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Abstract

The origin of hydrothermal fluids responsible for silica–dolomite alteration associated with Cu ore in the giant Mt Isa deposit of
Queensland, north east Australia has been investigated. Main-stage quartz and dolomite veins, and late- to post-ore quartz from the
Buck Quartz Fault in the orebody footwall, plus the regional Mt Isa and Railway Faults contain two phase liquid–vapour fluid
inclusions with variable salinity.

Fluid inclusion molar Br/Cl values are mostly in the range 1.5–12×10−3 and molar I/Cl values are in the range 9–186×10−6.
Greater than seawater Br/Cl and I/Cl values can characterise either sedimentary formation waters with a bittern brine origin by the
sub-aerial evaporation of surface water beyond the point of halite saturation or some metamorphic dehydration fluids with a deep
crustal source. We propose that these alternative origins can be distinguished in our samples based on the relationship between
40Ar/36Ar and 36Ar concentration.

Metamorphic fluids formed by dehydration of crystalline rock are predicted to have low 36Ar concentrations with the salinity,
40Ar/36Ar and 40ArE/Cl values determined by the whole rock concentration of Cl, 36Ar, OH−, K and age. The main-stage quartz and
Buck Quartz Fault samples host fluid inclusions with b20 wt.% NaCl eq., 1–3 ppb 36Ar, 40Ar/36Ar in the range ∼10,000–28,000
and high 40ArE/Cl values of ∼3–8×10−4. These values are consistent with metamorphic fluids sourced by devolatilisation of either
the underlying Eastern Creek Volcanics or the Barramundi Basement.

In contrast, surface-derived fluids acquire elevated 40Ar/36Ar values (N296) through fluid–rock interaction which leads to a
simultaneous increase in 36Ar concentration. The main-stage Ca-rich dolomite fluid inclusions have high salinities close to the
point of halite saturation (∼26 wt.%), 1.7–5.5 ppb 36Ar, 40Ar/36Ar in the range 1600–8400 and 40ArE/Cl of ∼0.2–1×10−4. These
values are most similar to those expected in an evolved bittern brine; however, the 36Ar concentration and40Ar/36Ar value exhibit a
weakly negative correlation, which is the opposite to that expected in surface-derived fluids.

Only fluid inclusions in samples from the Railway Fault and some fluid inclusions in samples from the Buck Quartz Fault have
36Ar concentrations of greater than Air Saturated Water (ASW=1.3–2.7 ppb 36Ar), up to 27 ppb, and 40Ar/36Ar values of ∼1000–
2500 that are expected for fluids with an exclusively sedimentary formation water origin. Fluid inclusions in the Mt Isa Fault
samples have the highest 36Ar concentrations of up to ∼100 ppb, some of the lowest 40Ar/36Ar values and the highest Br/Cl value
of up to ∼30×10−3. These features distinguish it from all other sample groups in the mine area.

Silica–dolomite alteration (and Cu mineralization) are interpreted to have resulted from mixing of the deeply derived
metamorphic fluid, best preserved in quartz fluid inclusions, and a surface-derived bittern brine, partially preserved within the
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main-stage dolomite fluid inclusions. Inflow of a second surficial fluid, along regional faults and into the mine through the late- to
post-D3 Buck Quartz Fault may have terminated mineralization. The involvement of metamorphic fluids is compatible with the
syn-D3 (∼1530 Ma) timing of mineralization during the final stages of the Isan orogeny.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Argon isotopes; Br/Cl-I/Cl; Deep-crustal fluids; Proterozoic; Giant Cu-ore deposit
1. Introduction

