
physical conditions and their changes with time (Roed- 
der, 1984; Mullis, 1987). The present study was under- 
taken to investigate the preferred orientations of fluid 
inclusion trails vs regional palaeostress states, and to 
obtain fluid inclusion data which can be used to constrain 
the temperature-pressure path of vein formation during 
orogenesis. 

GEOLOGICAL SETTING 

The study area is located in the northeastern portion of 
the Middle Proterozoic Mount Isa Inlier, northwest 
Queensland (Fig. 1). It contains the Dugald River Zn- 
PbAg deposit, which is hosted by graphitic black slates. 
The regional sedimentary sequence comprises a thick 
package of variably calcareous, argillitic and siliciclastic 
sediments of the Corella Formation (Blake, 1982), Lady 
Clayre Dolomite and Knapdale Quartzite (Derrick et al., 
1977). These have been interpreted as sag phase sedi- 
ments deposited within the Cloncurry Basin (Beardsmore 
et al., 1988). The whole succession was subjected to upper 
greenschist to middle amphibolite facies metamorphism 
(Newbery et al., 1993) during the second deformation. 

Recent structural work (Xu, 1996) has shown that 
there are six deformation episodes in the Dugald River 
area. Dl produced approximately E-W-trending folds 
and a locally pervasive foliation, with associated late- 
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Fig. I. Simplified geological map and location of the Dugald River 
area. 

stage, N-S-striking faults. D2 was the dominant deforma- 
tion event and produced regional tight to isoclinal folds 
with steep N-S-striking axial planes and a well-developed 
&, resulting from E-W compression (Holcombe et al., 

1991, 1992; Oliver rt al., 1991; Reinhardt, 1992). D, 
generated local small-scale folds with subhorizontal axial 
planes and associated weak cleavage. 04 is characterized 
by outcrop-scale folds and crenulations with near N-S- 
oriented axial planes, plus narrow shear zones. Ds occurs 
as sporadic kinks, and D6 formed E-W-trending open 
folds and associated conjugate strike-slip faults. The first 
four deformation events were generated in a ductile 
regime, whereas the last two were transitional (D5) to 
brittle deformation (D6). Relationships of mineralization 
with folds and cleavage indicate a post-D2 timing for the 
Zn-PbbAg deposit at Dugald River (Xu, 1996). In 
general, the development of crack-seal veins is closely 
related to the D, deformation over the study area, 
although some exceptions can be found associated with 
other deformation events. 

Within the Dugald River area, crackkseal fibrous veins 
are abundant in the Lady Clayre Dolomite but extremely 
rare in outcrops of the biotite scapolite schist of the 
Corella Formation and the Knapdale Quartzite. This 
lithological preference is possibly due to the difference in 
rock competence (Ramsay and Huber, 1983). The Lady 
Clayre Dolomite forms prominent outcrops of black, 
argillaceous and limey metasediments. The major litho- 
types are dolomite and dolomitic siltstone interbedded 
with thin black cherty layers (Newbery et al., 1993). The 
mineralogy is dominated by calcite, dolomite and quartz 

with subordinate mica, graphite and chlorite. Scapolite 
and K-feldspar porphyroblasts are common and aligned 
parallel to the S2 cleavage. 

VEIN GEOMETRY AND MORPHOLOGY 

The veins examined in this study generally lie at a high 
angle to the dominant N-S-trending S2 foliation and 
maintain a constant subvertical orientation throughout 
the study area (Fig. 2). Their overall orientation is 
consistent with a regional E-W compression direction 
during D2. In some cases, veins of this type show strong 
dissolution of vein minerals along vein walls due to strain 
accumulation on vein margins, which was caused either 
by the progressive deformation of the D2 event or the 
subsequent D4 deformation. Based on the overprinting 
relations between veins and deformation fabrics of 02 
and Dq, a syn-post D2 formation is proposed. The same 
timing of such veins has been determined elsewhere in the 
Mount Isa Inlier (Winsor, 1983; Valenta, 1989; Oliver et 
al., 1991; Reinhardt, 1992; Valenta rt al., 1994). 

