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Abstract 

The Hill goldfield, NSW, Australia, is an example of a syntectonic, slate-belt gold deposit formed in a 
multiply deformed, Late Silurian slate-metagreywacke turbidite sequence. Gold is confined to 
bedding-parallel veins and discordant leader veins composed of as many as four generations of quartz, 
accompanied by phyllosilicates, carbonates and minor sulphides. Vein formation and gold deposition 
was apparently synchronous with Early Carboniferous metamorphism and deformation. Homogenisa- 
tion temperatures (Th) for fluid inclusions in vein quartz demonstrate five groupings in the temperature 
intervals 350-280 ~ 280-250 ~ 250-190 ~ 190-150 ~ and 150-110 ~ corresponding to a variety of 
primary and secondary inclusions developed during four periods of vein quartz deposition under a 
generally declining temperature regime. Inclusion fluids are characterised by a low salinity of around 
0.1 to 3.6 wt. % NaC1 equivalent. The dominant gas phase present in the inclusion fluids varies from N2 
in the early stages of the paragenesis, through CH 4 during the main episode of gold deposition, to CO2- 
rich fluids associated with late-stage mineralisation. ~a80 values for vein quartz (range 15.1-17.1%o) 
and vein carbonate (range 11.3-13.4%o) are typical of metamorphic mineralisation. 6D composition of 
hydrous minerals and inclusion fluids (range -53  to - 138%o) suggest an influx of meteoric water in the 
later mineralising fluids. This conclusion is supported by 613C data for vein calcite (range -2 .5  to 
-9.7%0). 634S composition of vein pyrrhotite and pyrite ranges from 6.9 to 7.8%0 early in the 
paragenesis, to lighter values (around 4.2 to 5.8%0) accompanying late gold deposition from more 
oxidising fluids. Sulphur isotope data imply a sulphur source from underlying turbidites and an increase 
in fluid oxidation state during mineralisation . Lead isotope measurements on vein pyrite, arseno py rite, 
galena and gold are characterised by two isotope populations with 2~176 ratios of 0.862 and 0.860, 
which define two discrete mineralising events during vein formation. Consistency between data from 
vein minerals and lead isotope signatures for potential source rocks indicate that lead was derived from 
the sedimentary pile. 
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Introduction 

STUDIES of a wide variety of vein gold deposits in 
low- to medium-grade metamorphic environ- 
ments point to the important role that metamor- 
phic fluids play in mobilising gold from crustal 
rocks and precipitation of the metal in structurally 
focussed sites during deformation events. Modell- 
ing of fluid compositions derived from metamor- 
phic dehydration reactions accompanying amphi- 
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bolite facies metamorphism of crustal rocks 
(Powell et al., 1991) and fluid inclusion studies of 
mesothermal gold deposits in metamorphosed 
volcano-sedimentary settings (Ho, 1987) high- 
light the reduced, low salinity, high CO2 content 
of the fluids involved in transporting gold in the 
mesothermal environment. In turbidite succes- 
sions, structural investigations on auriferous 
quartz veins indicate that vein formation may 
extend over the entire deformation episode (Cox, 
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et al., 1991) and that individual veins commonly 
develop from a 'crack-seal' (Ramsay, 1980) 
process involving incremental addition of vein 
laminae. 

Although the composition of the mineralising 
fuids in metamorphic environments are modera- 
tely well established and timing relationships of 
gold precipitation relative to the metamorphic 
peak can be deduced, few studies have attempted 
to document the evolution of the mineralising 
system throughout the metamorphic event. In this 
paper, we present the results of a mineralogical 
and textural study of a turbidite-hosted gold vein 
deposit which allows five stages of fluid activity to 
be distinguished during the construction of indi- 
vidual gold-bearing veins. Definiton of these 
episodes of mineralisation is important for the 
interpretation of isotope and fluid inclusion data 
and in developing a model of fluid evolution 
during deposition of the veins. In this way, we can 
demonstrate an early period of mineralisation, 
corresponding to two stages of deposition of 
barren quartz, followed by three periods of gold 
deposition, all accompanied by a progressive rise 
in the oxidation state of the ore-forming fluids. 
Each mineralising event may be defined by a 
particular ore and gangue mineral paragenesis 
and particular geochemical criteria, all of which 
place important constraints on the source of gold, 
fluids and other vein components. The results also 
provide significant exploration implications con- 
cerning the movement of gold in slate belts. 

General geology 

Gold-bearing quartz veins are developed 
within a thick sequence of pelites and quartz-rich 
and tuffaceous arenites of turbidite origin, which 
represent the oldest trough-fill units of a post-Mid 
Silurian pull-apart basin, formed between two 
segments of an older Palaeozoic andesitic, 
volcanic arc in the Lachlan Fold Belt of south- 
eastern Australia. Richest gold veins developed 
close to the hinge of the doubly plunging Hill End 
Anticline (Fig. 1), a regionally extensive F2 
structure which controls similar vein-style miner- 
alisation at Hargraves, 30 km to the N of Hill 
End. Rocks in the vicinity of Hill End have 
experienced biotite grade, greenschist facies 
regional metamorphism (Offler and Prendergast, 
1985). Peak metamorphic P / T  conditions of 
2.9 kbar and 420 ~ were estimated by Seccombe 
and Hicks (1989) from the silica content of white 
mica and the composition of coexisting syntecto- 
nic carbonates in the wallrocks. Usage of the 
prefix 'meta- '  is implicit in the rock terms in this 
paper. 