The Proterozoic Mt Isa Inlier of northeast Australia is
richly endowed with several distinct styles of ore deposit,
but the spatial association of giant breccia-hosted Cu
orebodies (255Mt at 3.3%Cu)with giant stratiformPb–Zn
orebodies (150 Mt at 6% Pb and 7% Zn) within a single
mine at Mt Isa is unique (Fig. 1; McGoldrick and Large,
1998;Waring et al., 1998). The origin and relative timing of
the orebodies remains controversial with various syn-
sedimentary/diagenetic and epigenetic models proposed
(e.g. McDonald, 1970; Perkins, 1984; Swager, 1985; Bell
et al., 1988; McGoldrick and Keays, 1990; Hannan et al.,
1993; Heinrich et al., 1995; Perkins and Bell, 1998; Carr
et al., 2004; Davis, 2004). However, most workers agree
that the breccia-hosted Cu-mineralisation is genetically
related to extensive syn-deformational (epigenetic) silica
and dolomite alteration that in itself represents a massive
hydrothermal event and occurred during the ∼1600–
1500Ma Isan Orogeny (Perkins, 1984; Swager, 1985; Bell
Fig. 1. Map showing the positions of selected world class ore deposits
in the Mt Isa Inlier and McArthur Basin of northeast Australia.
et al., 1988;Heinrich et al., 1989; 1995; Perkins et al., 1999;
Carr et al., 2004; Betts et al., 2006).

In order to better constrain the origin of Isa-style Cu-
mineralization we have investigated the noble gas and
halogen geochemistry of fluid inclusions trapped within
main-stage quartz and dolomite veins. The new chemical
parameters are important because they constrain hydrother-
mal fluids that based on stable isotope data and quartz fluid
inclusion Br/Cl values alone could represent either surface-
derived but highly evolved sedimentary formationwater that
acquired salinity by sub-aerial evaporation beyond the point
of halite saturation (e.g. bittern brines) ormetamorphic fluids
with a deep crustal source (Zherebtsova and Volkova, 1966;
Heinrich et al., 1989; 1993; Svensen et al., 2001).

The 40Ar/36Ar value of a fluid can help distinguish
between these alternatives because it varies by orders of
magnitude between the hydrosphere (modern
value=295.5); near-surface sedimentary formation
waters with values of less than ∼2000 (Kelley et al.,
1986; Böhlke and Irwin, 1992a; Turner and Bannon,
1992; Kendrick et al., 2002a,b); and deep crustal or
mantle fluids with values of tens of thousand (Ozima
and Podosek, 2002). Furthermore, 36Ar and 40ArE

1

concentrations can be increased during various fluid–
rock interactions and can provide insight into probable
fluid source or aquifer lithology (Turner and Bannon,
1992; Kendrick et al., 2005). Iodine has a strong affinity
for organic matter (e.g. Worden, 1996) and fluid I/Cl
values can be increased through interaction with
organic-rich sedimentary rocks.

Copper mineralization at Mt Isa is believed to have
occurred at a depth of 6–8 km (Heinrich et al., 1989;
Matthai et al., 2004) and the new data therefore provide
the first detailed constraints on the Ar isotopic
composition of hydrothermal fluids in the mid-crust.
Previous combined noble gas and halogen studies have
been largely limited to Phanerozoic ore deposits formed
at depths of less than∼2 km (Böhlke and Irwin, 1992a,b;
Irwin and Roedder, 1995; Kendrick et al., 2001a, 2002a,
b, 2005), with exceptions being a Precambrian granite
(Irwin and Reynolds, 1995) and iron-oxide-copper-gold
1 40ArE=excess
40Ar not derived from the atmosphere (295.5×36Ar)

or by in situ radiogenic decay of 40K.



Fig. 2. (a) Geological map of the area surrounding Mt Isa (Derrick, 1976; Hill, 1978), showing the positions of Anderson's Lode U-prospect and the
King locality for metasomatic tourmaline (Heinrich et al., 1995; Perkins et al., 1999; Duncan et al., in press). (b) Mine plan of sub-level 17D, and
(c) mine section 4500 mN (data from unpublished Xstrata files, Mt. Isa Mine, see also Perkins (1984) and Swager (1985)).
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(IOCG) deposits inMt. Isa's Eastern Fold Belt (Kendrick
et al., 2006a,b). Finally, fluid inclusions in the quartz
samples are ideal for further evaluation of mechanical
versus thermal decrepitation procedures (see Kendrick et
al., 2006a,b) because none of the fluid inclusions
examined by microscopy contain daughter minerals.