The vein-filling minerals are almost invariably domi- 
nated by calcite, dolomite and fibrous quartz. Most of the 
veins are lOOG300 cm long and 3 5 cm thick, with 
individual veins as thick as 10 cm. Fibres are usually 
oriented perpendicular to the vein walls, although 
oblique fibres can occur. Most of the veins typically 
demonstrate syntaxial growth (i.e. the material filling the 
vein is compositionally similar to that of vein walls; 
Ramsay and Huber, 1983) with fibrous, crack-seal 
morphologies similar to those described by Ramsay 

(1980). 

ORIENTATION OF FLUID INCLUSION TRAlLS 

The trails of fluid inclusions investigated in this study 
consist of healed intracrystal and transcrystal micro- 
cracks (Fig. 3). Combined with the consideration of the 
inclusion morphology, healed intracrystal microcracks 

Fig. 2. Sketch from a photograph (plan view) showing a crack-seal vein 
lying at a high angle to & foliation in the Lady Clayre Dolomite. Fibres 

are usually oriented perpendicular to the vein walls. 
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Fig. 3. (a) Photomicrograph showing near E-W-trending fluid inclusion trails formed by healing of the intracrystal and 
transcrystal fractures with respect to the boundaries of quartz fibre. Crossed nicols. Section is horizontally oriented. North is 

towards the top. (b) Close-up of pseudosecondary fluid inclusion trails, similar to those depicted in (a). 

generally correspond to pseudosecondary inclusions, 
whereas healed transcrystal microcracks correspond to 
secondary inclusions (Roedder, 1984). Healed fractures 
are common in most of the examined samples but were 
only clearly observed in the fibrous quartz crystals. As I 
was mainly concerned with the correlation between fluid 
circulation and regional stress field during the propaga- 
tion of crack-seal veins, only pure extensional cracks, 
without discernible lateral displacement, were counted in 
the statistics presented here, even though exceptions 
resulting from shear failure cannot be effectively ruled 
out. 

As most of the trails are nearly normal to the 
horizontal plane, orientations of fluid inclusion trails 
have been determined on horizontally oriented doubly 
polished sections from nine samples. Geometrically, 
almost all examined inclusion trails are either perpendi- 
cular or lie at a high angle to the long axes of the fibrous 
quartz crystals (Fig. 3). Systematic measurements of 
healed microcracks have been performed in each section 
by manual counting using a microscope. Results are 
expressed in the rose diagram (Fig. 4a) in which two main 
preferred orientations of fluid inclusion trails can be seen: 
a constant well-defined maximum around N75”E of set 1; 
and a less well-defined one around N115”E of set 2. The 
relative chronology of fluid inclusions, as inferred from 
petrographic observations, suggests that set 1 pre-dated 
set 2 and consists mainly of pseudosecondary inclusions, 
while set 2 is almost exclusively dominated by secondary 
inclusions cutting across crystal boundaries. 

Trails of secondary fluid inclusions have been widely 
used as structural markers by previous workers, as 
approximating the average direction of maximum princi- 
pal stress in the bulk rock (Pecher et al., 1985; Lespinasse 
and Pecher, 1986; Kowallis et al., 1987; Ren et al., 1989; 
Boullier et al., 1991). To test the reliability of the above 
interpretation in the alternative case of crack-seal fibrous 
veins, a regional strain state was established for the D2 
deformation event at Dugald River. As D2 folds were 
formed by E-W bulk shortening (Holcombe et al., 1991, 
1992; Oliver et al., 1991; Reinhardt, 1992) poles to axial 