The timing of the major deformation affecting 
the central parts of the Hill End Trough is not well 
established. Conclusions extrapolated from stud- 
ies on the E margin of the trough (Powell et al., 
1976; Powell and Edgecombe, 1978) suggest that 
the principal deformation (D2) and cleavage- 
forming event occurred during Early Carbonifer- 
ous time. At  Hill End, regional folds (F2) display 
northerly trends and upright axial surfaces (Figs. 
1 and 2) and appear to relate to D2 deformation. 
A well developped axial plane cleavage ($2) 
strikes 170 ~ and dips 80 ~ E in the mine area. Two 
other cleavages are recognised in the area. A 
weak sub-vertical foliation which trends 115 ~ and 
predates $2 is defined in the mine area (Hicks, 
1977). This early foliation may be associated with 
a probable Middle Devonian E - W  folding event 
recognised by Collins (1971). A crenulation 
cleavage ($3) which overprints the $2 slaty 
cleavage is variably developed in pelites (Hicks, 
1977) and may relate to late kinematic kinking 
associated with the D2 deformation. 

The most productive veins are encountered in 
the E-dipping limb of the anticline. Here,  
bedding-parallel veins, which range in thickness 
from 5 cm to several metres are observed in slate, 
close to contacts with graded greywacke units 
(Fig. 2). Individual veins persist along strike for 
several hundred metres and may be correlated 
with surface exposures in the shallow N-plunging 
hinge zone of the anticline or with veins inter- 
sected on the W-dipping limb. Production from 
the vein systems during the period 1865 to 1918 
accounted for nearly 12.4 t of gold (Stevens, 
1974). 

Vein structure and mineralogy 

The majority of the veins are laminated and 
appear to have formed by the incremental addi- 
tion of material parallel to the vein walls, whereby 
laminae are added internally to the vein or 
screens of wallrock are incorporated in the vein 
due to rupture close to vein contacts. The 
following features described by Seccombe and 
Hicks (1989) and Windh (1993, in press) suggest 
that vein emplacement was probably initiated by 
flexural slip associated with the development of 
the Hill End Anticline and spanned the entire D2 
deformation event: 

1. Close to the anticlinal hinge, where bedding 
dips at shallow angles, vein thicknesses may reach 
2m and folding of veins is common (Fig. 2). In 
this region, veins that have a thickness greater 
than 5 cm show open folds, whereas veins that are 
only a few mm thick are folded ptygmatically. 
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Fro. 1. Location and geological map of the Hill End goldfield, New South Wales. 

Away from the fold hinge, bedding-parallel veins 
are thinner on the more steeply dipping fold limbs 
and are rarely folded; instead boudins are deve- 
loped due to vein extension (Fig. 3a). 
2. The orientation of axial surfaces to minor folds 
developed in the veins, boudin axes, and slicken- 
lines developed on chloritic slate at vein contacts 
are all consistent with the regional fold geometry 
and their generation during the D2 deformation 
event. 

3. Rare fragments of cleaved wallrock display- 
ing $2 foliation are preserved within the lami- 
nated veins. 

4. Growth fibres in vein quartz oriented nearly 
parallel to the vein walls, and cleavage reorien- 
tation in wallrocks adjacent to some steeply E- 
dipping veins, suggest that the veins acted as 
reverse faults late in their formation and opened 
under shear. 

5. Intragranular deformation structures, 
involving the development of undulose extinc- 

tion, deformation bands and deformation lamel- 
lae are confined to early generations of vein 
quartz and indicate that these developed prior to 
the last stages of regional deformation. Recovery 
and recrystallisation textures are characteristic of 
this early quartz. 

6. Minor undeformed veins, oriented at a high 
angle to cleavage, developed late in the deforma- 
tion event. 

7. Small-scale faults, known as 'cross-courses' 
are gold-bearing and offset the veins in the 
underground workings by as much as 80 cm. 
Narrow (4-50 ram) quartz veins, referred to as 
' leaders'  (Fig. 3b) have a similar orientation to the 
faults and appear in the structural hangingwall of 
productive veins such as the Star of Hope and 
Mica veins (Fig. 2). The leaders intersect, but do 
not offset the major veins and are variably 
deformed. Leaders carry high gold values but are 
volumetrically insignificant in comparison with 
the principal bedding-parallel veins. 
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F~6.2. Geological cross-section through the central part of the goldfield in the hinge of the Hill End Anticline. The 
section depicts the position of slate units (each generally contains an auriferous quartz vein), the projected location 

of accessible tunnels and named veins discussed in the text. 