2. Geological context

2.1. Regional geology

The Mt Isa mine is situated in the Western Fold Belt
of the Mt Isa Inlier, close to the N–S striking Mt Isa
Fault Zone (Figs 1 and 2a). The copper orebodies and
associated ‘silica–dolomite’ alteration are hosted by the
Urquhart Shale, where it is juxtaposed against the
greenschist Eastern Creek Volcanics along the Paroo
Fault (Fig. 2c).

The Urquhart Shale consists of thinly bedded
carbonaceous, dolomitic, pyritic shale and siltstone
with tuffaceous marker beds that yield an inherited
zircon U–Pb age of 1655±4 Ma (Page et al., 2000). The
underlying Eastern Creek Volcanics (ECV) comprise up
to 6.5 km of continental tholeiites and interlayered
fluvial clastic sedimentary rocks (Bain et al., 1992) and
their age of ∼1780 Ma is constrained by U–Pb whole
rock and detrital zircon ages (Farquharson and Richards,
1974; Neumann et al., in press). Seismic data indicate
Table 1
Summary of constraints on the timing of regional deformation and mineralis

Deformation event Age constraints

D1: Regional N–S shortening (Bell, 1983) 1610±13 Ma Rb–Sr whol
(Bell, 1983; Page and Bell

D2: Regional E–W compression (Bell, 1983),
peak metamorphism (Rubenach, 1992),
affected entire Inlier (Betts et al., 2006)

1573±12 Ma, Pb–Pb tourm
in press). 1540–1575 Ma U
monazites (Hand and Rub
timing 1585–1565 Ma (Be

Post-D2 metamorphism in Sybella area,
relationship to D3 uncertain.

1544±12 Ma, Rb–Sr wh
Page and Bell, 1986).
SHRIMP zircon (Connor
1528±51 Ma, Pb–Pb to
al., in press)

D3: ‘Regional’ E–W compression with dextral
strike slip component partitioned along
corridors (ie. Mt. Isa ‘Shear’ Zone), N–NW
striking folds and deformation fabric (Bell,
1983; Bell et al., 1988)

1523–1505 Ma, Ar–Ar b
1999). 1510±13 Ma, Rb–
1983; Page and Bell, 1986

Post deformational pegmatite (Sybella) 1480±14 Ma U–Pb SHRI
Sybella Granite (Connors

Late-orogenic wrenching, Continued dexteral
wrenching on strike-slip faults i.e. Mt Isa
Fault Zone (Lister et al., 1986; O'Dea et al.,
1997; Lister et al., 1999)

Post-D3 Ar–Ar hornblend
from west of the Mt Isa Fa
relative to Mt Isa continue
until at least 1400 Ma (Per
that the ∼1870 Ma felsic-rich crystalline Barramundi
Basement has a depth of 4.5–8.5 km in the mine area
(Page and Williams, 1988; O'Dea et al., 1997; MacC-
ready et al., 1998). The Sybella Batholith intruded to the
west of the mine area at ∼1670–1650 Ma (Fig. 2; Page
and Bell, 1986; Connors and Page, 1995) and the
regional sedimentary rocks and sequence-stratigraphy
have been described in detail (Jackson et al., 2000; Page
et al., 2000; Southgate et al., 2000).