plane cleavage should be parallel to the maximum 
principal shortening strain (Fig. 4b). Figure 4 clearly 
demonstrates a strong consistency between the regional 
bulk shortening and the orientations of set 1 fluid 
inclusion trails. This implies that local stress conditions 
were retained during the syntaxial overgrowth of fibrous 
crystals. Trails of these pseudosecondary inclusions are 
good indicators of the microstructural pattern at the time 
of crack-seal deformation, and are potentially as impor- 
tant as those in the bulk rock with regard to the deduction 
of the palaeostress state. Compared with set 1 trails, set 2 
shows a clockwise rotation from the D2 maximum 
principal stress direction. The absence of rotation of the 
D2 fold axis suggests that a passive rotation of the sample 
relative to the regional coordinates is highly improbable. 
Given the constant relative cross-cutting relationship 
between set 1 and set 2 trails, the possibility that they 
are conjugate to each other can be discounted. Therefore, 
such deviation may represent the overprinting effect of 
subsequent deformation. 

FLUID INCLUSION RESULTS 

Analytical methods 

Doubly polished sections, about 200 pm thick, were 
prepared from oriented vein samples. In general, no 
ductile deformation effects can be observed for the quartz 
fibres sampled for this study except the local presence of 
undulose extinction. The undeformed nature of the fibres 
suggests that fluid inclusions preserved in the crack-seal 
veins were trapped at or after peak deformation condi- 
tions. Fluid inclusion measurements were conducted on a 
Fluid Inc. adapted USGS gas flow heating and freezing 
stage. Generally, measurements were taken during 
heating of the sample at the rate of 5°C min-‘, but a 
heating rate of 1 “C min ~ ’ was employed in the vicinity of 
the phase change. The heating and freezing stage was 
calibrated at three temperatures: the critical point of 
water (374.1 “C), the freezing point of water (OC) and the 
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Fig. 4. (a) Rose diagram showing orientations of fluid inclusion trails 
for both pseudosecondary (set 1) and secondary (set 2) inclusions. (b) 
Rose diagram showing the maximum principal shortening direction (,I,) 
of LIZ. is was deduced from the orientation of the Sz axial plane cleavage 
because Dz folds are considered to be a result of E-W bulk shortening. 
By comparing (a) with (b), there is a strong consistency between the 

orientation of set 1 trails and the regional Dz shortening direction. 

triple point of carbon dioxide (- 56.6”C) using synthetic 
standards. Measured temperatures have a reproducibility 
of fO.l”C below 30°C and f l.O”C at temperatures 
around 375°C with a precision of )0.2”C at all 
temperatures. 

Fluid inclusion microthermometry 

nounced orientations in the horizontal plane, referred to 
as set 1 and set 2, respectively, in the previous section. 

CO* f CH4-richfluid inclusions. Fluid inclusions of this 
type are the major components of set 1 trails. In most 
cases, they were preferably aligned along healed 
microcracks (Fig. 5a), although isolated individuals can 
be locally observed (Fig. 5b). Fluid inclusions within this 

group are usually between 8 and 20 ,um in size and show 

Petrographical examination revealed that fluid inclu- 
sions in the fibrous quartz crystals have widely varying 
compositions and several generations of fluid trapping. 
Based on the microthermometric results, two general 
types of fluid inclusions can be distinguished: one is 
CO2 f CHd-rich and the other is HZO-rich. In most cases, 

Fig. 5. (a) Photomicrograph of preferentially aligned two-phase (liquid 
CO2 and vapour C02) and adjacent monophase carbonic inclusions 
which formed by the healing of intracrystal microcracks. Horizontally 
oriented section. North towards the top. (b) Photomicrograph of 
isolated carbonic inclusions with a typical negative crystal shape. They 
are monophase at room temperature, and probably primary in origin. 
(c) Photomicrograph of aqueous secondary inclusions present as 
decoration on the healed microcracks. At room temperature, they are 
two-phase liquid-rich. Section is horizontally oriented. North is towards 