Both types of veins (bedding-parallel veins and 
leaders) are composed chiefly of quartz, carbo- 
nates and muscovite (sericite) with minor pyrrho- 
rite and rare gold, pyrite, chalcopyrite, marcasite, 
sphalerite and galena. Resolution of multiple 
populations of ore and gangue minerals indicate 
that vein formation and accompanying gold 
mineralisation are the products of multi-stage 
fluid activity. Based on microstructural obser- 
vations and overprinting relationships, five major 
periods of mineralisation are established for vein 
formation at Hill End (Fig. 4). Most vein minerals 
have been precipitated in at least two and as many 
as four paragenetic stages (Figs. 4 and 5a). The 
complete paragenesis appears consistently in the 
major auriferous bedding-parallel veins and asso- 
ciated auriferous leaders. 

Gold and sulphide mineralisation postdates the 
two major stages of quartz accumulation in the 
veins (stage I and If quartz). In auriferous 
bedding-parallel and leader viens, gold is asso- 
ciated with muscovite, chlorite, calcite and sul- 
phides (Fig. 5b). Whether it is distributed in 
microveinlets which are parallel to the earlier vein 
laminations in either vein type or in later, oblique 
veinlets, textural relationships always indicate 
that gold follows the first two stages of quartz 
deposition. At least three episodes of gold 
mineralisation have been identified (Fig. 4). A 
fuller description of the vein paragenesis and 
mineralogy is provided by Lu and Seccombe 
(1993, in press). 

Flu id  i n c l u s i o n  d a t a  

Based on the paragenetic stages defined above, 
constraints provided by fluid inclusions on the 
composition of the ore-forming fluids and the 
nature of the mineralising environment are criti- 
cal in establishing the evolution of the vein 
system. The results of a major fluid inclusion 
study of the vein systems at Hill End, presented 
in Lu and Seccombe (1993, in press) are summer- 
ised here. 

Fluid inclusions in quartz, either from bedding- 
parallel veins or from leader veins indicate a 
similar range in homogenisation temperature 
(Th) from 350 ~ to 110 ~ (Figs. 6a to 6c). Within 
this range, the data demonstrate five groupings in 
the temperature intervals 350-280~ 280- 
250~ 250-190~ 190-150~ and 150-110~ 
indicating that the two styles of veins were formed 
during similar events and are the products of the 
same episodes of fluid activity. 

Th of primary inclusions (Fig. 5c) identified in 
the first generation of quatz (stage I quartz) in the 
bedding-parallel veins and gold-bearing leader 
veins ranges from 350 ~ to 280 ~ which is lower 
than peak metamorphic temperatures in the study 
area. Evidence of re-equilibration of this popula- 
tion of inclusion under conditions of internal 
underpressure (Sterner and Bodnar, 1989) is con- 
sistent with fluid trapping and the precipitation of 
stage I quartz in the bedding-parallel veins prior 
to the attainment of peak metamorphic P / T  
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FIG. 3. Mesoscopic vein structures. A. Extended, steep W-dipping, laminated bedding-parallel vein developed in 
the pelitic top of a graded greywacke bed. Stage V quartz fills the boudin neck. N-wall, Australian tunnel. The scale 
is 5 cm in diameter. B. Plan view of the intersection, on the roof of an underground opening, of a deformed, 10 cm- 
wide leader vein with a 25 cm-wide, laminated bedding-parallel vein. Steep N-dipping leaders are encountered in 
the hangingwall of the major veins. The trace of bedding (So) and cleavage are nearly parallel. East vein, 

Consolidated tunnel. 

conditions. Because of the effects of inclusion re- 
equilibration, the T h data for inclusions trapped 
during this first episode of fluid activity represent 
minimum fluid temperatures for the mineralising 
fluids (op. cit.). However, the true fluid tempera- 
ture may not have been much higher than the Th 
range, because mineral assemblages from the 
veins and wallrock suggest that maximum temper- 
atures did not exceed 420 ~ 

Three groups of secondary fluid inclusions have 
been identified in stage I quartz. Group A 
secondary inclusion are confined to sealed cracks 
parallel to the laminations of the principal 
(bedding-parallel) quartz veins (Fig. 5d) and 
define two T h ranges (280-250~ and 250- 
190 ~ Some Group A secondary inclusions also 
appear to have experienced re-equilibration. 
Group B inclusions are confined to sealed cracks 
oblique to the vein laminations and are character- 
ised by low Th (150-190 ~ 

Fluid inclusions are poorly developed in stage 
iI quartz. Th for primary inclusions in stage II 
quartz ranges from 250 ~ to 280~ Secondary 
inclusions in stage II quartz display a T h range 
from 240-190 ~ and 190-150 ~ 

Fluid inclusions are undeveloped in the stage 
III quartz. By contrast, in stage V quartz, well 
devloped inclusions are characterised by a wide 
variation in size, gas ratio, the presence of liquid 
CO2 in some inclusions and Th in the range 210- 
140 ~ Inclusion fluids from all generations of 
quartz typically have a low salinity of around 0.1- 
3.6 wt percent NaCI equivalent. 