Three regional deformation events were originally
recognised in the Western Fold Belt (Bell, 1983; Page
and Bell, 1986; see Table 1). D1 is characterised by
N–S directed thrusting (Bell, 1983) and the Paroo
‘thrust’ Fault juxtaposed the Urquhart Shale host rock
with the ECV at this time (Fig. 2; Bell et al., 1988).
D2 developed N–S striking folds and a pervasive
deformation fabric during peak metamorphism (Bell,
1983; Rubenach, 1992). The most recent opinion is
that this occurred at 1585–1565 Ma synchronous with
peak metamorphism in the Eastern Fold Belt (Con-
nors and Page, 1995; Hand and Rubatto, 2002; Betts
et al., 2006; Duncan et al., 2006) and was overprinted
by a younger metamorphic event in the vicinity of the
Sybella Batholith at 1532±7 Ma (Connors and Page,
1995; Betts et al., 2006; Duncan et al., 2006). D3

formed NNW–SSE striking folds in 10–20 m wide
shear zones that are locally 100's of metres wide and
include the 200–400 m Mt Isa Fold (Bell et al.,
ation

Alteration/mineralisation stage

e rock Sybella granite
, 1986)
aline (Duncan et al.,
–Pb SHRIMP metm.
atto, 2002); preferred
tts et al., 2006)
ole rock (Bell, 1983;
1532±7 Ma U–Pb
s and Page, 1995).
urmaline (Duncan et

Post-D2 to pre-D3, early silicification, quartz
veining and dolomite recrystalisation (Perkins,
1984; Swager, 1985; Bell et al., 1988)

iotite (Perkins et al.,
Sr whole rock (Bell,
)

Early D3 dolomite veining (Perkins, 1984;
Swager, 1985; Bell et al., 1988), Early to
late D3 chalcopyrite brecciation±quartz±Fe-
sulphide (Perkins, 1984; Swager, 1985)

MP pegmatitic zircon
and Page, 1995)
e and muscovite ages
ult indicate that uplift
d on the Mt Isa Fault
kins et al., 1999)

Late to post-D3 quartz veins including the Buck
Quartz (Perkins, 1984; Bell et al., 1988)
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1988). D3 is bracketed by peak metamorphism and a
post-deformational pegmatite U–Pb zircon age of
1480±14 Ma (Connors and Page, 1995).

The D3 shear zones are overprinted by N–S striking
dextral brittle-faults and late-orogenic wrenching con-
tinued along these structures during the waning stages of
E–W shortening (Lister et al., 1986; O'Dea et al., 1997;
Lister et al., 1999). The Mt Isa Fault cuts the Mt. Isa
Fold, demonstrating late-orogenic timing (Bell et al.,
1988) and is a master fault in this wrench system (e.g.
Betts et al., 2006). The Railway Fault has an angle of
∼30° to the Mt Isa Fault (Fig. 2a) and may represent a
second order fault within a riedal shear wrench setting
(O'Dea et al., 1997; Betts et al., 2006). Argon–argon
metamorphic cooling ages for amphibolite rocks west of
the Mt Isa Fault (∼1457 Ma for hornblende and
∼1397 Ma for muscovite) are younger than D3

metamorphic ages in the mine area (1523–1505 Ma
for biotite; Perkins et al., 1999). These ages are similar
to Ar–Ar ages obtained elsewhere in the Inlier (Spikings
et al., 2002) and they suggest exhumation of the western
higher-grade block relative to Mt Isa continued until at
least ∼1400 Ma (Perkins, 1984).

2.2. Mine geology

The lobate silica–dolomite alteration halos are sub-
parallel to bedding with the highest copper grades oc-
curring within mono-mineralic chalcopyrite matrix-
supported breccias in the central silica-rich portion
(Fig. 2; Perkins, 1984; Swager, 1985). In addition to
chalcopyrite, quartz and dolomite; pyrite, pyrrhotite,
cobaltite, talc, chlorite and apatite are moderately
common (Mathias and Clark, 1975) and were precipi-
tated in a multi-phase paragenetic sequence that is
simplified into three stages (Perkins, 1984; Swager,
1985): (1) Early (post-D2 to pre-D3) dolomitisation and
silicification; (2) early-D3 crystalline dolomite veins and
breccias; and finally (3) chalcopyrite±Fe-sulphide
±quartz±chlorite.