both of them geometrically belong to the two pro- the top. 
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oval to negative crystal shapes. At room temperature, 
many such fluid inclusions are monophase: hence, 
homogenization to the liquid phase is below room 
temperature. Liquid-rich two-phase inclusions were 
only found in set 1 trails. Melting temperatures of the 
solid CO2 range from - 60.8 to - 56.4”C and show an 
asymmetric distribution toward temperatures below the 
triple point of pure CO2 (Fig. 6a), indicating that variable 
amounts of CH4 are present along with CO2 in the 
inclusion, as was further confirmed by laser Raman 
spectroscopy. The presence of pure CO2 inclusions was 
primarily recognized within the liquid-rich two-phase 
subgroup, with CO2 melting temperatures near - 56.6% 
Upon heating, all inclusions homogenize to liquid. 
Homogenization temperatures range from - 12.9 to 
29.1 “C with a peak at 5°C (Fig. 6b). Using the graphical 
method presented by Shepherd et al. (1985), the 
maximum amount of CH4 in these carbonic inclusions 
was estimated to be approximately 17 mol%. Signs of 
clathrate formation during cooling of the carbonic 
inclusions, which would suggest the presence of an 
aqueous fluid adhered to the inclusion walls, were not 
observed. 

“1 04 

Tm (CO2 t CH4) “C 

HJO-rich fluid inclusions. Aqueous fluid inclusions, 
unlike carbonic inclusions, were found with variable 
abundance in almost all samples. Indeed, nearly all of 
the inclusions comprising set 2 trails and part of set 1 
trails are of this type. Most such aqueous inclusions are 
present as decoration on the healed microcracks (Fig. 5c), 
but some samples do contain equant randomly dispersed 
inclusions. At room temperature, H,O-rich inclusions 
consist of two phases: HZ0 liquid and Hz0 vapour with 
variable phase ratios throughout the examined sections 
but constant in a single trail. The size of H20-rich 
inclusions ranges from 5 to 25 pm. 

Th (CO2 + CH4) “C 

Three subdivisions of the aqueous fluid inclusions can 
be made in terms of homogenization and melting 
temperatures (Th and T,,,), as well as occurrence. Also, 
petrographic observations indicate a clear relationship 
between the inclusion types and microfracture orienta- 
tions, with subtype II confined to set 1 trails and subtype 
III in set 2 trails whereas subtype I appears to be 
overprinted by both trails (Fig. 7). Fluid inclusions of 
the first group usually occur as small isolated individuals 
and are primary in origin. At room temperature two 
phases are present in the inclusions, but relatively high 
vapour to liquid ratios exist throughout the investigated 
specimen. In spite of the uncertainty of their chronology 
relative to other aqueous inclusions, a large proportion of 
such inclusions can be more reasonably interpreted as 
earlier with respect to the peak deformation/metamorph- 
ism compared to both pseudosecondary and secondary 
aqueous inclusions discussed below. Most of these 
inclusions homogenize to liquid above 300°C with a 
peak at 3 15°C (Fig. 6c), while melting varies from - 13 to 
- 19°C (Fig. 6d). 
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Fig. 6. Microthermometric data for fluid inclusions in quartz fibres. T,,, 
(COzkCH4) =final melting temperature of CO2 solid; Th 
(CO2 + CH4) = homogenization temperature of CO2 vapour to CO2 
liquid; T,,, (H20) = final melting temperature of ice; Th (H20) = homo- 
genization temperature of Hz0 vapour to Hz0 liquid. Note that the 
three peaks demonstrated by the homogenization temperatures of 
aqueous inclusions sequentially correspond to the three different 

Contrary to the above non-planar distribution of the occurrences of inclusions illustrated in Fig. 7. 
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Fig. 7. Sketch from a photograph showing sequential fluid trapping 
during the growth of fibrous quartz. I, isolated primary inclusions 
formed in the early stage; II, pseudosecondary inclusions formed in the 
middle stage. Note the coexistence of monophase C02-rich inclusions 
and aqueous inclusions in the same intragranular trail, suggesting fluid 
immiscibility; III, secondary inclusions formed in the last stage. 