Laser Raman microprobe anlaysis indicates 
that the gas composition of the fluid inclusions 
relates to the paragenetic position of the host 
quartz. In stage I quartz, H20(g ) and N2 domi- 
nate in the primary inclusions, CH4 and CH 4 -I- 
H20(g) are the principal species present in Group 
A and Group B secondary inclusions,but H20(g) 
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FIG. 4. Paragenetic diagram for stages of mineral deposition on the Hill End goldfield. 

is the only major phase in group C secondary 
inclusions. In stage II quartz the gas phase 
composition is dominated by c n  4 and CH4 + 
H20(g). Gas phase composition in stage V quartz 
varies both with depth in the vein system and also 
from the earlier to late stages of stage V quartz 
deposition. Early in stage V, associated with the 
development of conformable and discordant 
chlorite and calcite veins in the footwall of the 
major bedding-parallel veins, quartz contains 
fluid inclusions characterised by H20(g) and CH 4 
+ H20(g). Inclusions associated with the deposi- 
tion of late, stage V quartz and calcite in the crest 
of the major anticline, have CO2 as the dominant 
gas phase, reflecting a change towards more 
oxidising conditions in the fluid during the final 
period of mineralisation. Th data, low salinity, 
and variable amounts of N2, CH4 and CO2 as gas 
species in a dominantly aqueous fluid are all 
consistent with a metamorphic derivation for the 
mineralising fluids (Kerrich, 1986; Goldfarb et al., 
1988). True trapping temperatures are difficult to 
estimate from the Th data because of the prob- 
lems in quantifying the temperature correction 
resulting from the combined effects of fluid 
pressure and variable fluid compositon for each 
episode of fluid activity (e.g., Bowers and Helge- 
son, 1983; Roedder, 1984). This is made more 
difficult in the metamorphic environment because 

of the likelihood of changes in fluid pressure in 
the vein system, resulting from possible tec- 
tonic thickening or erosion accompanying 
deformation. 

However, an independent check on mineralis- 
ing temperatures and the extent of the tempera- 
ture corrections to fluid inclusion Th data can be 
achieved using the geothermometer based on the 
composition of chlorite (Walshe, 1986). Deposi- 
tional temperatures ranging from 296 to 270 ~ 
are calculated from the composition of chlorite 
associated with gold deposition during paragene- 
tic stages III to V, and imply that temperature 
corrections to some Th data from stage V (Th 
range 210-140 ~ may be as high as 120 ~ (Lu 
et al., 1993, in press). 

Stable isotope geochemistry 

Minerals prepared for isotope analysis included 
quartz (O-isotopes and H-isotopic composition of 
inclusion fluids) calcite (O- and C-isotopes), 
chlorite, muscovite, and biotite (O- and H- 
isotopes) and pyrrhotite and pyrite (S-isotopes). 

Samples were prepared according to the follow- 
ing established methods: ~D in water (Bigeleisen 
et al., 1952), 613C and ~180 in carbonates 
(McCrea, 1950), ~lSo in silicates (Clayton and 
Mayeda, 1963) and ~34S (Robinson and Kusak- 
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FIG. 5. Mineralogy and fluid inclusion petrography. A. Equant fine-grained stage III quartz (3Q) and medium- 
grained stage II quartz (2Q) define microveinlets developed in a bedding-parallel vein, parallel to vein laminations 
m strained stage I quartz (1Q). B. Disseminated gold (Au) and galena (gn) in quartz from a leader vein. C. N 2- 
bearing primary fluid inclusion in stage I quarz from a bedding-parallel vein. D. Planes of CH4-bearing aqueous 

secondary fluid inclusion (Type 2A) in stage I quartz from a bedding-parallel vein. 

abe, 1975). Isotope analyses were undertaken on 
MICROMASS 602 mass spectrometers located at 
the Division of Exploration Geoscience, CSIRO, 
North Ryde as part of the cooperative Centre for 
Isotope Studies. Results arepresented in Figs. 7-  
9 as ~)180, 6D, 613C and 634S values, relative to 
the VSMOW standard for O- and H-isotopes, the 
PDB standard for C-isotopes and Canrn Diablo 
troilite for S-isotopes. Routine precision of the 
results are _+0.1%o for 634S measurements on 
sulphides, 613C and 6180 obtained from carbo- 
nates, �9 +0.2%0 for 6180 from silicates, and +2%0 
for 6D. 

Results. 6aSo values for all samples of quartz 
are grouped in a relatively narrow range between 
15 and 17%o. There appears to be no obvious 
variation among the different generations of 
quartz. 

With one exception, 6180 composition of 
calcite from the bedding-parallel veins ranges 
between 11.7 and 13.4%o. hlsO values for the 
stage IV and V calcite from bedding-parallel veins 
and calcite from late-stage, barren carbonate- 
quartz veins in the wallrocks are distributed 
generally in the same range (11.3-12.6%o). How- 

ever, the 6180 ratio (9.2 and 19.7%o) for two 
calcite samples from late-stage veins apparently 
unrelated to gold mineralisation, lie well beyond 
this range. 