The final Cu-mineralistion stage has been variably
interpreted as early-D3 based on S3 quartz fibres that
overgrow replacive chalcopyrite (Swager, 1985) and
late- to post-D3 based on chalcopyrite in D3 cleavages
and strain free quartz (Perkins, 1984, p. 630). East-
dipping chalcopyrite bearing quartz veins cut D3-folds
and post-date the main-stage of mineralization (Perkins,
1984, p. 631). These late veins have similar timing to the
post-D3 Buck Quartz Fault beneath the 3500-orebody
(Bell et al., 1988, p. 75) and it is possible that these late
faults are correlated with late-orogenic wrenching along
the Mt Isa and Railway Faults.
The late-orogenic (∼D3) timing of Cu-mineralization
is compatible with the preferred ∼1523 Ma Ar–Ar
biotite age for mineralization (Perkins et al., 1999).
However, mineralization may have occurred slightly
earlier and synchronously with post-peak metamor-
phism of the Sybella Batholith at 1532±7 Ma (Connors
and Page, 1995). Contemporaneous hydrothermal
activity elsewhere in the Fold Belt was suggested
previously based on a ∼1534 Ma Ar–Ar biotite age for
the Anderson's Lode U prospect (Perkins et al., 1999)
and is also indicated by a 1528±51 Ma Pb–Pb
tourmaline age for boron metasomatism at nearby
King (Fig. 2a; Duncan et al., 2006).

2.3. Fluid geochemistry

Quartz and dolomite alteration veins in the mine area
are dominated by two phase liquid–vapour fluid in-
clusions that do not preserve evidence of fluid boiling
(Heinrich et al., 1989). Relative to VSMOW, quartz
fluid inclusions are estimated to have δ18Ofluid of 1–6‰
and inclusion extracts have δDfluid of −35 to −72‰;
dolomite fluid inclusions are estimated to have δ18Ofluid

of 4–9‰ and inclusion extracts have δDfluid≈−29‰
(Fig. 11 of Heinrich et al., 1989). Relative to PDB, the
δ13Cfluid estimated for CO2–CH4-bearing NaCl-rich fluid
is between −6‰ and −20‰ (Heinrich et al., 1989).
Relative to CDT, chalcopyrite, pyrite and pyrrhotite have
δ34Ssulphide in the range 8–21‰ that are 34S-enriched
relative to the Eastern Creek Volcanics (Andrew et al.,
1989; Hannan et al., 1993).Molar Br/Cl values previously
determined by neutron activation analysis of quartz are
3.5–8.0×10−3, on average 3.5 times the modern day
seawater value (Heinrich et al., 1993).

Together the fluid inclusion and stable isotope data
indicate Cu-mineralization occurred between 350 °C
and 2.5 kbars and, 200 °C and 0.6 kbars,
corresponding to a near lithostatic pressure and a
preferred depth of 6–8 km (Andrew et al., 1989;
Heinrich et al., 1989; Matthai et al., 2004). The
δ13Cfluid is lower than expected for a magmatic fluid,
and Heinrich et al. (1989) proposed an origin from
either an evaporite-derived metamorphic fluid or an
evolved bittern brine sedimentary formation water.
The previously published greater than seawater Br/Cl
values, preclude evaporite-dissolution which leads to
low Br/Cl values (Holser, 1979), and are compatible
with the bittern brine hypothesis (Heinrich et al.,
1993). The 34S-enriched ore minerals suggest S was
sourced from sedimentary rocks or seawater sulphate
compatible with bittern brine involvement (Andrew et
al., 1989; Hannan et al., 1993).
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However, it is now known that high, greater than
seawater, Br/Cl values characterise some high-grade
metamorphic fluids (Svensen et al., 2001) and a meta-
morphic fluid origin is compatible with the syn-D3
Table 2
Sample descriptions

Name Location Description

Mt. Isa Mine
a. Dolomite alteration/veins
MG02-325A Drill core

ISA681040
1045 mRL 341086
7709503 AMG

Early stage-II crystalline
hosted by Urquhart Shal
plus pyrite are occasiona

MG02-325B Drill core ISA681040
1045 mRL 341086
7709503 AMG

Later stage-II fine-graine
grained pyrite (Fig. 3f).