Horizontally oriented section. North towards the top. 

first group of inclusions, the second and third groups of 
aqueous inclusions are present along distinct planes and 
lie in the set 1 and set 2 trails, respectively. In general, the 
second group inclusions have a pseudosecondary origin, 
characteristic of a peak homogenization temperature 
centred on 255°C (see Fig. 6c) and a final melting 
temperature peak at -9°C (see Fig. 6d). By contrast, 
aqueous inclusions of the third group generally homo- 
genized at lower temperatures (102-185°C) and have a 
peak at 135°C (see Fig. 6~). Likewise, relatively high 
melting temperatures occur in the narrow range from - 5 
to -2°C (see Fig. 6d). In most cases, inclusions of this 
type cross-cut crystal boundaries and other intragranular 
trails and have an unequivocally secondary origin. They 
are, hence, thought to have formed after the later stage of 
syntectonic veining. 

The initial melting temperatures of about -22’C for 
all aqueous inclusions indicate that NaCl is probably the 
dominant dissolved salt in the inclusion fluids. As a 
consequence, salinities are 17-21 wt% NaCl for the 
isolated aqueous inclusions, 9-13 wt% NaCl for inclu- 
sions with set 1 orientation and 3-7 wt% NaCl for those 
possessing set 2 orientation, based on freezing point 
depression (Bodnar, 1993). 

In summary, fluid inclusions encountered in the crack- 
seal veins indicate that two compositionally (carbonic 
and aqueous) distinct fluids were trapped during the 
growth of fibrous quartz. This independent trapping of 
the two major components of an unmixed fluid appar- 
ently results from physical separation of the immiscible 
phases prior to trapping. Although several generations of 
HzO-rich inclusions may be present in the same host 
mineral, textural evidence indicates that at least some 
aqueous inclusions (e.g. subtype II) were trapped 
simultaneously with the carbonic inclusions in the set 1 
trails (see Fig. 7 for more details). Fluid inclusions for 
each type are both isolated and intracrystal, and even 
transcrystal with respect to fibre growth, suggesting they 

are syntectonic with respect to grain-boundary migra- 
tion. Nevertheless, these growing fibres may trap fluid 
inclusions and preserve information on fluid composi- 
tions and densities during successive crack-forming 
events (Crawford and Hollister, 1986). Assuming that 
all inclusions preserved in the veins were trapped at or 
after peak deformation/metamorphism as stated in the 
previous section, the high-density carbonic inclusions 
and the aqueous inclusions with highest T, are then 
interpreted to reflect most closely peak deformation/or 
metamorphic conditions, whereas the low-density carbo- 
nic inclusions together with pseudosecondary aqueous 
inclusions may represent fluids trapped during the vein 
formation. Finally, secondary aqueous inclusions are 
considered to record the conditions immediately after the 
veining development or the waning stage of the crack- 
seal process. 

DISCUSSION 

Development qf pwferred orientations qf ,fluid inclusion 

trails 

Many examples of the preferred orientations of fluid 
inclusion trails have been reported for either crystalline 
rocks (Pecher et al., 1985; Kowallis et al., 1987; Laubach, 
1989; Ren et al., 1989) or quartz veins and lenses 
(Alvarenga, 1990; Boullier et al., 1991; Boiron et ul., 

1992; Boullier and Robert, 1992; Selverstone et al., 1995) 
or some combination of both (Cathelineau et ul., 1990). It 
is suggested that in most cases fluid inclusion trails can be 
regarded as excellent structural markers parallel to the 
average maximum principal stress direction (0,). This 
conclusion appears to be valid for trails composed of 
pseudosecondary fluid inclusions, as evidenced by the 
consistency between the orientation of set 1 trails and the 
established regional compression direction during oro- 
genesis. By contrast, Cathelineau et al. (1990) would 
argue that the deviation of set 2 trails from the regional 
dominant shortening direction is due to reorientation of 
local stress fields in bulk anisotropic media, such as 
quartz lenses in mica schist. However, the strong 
preferred orientation of set 2 trails contradicts such an 
interpretation. Given the presence of some NE-striking 
D4 folds in the regional context, set 2 trails may 
correspond to the compression direction of D4 or another 
young deformation event. 