Chlorite, generally representing paragenetic 
stages IV and V, gives a 6180 distribution 
restricted to the range 8.4-11.0%o; similar to the 
value obtained for late-stage muscovite (11.0%o). 
Three samples of wallrock biotite are among the 
most depleted in 6180, with values ranging from 
5.5 to 9.1%o. 

6D composition (nine samples; range - 7 9  to 
-138%0) appears to decrease from muscovite 
(-83%0) through chlorite ( - 7 9  to -99%0), to 
biotite ( -135 ,  -138~ consistent with the 
experimental results of Suzuoki and Epstein 
(1976) which demonstrate that D/H fractionation 
among silicates is mainly a function of the 
magnesium, aluminium and iron contents of the 
minerals. 6D values obtained from the water 
released from fluid inclusions in samples of quartz 
(seven samples; range - 5 3  to -77%o) give slight 
differences for different sample heating intervals. 
These differences are within 10%0 and are taken to 
indicate a consistency of isotopic composition 
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FIG. 6. Fluid inclusion geothermometry of Hill End 
quartz veins, a. Th data for multiple fluid inclusion 
populations from stage I quartz, b. T h data for stage II 
quartz, c. Th data for stage V quartz from auriferous 

veins in the crest of the Hill End Anticline. 

among the different generations of inclusions in 
each sample. A significant depletion in D/H ratio 
is encountered for stage V quartz deposition 
(average 6D = -73%0) compared to earlier 
generations of quartz (stages I - I I I :  average 6D = 
-56%0). 

C-isotopic composition of the calcite from the 
bedding-parallel veins ranges from - 4 . 6  to 
-9.7%0, and that of the samples from the barren 
carbonate veins ranges from -2 .5  to -6.7%0. For 
a temperature of 300 ~ the relevant value for the 
813CH2cO3(aP ) of the fluid in equilibrium with 
stage IV calcite from the bedding-parallel veins 
ranges from - 2 . 5  to -7.6%0, and that for the 
calcite in the barren, late-stage carbonate veins 
occupies the range from - 0 . 4  to -4.7%0. 

634S values for pyrrhotite from the laminated 

veins, with only one exception (4.9%o), define a 
narrow range from 6.9 to 7.8%0. Onepyr i t e  from 
the bedding-parallel veins has a 63~S value of 
5.8%0. 

8348 composition of disseminated pyrrhotite in 
greywacke and slate is restricted to a very narrow 
range from 4.3 to 5.0%0. By contrast, sulphide 
joint coatings in the wallrocks and disseminated 
pyrite in greywacke give a wide range in sulphur 
isotope distribution, ranging from -7 .1  to 14.4%o. 
In the barren, late-stage quartz-carbonate veins, 
apart from one pyrite sample with a very unusual 
8345 value of 22.9%0, the range in isotopic 
composition lies between - 8 . 5  and 6.5%o. 

Stable isotope interpretation. An estimate of the 
bulk isotopic composition of the ore-forming fluid 
may be gained from the isotopic data to help 
define the source of fluids and vein components 
and the evolution of the mineralising system. For 
O -  and H-isotope data, if we assume that 
equilibrium was achieved between minerals and 
the precipitating fluid, the corresponding 8 1 8 0  
and 6D values of the fluid can be calculated using 
established mineral-water fractionation factors 
(O'Neil  and Taylor, 1969; Clayton et al., 1972; 
Sakai and Tsutsumi, 1978). For  a temperature of 
300~ the 8 1 8 0  composition of the fluid in 
equilibrium with the early generations of quartz is 
calculated to have ranged from 8.2-10.2%o. Using 
the corresponding 6D values available from 
extracted inclusion fluids, the data are located in 
the region defined by Taylor (1979) for the 8180 
and 6D composition of metamorphic water. 

By comparison, the O- and H-isotope compo- 
sition, interpreted for quartz collected from stage 
V quartz-chlorite aggregates and massive quartz 
in the hinge of the anticline cannot be attributed 
solely to metamorphic water. Whereas the 8180 
values remain in a relatively narrow range, D/H 
ratios are depleted towards the later periods of 
stage V quartz deposition, signalling the likely 
entry of meteoric water into the mineralising 
system. 

Irrespective of the paragenetic position, iso- 
topic data from all analysed samples of chlorite 
are located in the metamorphic water area. The 
calculated 61So composition of fluid in equilib- 
rium with biotite in the greywacke wallrock 
ranges from 9.0 to 12.6%o, within the range 
defined for a metamorphic fluid. However, the 
calculated 6D values are extremely low, ranging 
between -85  and -88%o; well below the field for 
metamorphic water. The reason for this depletion 
is not clear and is the subject of further 
investigation. 