MG02-324 Drill core ISA 681040
999.40 mRL 341069
7709502 AMG

Crystaline dolomite-vein

MG02-074 Drill core ISA930811
1754.3 mRL 340813
7709408 AMG

Crystalline dolomite-vei
boundaries plus minor p
by recrystallised dolomi

MG02-405 Drill core ISA890412
406 mRL 341307
709479 AMG

Crystalline dolomite-vei
grain boundaries, also co

b. Silica alteration/veins
AW02-074 Drill core Q0FDEC3

approx. 1900 mRL
3409600 7706225 AMG

Elongate quartz with un
from chalcopyrite-cemen
Mg-chlorite impurities (X
of early stage-III minera
carbonate and sulphide v

AW02-076 Drill core Q0FDEC3
approx. 1910 mRL
3409650 7706250 AMG

Deformed Urquhart Sha
slaty-shale breccia fragm
cut by C-rich opaque ma
of muscovite and Mg-ch

AW03-008 X41 mine, 19 level
340740 7706010 AMG

Quartz vein bearing min
SEM confirms TiO2 and
phlogopite (Fig. 3b).

c. Buck Quartz fault footwall to ore bodies
AW03-006 X41 mine, 19 level

340740 7705950 AMG
Massive white quartz wi
quartz crystals b5 mm. A
needles indicated by SE

AW03-007 X41 mine, 19 level
340875 7706040 AMG

Massive milky white qu
of pale green discolorati

Outside Mine area
d. Railway Fault—13 km SSW of the mine
AW02-002a Outcrop GR 344770

7694060 AMG
Massive zoned quartz ve
fluid inclusions with acc
2006a,b; see Fig. 3G).

AW02-002b
AW02-002c
AW02-002d
timing of mineralization (Perkins, 1984; Swager, 1985;
Bell et al., 1988), and the stable isotope and elemental
geochemistry of the variably altered Eastern Creek
Volcanics (Hannan et al., 1993). Therefore, the currently
Stage a

dolomite-vein with fine quartz selvedge
e. Galena and relatively late chalcopyrite
lly present (Fig. 3f).

Early stage-II

d crystalline dolomite-vein with coarse Later stage-II

hosted in Urquhart Shale (Fig. 3e). Stage II

n with later chalcopyrite along grain
yrite, sphalerite and cobaltite. Hosted
tic Urquhart Shale.

Stage II

n with fine grained pyrite along
ntains chlorite.

Stage-II

dulose extinction and fibrous structure
ted hydrothermal-breccia, includes
RD). Interpreted to be representative

lization because it is overprinted by
eins (Fig. 3c).

Early stage-III

le hosted quartz vein with pyrite-rich
ents; Overprinted by carbonate veins
terial. XRD demonstrates the presence
lorite (Fig. 3d).

Stage-III

or chalcopyrite cutting Urquhart Shale.
zircon in quartz as well as cobaltite and

Stage-III or
later

th vuggy cavities containing euhedral
cicular aggregates of included phlogopite

M/EDAX are common (Fig. 3a).

Late stage-III
to late-orogenic

artz from close to late fault contact. Traces
on (b1%) maybe secondary copper.

Late stage-III
to late-orogenic

in containing abundant primary
identally trapped mica (Kendrick et al.,

Late-orogenic



Table 2 (continued)

Name Location Description Stage a

Outside Mine area
e. Mt Isa Fault Zone—4.5 to 13 km south of mine
RD04-002 Outcrop GR 342446

7701683 AMG
Massive vuggy quartz vein with limonitic staining at the contact
of Moondarra Siltstone and Breakaway Shale. Chalcopyrite
and pyrite mineralization postdate quartz.