The development of pseudosecondary fluid inclusions 
in fibrous quartz is not unusual in low-grade meta- 
morphic rocks. Mullis (1987) reported an excellent 
example of this inclusion type for syntectonically grown 
Alpine quartz crystals, sometimes referred to as ‘white 
stripes’ by other workers (Roedder, 1984). Data pre- 
sented in this study indicate that trails of pseudosecond- 
ary inclusions have an obvious ENE-WSW trend (set 1 in 
Fig. 4a). As this orientation is the bulk shortening 
direction interpreted for D2, the entrapment of fluids in 
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this direction is implied to be a consequence of healing 
along tensile cracks. The trapping mechanism by which 
pseudosecondary inclusions formed is, in every respect, 
similar to that of secondary inclusions. The only 
difference is cracking during the growth of crystals 
rather than after the growth of crystals. The cause of the 
crystal fracturing during growth is mainly attributed to 
the relative instability or cycling of the effective stress 
levels in crack-seal deformation (Ramsay, 1980; Cox and 
Etheridge, 1983). 

Temperature andpressure conditions during veining 

In recent years fluid inclusion data obtained from 
syntectonic veins have been successfully used to resolve 
specific structural problems (Foreman and Dunne, 1991; 
Evans, 1995; Selverstone et al., 1995). As proposed by 
Mullis (1987) and Nicolas (1987), fluids are system- 
atically trapped in the growing crystal during the 
development of crack-seal veins and record the P-T 
evolution of the fluid from which the fibre crystallized. In 
many cases fluids in veins are in equilibrium with the 
surrounding mineral assemblages in host rocks (Craw- 
ford and Hollister, 1986; Evans, 1995). Unfortunately, 
the lack of fluid inclusion data in the matrix of the host 
rock makes it difficult to justify this assumption at 
Dugald River, but it is inferred that the pressure 
prevailing at least during early primary inclusion trap- 
ping is close to lithostatic values. Hence, detailed fluid 
inclusion work should provide invaluable information on 
deformation conditions and how they changed with time 
during synorogenic vein formation. 

The fluid inclusions investigated in this study indicate 
that there is a wide variation in temperature and 
composition of the fluids involved during veining. The 
essential lack of leakage for inclusions measured pre- 
cludes post-trapping modification as a reason for such a 
large change. At the same time, satellite inclusions or 
decrepitation clusters, typical of the internal overpressure 
re-equilibration of fluid inclusions during retrograde 
metamorphism (Sterner and Bodnar, 1989) have not 
been observed by the present author. The most likely 
interpretation for the wide microthermometric values is 
that the quartz sampled is not contemporaneous or, in 
other words, the inclusions investigated in this study were 
sequentially trapped during successive episodes of crack 
formation. In order to establish this history of evolution, 
isochores were constructed for fluid inclusions in crack- 
seal veins using the computer program MacFlinCor 
(Brown and Hagemann, 1995) together with the equa- 
tion of state from Brown and Lamb (1989) for both 
carbonic and aqueous inclusions. Isochores for the earlier 
primary high-density (0.9 g cmP3) COZk CH4-rich inclu- 
sions and later pseudosecondary lower-density 
(0.7 g cmh3) COz-rich inclusions were constructed using 
peak homogenization and CO2 melting temperatures 
corresponding to those in the histograms of Fig. 6. 
Similarly, for aqueous inclusions, isochores were gener- 

ated on the basis of different peak homogenization 
temperatures and freezing point depressions for succes- 
sive early primary, middle pseudosecondary and late 
secondary inclusions. The ranges of fluid densities are 
constrained by the isochores established using the 
maximum and minimum microthermometric values for 
each inclusion type. The isochores in Fig. 8 clearly show 
that P-T overlaps exist between different types of fluid 
inclusion. 