Where present, calcite precipitates typically 
towards the later stages of each episode of fluid 
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activity (Fig. 4). Calculated 5180 compositon of 
fluid in equilibrum with the majority of calcite 
samples from the bedding-parallel veins ranges 
from 6.6 to 8.3%o. The results suggest that the 
fluid became progressively depleted in 180 by 
about 2%0 during paragenetic stages III-V, when 
calcite precipitated, compared with the earlier 
mineralisation (stages I and II). This effect 
probably reflects an increase in the water-rock 
ratio during the final mineralising events, when 

the fluid was apparently dominated by meteoric 
water (Lu et al., 1993, in press). 

~)13C composition ranges from -4.6%0 for fine- 
grained calcite deposited early in stage IV, to 
-9.7%o for coarse-grained calcite developed late 
in stage IV. One possible reason for the systema- 
tic depletion in calcite 613C values in stage IV is 
the apparent decrease in the CH4]CO2 ratio 
accompanying the progressive increase in oxi- 
dation state of the mineralising fluids, assuming 
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FIG. 9. Sulphur isotope composition of sulphides from 
veins and wallrock. Key: pol, pyl-pyrrhotite, pyrite 
from bedding-parallel veins; po2, py2-pyrrhotite, pyrite 
disseminated in wallrocks; po3, py3-pyrrhotite and 
pyrite from late-stage fracture coatings and barren 

veins. 

no significant change in the C-isotope compo- 
sition during the deposition of stage IV calcite. 
Based on the isotopic enrichment factors at 300 ~ 
(Bottinga, 1969), H2CO3(ap ) may be enriched in 
613C by as much as 25.27o0 compared to CH4(g, 
aq). This interpretation is supported by (i) the 
results of fluid inclusion gas phase analysis which 
show a remarkable decrease in CHJCO2 ratios 
towards the later stages of fluid activity, and (ii) 
evidence from a change in mineral assemblages 
whereby pyrite becomes the dominant sulphide 
late in the stage IV event. An alternative possibi- 
lity for a3C depletion in stage IV calcite would 
involve an increasing contribution of a 13C- 
depleted (mantle) C-source throughout this para- 
genetic stage. 

In the mineral paragenesis, apart from sul- 
phides, calcite is one of the most common 
minerals associated with gold. Therefore, con- 
ditions identified for calcite precipitation are 
likely to apply to gold deposition. Calculations 
based on the 613C distribution in calcite and the 
JOe values obtained from the composition of 
coexisting chlorite suggest that the most favour- 
able redox environment for gold deposition is 
close to the CO2-CH4 stability boundary. This 
suggests that the phase transition involving these 
carbon species has an important role in gold 
precipitation. 

6~S composition of eight out of the nine 
samples of pyrrhotite from the laminated veins lie 
in the very narrow range of 7.0-7.8%0. When 
pyrrhotite is the stable sulphide phase, H2S is the 
dominant aqueous sulphur species and 634Sri_s(aq) 
represents approximately the ~534Sttui a of theZore - 
forming fluid (Ohmoto, 1972). Therefore, we can 

safely estimate that the ~34Sfluid for the ore- 
forming fluid was close to 7.0?o0 during stage III  
and IV, when most of the pyrrhotite precipitated. 

In contrast with vein pyrrhotite, the 634S 
composition of pyrrhotite obtained from grey- 
wacke wallrock lies close to -4.9?o0. Assuming a 
depositional temperature of 300 ~ a different S- 
source is implied for wallrock pyrrhotite (~34Sfluid 

-4.9?00) compared with the vein pyrrhotite. 
The S-isotopic distribution in pyrite in barren 

quartz-calcite veins and from fracture planes in 
slate span a wide range (634S = - 8 . 5  to 14.4%o). 
The wide variation in 634S values displayed by 
these pyrite samples is best explained by access to 
different sources of sulphur and local variations in 
fluid mixing ratios in the wallrocks. Fluid oxi- 
dation state is another factor which may have 
resulted in a wide range in pyrite 634S values, 
assuming a derivation from a S-source similar to 
either the vein or disseminated pyrrhotite and 
ignoring the minor influence of mineral-fluid 
isotopic fractionation. To account for 634S values 
in pyrite as low as -8.57o0, moderate oxidation of 
the fluid is implied. Pyrite deposited from such a 
fluid at 300 ~ would be likely to demonstrate a 
range in 634S composition, because ~34SH2S(aq ) is 
very, sensitive to slight changes in foe and pH 
under these conditions (Ohmoto and Rye, 1979). 

Lead isotope study 

To test the possible sources of lead in the 
auriferous veins, lead isotope determinations 
were undertaken on sulphides (pyrite, pyrrhotite 
and arsenopyrite) and gold, and compared with 
the lead isotope composition of a number of 
potential source rocks in the Hill End Trough. 
Measurements were made on a VG ISOMASS 
54E thermal ionisation mass spectrometer as part 
of the cooperative Centre for Isotope Studies, 
North Ryde. All data are normalised to the NBS- 
SRM 981 common lead standard, using a correc- 
tion factor of 0.08% per mass unit. Based on over 
1500 analyses of this standard and replicate 
determinations of natural samples, the 2o preci- 
sion on the 2~176 ratio is + 0.1%. 