The temperature and pressure conditions during 
veining can be estimated by means of the fluid inclusion 
isochores and other independently known temperature 
and/or pressure constraints. By comparison with data 
obtained from the similar mineral assemblage in the 
western Mount Isa Inlier (M. J. Rubenach, personal 
communication 1996), peak metamorphic conditions for 
rocks of the Lady Clayre Dolomite at Dugald River were 
estimated to be 450°C and 3 kbar. When plotted on the 
P-T diagram of fluid inclusions (Fig. 8), this peak 
temperature intersects isochore A which reflects the 
trapping conditions for early isolated high-density 
(0.9 g cmP3) carbonic inclusions. In addition, the iso- 
chore for early primary aqueous inclusions (B, Fig. 8) 
intersects the isochore A at about 600°C. This intersec- 

A: Th = 4 “C, Tm = -59 “C 

B: Th = 315 “C, Tm = -15 “C 

C: Th = 26 “C, Tm = -56.6 “C 

D: Th = 255 “C, Tm = -9 “C 

E:Th=135”C,Tm=-4’C 

- carbonic 

- - - aqueous 

100 200 300 400 500 600 

T"(C) 
Fig. 8. P-T diagram of fluid inclusions in crack-seal fibrous veins at 
Dugald River. All isochores are based on the formulation of Brown and 
Lamb (1989). The shaded areas adjacent to the corresponding isochores 
illustrate the variations in fluid densities and P-T conditions. The 
overall P-T path constrained by isochores of fluid inclusions and 
independently known metamorphic data is convex towards the 
temperature axis and indicates a progressive decrease in temperature 
and pressure with time, implying that the formation of crackPseal veins 

is coeval with regional crustal uplift. 
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tion may be fortuitous as textural evidence indicating 
comtemporaneity of such early dispersed aqueous and 
carbonic inclusions was not found. Despite the absence 
of a chronological sequence between them, these early 
aqueous inclusions are interpreted to form somewhat 
later than high-density carbonic inclusions with respect 
to the peak metamorphism. The temperature of entrap- 
ment of such aqueous inclusions along the isochore B is 
unknown, but the retrograde nature of the vein suggests 
it was below the peak value. The mechanism by which the 
early primary aqueous inclusions were trapped is inferred 
to be syntectonic overgrowth in response to the release of 
elastic strain and brittle failure following accumulation of 
strain during crackkseal deformation (Ramsay, 1980). 

In contrast, the intersection between the isochore for 
low-density (0.7 g cm- ‘) C02-rich inclusions (C, Fig. 8) 
and the isochore for pseudosecondary aqueous inclusions 
(D, Fig. 8) can be used to define the trapping temperature 
and pressure under which both of these inclusions were 
formed as they are most likely representative of immis- 
cible CO*-rich and H?O-rich fluids. Evidence used to 
support the presence of immiscibility is mainly derived 
from the observations of coexisting aqueous and CO1- 
rich inclusions along the same trail (see Fig. 7). Although 
one might expect that trapping immiscible fluids would 
result in inclusions containing random mixtures of the 
two fluids (Craw, 1990) this is not the case at Dugald 
River. The immiscible fluids described in this study are 
most likely pure end-members of COz and H20. 
Consequently, the intersection of isochores derived 
from two such inclusions should give both the true 
trapping temperature and pressure (Hagemann and 
Brown, 1996). Therefore, the 340°C and 1.2 kbar 
obtained from intersecting isochores represents the 
formation temperature and pressure for low-density 
carbonic and middle-stage aqueous inclusions. The P-T 
path must cross this point during the development of 
crackkseal veins. Moreover, as both of these inclusions 
occur along intracrystal fractures, they are considered to 
reflect conditions under which cracking took place during 
the syntectonic growth of fibres. 