Laminated bedding-parallel veins and leaders 
are characterised by two isotope populations in 
90Y7rite,galena, arsenopyrite and pyrrhotite, with 

20~ Pb/ Pb ratios of about 0.862 (group 1) and 
0.860 (group 2), distinguished by their 95% 
confidence ellipses in Fig. 10. It is noteworthy that 
five samples of gold taken from the Amalgamated 
and Mica veins and leaders to the Star of Hope 
vein, all belong to the population with lower 
207pb/2O6pb" 

Differences between the two data groups may 
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relate to the economic importance of the sampled 
veins. High 2~176 values are represented by 
pyrite and galena from barren leaders and some 
of the less important bedding-parallel veins in the 
mine area (Stevens and Mullocky veins), arseno- 
pyrite in altered greywacke wallrock, and sul- 
phides from minor laminated veins encountered 
in scout drilling several kilometres N of the Hill 
End field. An exception could be one sample of 
pyrite from the hangingwall of the Star of Hope 
vein. 

Samples representing the population of low 
(group 2) 2~176 values are all from highly 
productive veins in the center of the mining field. 
In structural order (Fig. 2) these include the Lady 
Belmore, Amalgamated,  Phillipsons, Mica, Star 
of Peace and Star of Hope veins. The analysed 
minerals (pyrite, galena and gold) all come from 
veins on the E-dipping limb of the anticline. 

The differences in isotopic composition for the 
vein system suggest that the fluids in each case 
were derived from different sources or were 
mobilised at different times. Either possibility is 
likely in a vein system established during a major 
deformation event. The recognition of stage V, 
coarse-grained calcite and abundant pyrite in 

samples representing the low 2~176 popula- 
tion is good evidence of the late-stage nature of 
this gold bearing event. 

The source of the gold is likely to be the Hill 
End trough-fill sequence. Isotopic data for high- 
lead samples of disseminated pyrrhotite, pyrite 
and arsenopyrite from the wallrocks have low 
2~176 values and lie close to the ellipse for 
the group 2 vein samples (Fig. 10). The dissemi- 
nated sulphides, mine-area host-rocks and the ore 
samples define an array on a 2~176 diagram 
which we interpret as a mixing line (Fig. 10). 
Local remobilisation of sulphide is not the main 
source of mineralisation, because wallrock sul- 
phides have 2~176 values higher than either 
of the two populations of vein minerals. Instead, 
we favour remobilisation and mixing of pre- 
existing rock sulphide and other background rock 
lead as the viable alternative. Variable mixing 
sources at slightly different times could account 
for the two isotope populations in the quartz 
veins. Relatively unform lead contents and isoto- 
pic compostions for the principal units of Silurian 
and Early Devonian age in the Hill End Trough 
(Chesleigh and Cookman Formations, Crudine 
Group; Fig. 10) allow these sedimentary units to 
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be the source of the metals. The similarity in lead 
content and isotopic composition of the younger 
Merrions Tuff permits this unit to be a partial melt 
of the underlying sediments. 

Compared with similar turbidite-hosted gold 
deposits of the Victorian Ballarat-Bendigo Zone 
(Wattle Gully; Fig. 10), the Hill End goldfield 
samples have a lead isotope signature character~ 
ised by slightly higher Z~176 and a~ 
2~ consistent with their derivation from a 
source with a higher crustal lead component. By 
contrast, a significant mantle lead component is 
evident in the data shown on Fig. 10 for the 
tholeiitic-volcanic hosted Magdala gold deposit of 
western Victoria. 

Source of vein components and fluid evolution 
The fluid source for quartz vein growth appears 

to be the underlying metasedimentary-metavol- 
canic sequence; an additional meteoric compo- 
nent is inferred for the late stages of mineralisa- 
tion. The fluid composition, characterised by a 
variable content of N2, CH4 and CO2, low salinity 
and low ionic content, appears to be typical of 
that from low-grade metamorphic rocks (Fyfe et 
al., 1978; Kerrich, 1986) and is likely to represent 
fluid derived from dehydration reactions during 
prograde metamorphism of deforming crustal 
rocks (Goldfarb et al., 1988). This is consistent 
with the O- and H-isotope composition of the ore- 
forming fluids and the mineralising temperatures 
derived from chlorite compositions and fluid 
inclusions. 

The oxygen and hydrogen isotope data for the 
ore fluids do not support a direct magmatic 
component. Calculated ~lSo composition of the 
fluids associated with the deposition of quartz, 
chlorite, calcite, biotite, and muscovite (range: 
6.6-11.0%o), ~D values calculated from chlorite, 
biotite and muscovite (range: - 3 5  to -98%o) and 
6D composition of the inclusion fluids (range: 
- 5 3  to -77%o) generally occupy the region on a 
6a80-6D distribution diagram which defines 
metamorphic water. 

The sulphur isotopic composition of the ore- 
forming fluid at the time of sulphide deposition in 
the major laminated veins and leader veins 
(634Szs nearly 7%0) does not indicate a direct 
magmatic source of sulphur. These data, and 
widely ranging ~534S values obtained from the 
wallrocks are best explained by leaching of rock 
sulphide from underlying metasedimentary or 
metavolcanic rocks. 