Finally, the isochore for secondary low-salinity aqu- 
eous inclusions (E, Fig. 8) constrains the P-Tconditions 
of post-growth fluids. As most such inclusions cross-cut 
previous primary and pseudosecondary inclusions, they 
are the latest stage of fluid recorded in the veins. 
Compared with carbonic and moderate salinity aqueous 
fluids, these youngest low-salinity fluid inclusions pre- 
sumably resulted from the downward percolation of 
meteoric water through evaporitic metasediments as 
crack-seal deformation accompanied uplift and the 
rocks approached the surface. Given that the pressure 
correction is not significant close to the end of regional 
crust uplift, the peak homogenization temperature 01 
13O’:C can be regarded as the representative temperature 
of the latest entrapment of fluid. 

The overall P-T conditions during veining are char- 
acteristic of a progressive decrease in temperature and 

pressure with time, implying the correlation between the 
formation of a crack-seal vein and regional crustal uplift. 
This tendency is also accompanied by a density decrease 
for carbonic fluid ranging from early typical 0.9 g cm.- ’ 
to late 0.7 g cm ~ ‘, and a continuous salinity decrease for 
aqueous fluid ranging from early typical 19 wt% NaCI, 
through middle 13 wt% NaCl, to late 7 wt% NaCl. It is 
inferred that metamorphic fluids were dominant in the 
early stage of veining, while meteoric water was incorpo- 
rated in the late stage of the vein formation, although a 
precise determination of the fluid origin is beyond the 
scope of this study. 

CONCLUSIONS 

Geometrical investigation of fluid inclusion trails, 
combined with microthermometric data, can provide 
insight into the deformation conditions during orogen- 
esis, as illustrated by fluid inclusions in syntectonic 
crackkseal fibrous veins in the Dugald River area. 
Analysis of fluid inclusion trails shows that there is 
strong consistency between the preferred orientations of 
pseudosecondary inclusion trails and the regional bulk 
shortening direction. However, late secondary inclusion 
trails generally exhibit a clockwise deviation from the 
inferred regional maximum principal stress and possibly 
correspond to a late deformation event. Moreover, the 
restricted distribution of secondary inclusion trails 
suggests that the heterogeneity resulting from crackkseal 
veining is not significant enough to affect the develop- 
ment of fluid inclusion trails as a function of the local 
stress reorientation at Dugald River, as demonstrated by 
Cathelineau et al. (1990) elsewhere. 

Fluid inclusions within quartz fibres indicate a wide 
compositional variation and at least three stages of fluid 
entrapment during and after the development of crack- 
seal veins. Two general types of inclusions were distin- 
guished: one is CO1 k CH4-rich and the other is H20-rich 
with low to moderate salinity (3321 wt% NaCl). The 
crackkseal process was well constrained by the available 
microthermometric data. It initiated with the entrapment 
of high-density (0.9 g cm-‘) carbonic fluid correspond- 
ing to peak metamorphism in the host rock, followed by 
the formation of early aqueous inclusions during syntec- 
tonic crystallization. Afterwards, separate CO?-rich and 
H20-rich pseudosecondary inclusions were trapped at 
the same time during the middle stage of the veining. The 
widespread presence of secondary low-salinity aqueous 
inclusions is regarded as the termination of the whole 
process. 

Episodic entrapment of different fluids delicately 
records the nature of crackkseal deformation, that is, 
accumulation of elastic strain followed by brittle failure, 
release of strain and deposition of dissolved material. On 
the other hand, the wide variation in homogenization and 
melting temperatures for each type of inclusion, together 
with considerable P-T overlaps in isochores, suggests 
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changes in deformation conditions with time. A post- 
peak decrease in temperature, pressure, CO2 density and 
salinity implies that the vein formation probably corre- 
sponds to regional crustal uplift. It is inferred that the 
fluids trapped in the early stages were metamorphically 
derived and the late-stage low-salinity aqueous fluid 
resulted from the downwards convection of meteoric 
water following regional uplift. 

Finally, an important result of the present study is that 
trails of pseudosecondary fluid inclusions in the crack- 
seal fibrous veins conform to other geological settings; 
namely, they are reliable structural markers. Fluid 
inclusion data obtained from crack-seal fibrous veins 
can provide valuable information on the evolution of 
deformational/metamorphic conditions for low-grade 
metamorphic terrains. 
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