Similar conclusions are drawn from the C- 
isotope data. 613C composition of the total carbon 
in the metamorphic fluid is about -5%0, calcu- 
lated from the isotopic composition of calcite in 
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syntectonic quartz-carbonate veins. The 613C 
composition of total carbon in the ore-forming 
fluid associated with gold deposition in the major 
veins bears the isotopic signature of carbon 
derived from the metamorphic rocks, mixed with 
an apparent deeper source of carbon, with a 613C 
value slightly lower than -7.2%o. This latter 
source of carbon is likely to have been derived by 
processes of decarbonation and degasification of 
carbon-bearing minerals and/or organic carbon 
during prograde metamorphism in the underlying 
volcano-sedimentary sequence (Lu et al., 1993, in 
press). 

By combining the stable isotope data, mineral 
chemistry and fluid inclusion evidence, a compo- 
site view of fluid evolution is obtained (Fig. 11). 
Barren fluids responsible for the precipitation of 
stage I and II  quartz (Fig. 4) are identified by the 
presence of N2 in the earliest fluid inclusions, CH4 
in later fluids and associated pyrrhotite, musco- 
vite and chlorite (field 1 in Fig. 11). Gold, in 
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1716.11. Boundary fo2 and pH conditions at 300~ for 
fluid evolution in the Hill End vein systems, based on 
isotopic and mineralogical limits. Early mineralising 
fluids (field 1) are reducing, contain N2 and are 
equilibrated with pyrrhotite, muscovite and chlorite. 
During the main episode (stage IV) of Au deposition 
(2), fluids contain abundant CH4 and moderate CO2 
and are in equilibrium with pyrrhotite, muscovite, 
chlorite and calcite. In the last episode (stage V) of gold 
precipitation (3), as meteoric water enters the system, 
fluids are oxidising, pyrite, chlorite and calcite are stable 
phases and CO2 is the dominant dissolved gas species. 
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equlibrium with pyrrhotite, muscovite, chlorite 
and calcite, precipitated from fluids in paragene- 
tic stages III  and IV, when CO2 became a major 
species in the inclusion fluids, additional to CH4 
(field 2). Late-stage gold deposition during stage 
V, and the final episode of mineralisation are 
defined by oxidation of the ore fluid, following the 
entry of meteoric water to the system. In this last 
event, coexisting pyrite and calcite (+ chlorite) 
are the stable phases accompanying gold (field 3). 
Progressive depletion in 634~S and 613C, with each 
paragenetic stage of vein sulphide and calcite, 
parallels this evolutionary trend in the mineralis- 
ing fluids (Fig. 11). 

Mass-balance calculations by Seccombe and 
Hicks (1989), based on average rock compo- 
sitions and likely fluid concentrations suggest that 
the gold content and other components of the 
veins can be adequately accounted for by mass- 
loss during cleavage formation in the underlying 
turbidite sequence. Source rocks enriched in gold 
relative to the turbidites may provide an addi- 
tional or alternative source of that metal. Dis- 
membered portions of the Ordovician island-arc 
volcanic sequences, which are known to be 
shoshonitic in affinity and basaltic to andesitic in 
composition, probably underlie the Hill End 
Trough, and could play an important role in 
sulphur and metal generation. 

Transport of gold in the low salinity, reduced 
metamorphic fluid would take place through the 
formation of a gold thio-complex (Seward, 1984). 
Fluid migration was controlled by bedding planes 
initially, and to a lesser extent, by cleavage and 
fracturing later in the deformation event. 
Regional structure, especially culminations of 
anticlinal crests, appears important in focussing 
the flow of fluids and promotes ponding beneath 
less permeable greywackes in the hostrock 
sequence. Sandstone and greywacke beds have 
been identified elsewhere as low permeability 
rock units that may have acted as structural traps 
in anticlinal hinge zones developed in turbidite 
sequences (Nova Scotia: Mawer, 1986; Central 
Victoria: Cox et al., 1991). Deposition of gold at 
Hill End occurred in apparent response to gold 
thio-complex destabilisation, either through HeS 
loss from the fluid system, or a change in the 
redox environment (Brand et al., 1989; Shepherd 
et al., 1991). In the early stages of mineralisation, 
in the presence of CH4 (and/or N2) in the fluid 
phase, phase separation, possibly resulting from 
transient pressure loss during vein opening, will 
induce a drop in all2 s of the aqueous, gold 
transporting fluid. Sulphidation reactions in the 
wallrocks or deposition of sulphide minerals in 
the veins also provide an effective mechanism for 
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gold precipitation by depletion of the H2S ligand 
in the fluid. Lastly, because the stability of the 
Au(HS)2 complex is redox sensitive, loss of HzS 
through oxidation could lead to Au  precipitation 
(Brand et al., 1989). This may be an important 
factor towards the later stages of mineralisation, 
when changes in 6348fluid appear to result from 
oxidation of the ore fluid. 
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