Late-orogenic

RD03-010A-I Outcrop GR 340438
7692552 AMG

Early-stage euhedral quartz vein (barren) hosted by the Breakaway
Shale (Fig. 3H).

Late-orogenic

RD03-010A-II Outcrop GR 340438
7692552 AMG

Late-stage chalcopyrite and Au bearing quartz vein hosted by
the Breakaway Shale. Barite is also present in minor amounts (Fig. 3H).

Late-orogenic

a Paragenetic stages after Swager (1985), but constraints of Perkins (1984) and Bell et al. (1988) reviewed in Section 2 are considered.
b Timing interpreted from orientation of Faults and literature reviewed in Section 2.

Timingb
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available geochemical data are compatible with either a
metamorphic fluid or an evolved bittern brine.

3. Samples and microthermometry

Main-stage dolomite and quartz samples, represen-
tative of alterations stages II and III (Swager, 1985),
have been selected from sulphide-bearing and barren
dolomite- and quartz-veins within the 3500 and 1100
orebodies (Table 2; Figs. 2 and 3). Additional samples
have been selected from the 10 m thick Buck Quartz
Fault beneath the 3500 orebody, and from the Mt Isa and
Railway faults outside of the mine area (Fig. 2). This
was undertaken to test if similar hydrothermal fluids
passed through main-stage quartz and dolomite veins in
the alteration halo, and late-orogenic quartz veins in
regional faults. Fluid inclusion microthermometry
indicates that all of the fluid inclusions are two phase
liquid–vapour and that only three of the four previously
described fluid inclusion groups are present in our
samples (Fig. 4; Heinrich et al., 1989):

Dolomite vein samples (alteration-stage II) are domi-
nated by primary, two phase liquid–vapour fluid in-
clusions (group 1) with final ice melting temperatures of
−20 to −30 °C. Heinrich et al. (1989) reported a Na/Ca
value of ∼3:1 for these inclusions, but as daughter
minerals are absent, the lowest ice melting temperatures
together with the ternary H2O–CaCl2–NaCl phase
diagram (Yanatieva, 1946) imply further Ca enrichment
in some fluid inclusions. Consequently, salinities close to
halite saturation are estimated as ∼20–26 wt.% NaCl–
CaCl2 eq. Group 2, two phase liquid–vapour fluid
inclusions with lower final ice melting temperatures of
zero to −4 °C (Fig. 4) indicating salinity of less than
∼6.5 wt.% NaCl eq. are present in samples MG02-074
and MG02-325a,b only. Both groups of dolomite fluid
inclusions have maximum homogenisation temperatures
of 250 °C (Fig. 4). Quartz vein samples (alteration stage
III) are dominated by primary, two phase liquid–vapour
fluid inclusions (group 3) with final ice melting tem-
peratures of−5 to−17 °C, that correspond to salinities of
8–20 wt.% NaCl eq., and homogenisation temperatures
of 140–220 °C (Fig. 4; Heinrich et al., 1989).

The Buck Quartz Fault samples contain primary, two
phase liquid–vapour fluid inclusions, a significant num-
ber of which overlap group 3 with respect to both ho-
mogenisation temperature and salinity. However, lower
salinity (8 to b1 wt.% NaCl eq.) fluid inclusions are also
present (Fig. 4). The Mt Isa Fault samples contain two
phase liquid–vapour fluid inclusions with homogenisa-
tion temperatures similar to group 3, but only sample
RD03-002 contains fluid inclusions with similar sali-
nities (up to ∼17 wt.% NaCl eq.) and samples RD02-
010A-I and -II are dominated by low salinity (b6 wt.%
NaCl eq.) fluid inclusions. Primary, two phase liquid–
vapour fluid inclusions define visible zoning within the
Railway Fault Sample AW02-002 (Fig. 3G), they have
variable salinity with the majority between 5 and 19 wt.
% NaCl eq. and extremely variable homogenisation
temperature (Fig. 4; Kendrick et al., 2006a).

4. Noble gas and halogen methodology

This study builds on the work of Kendrick et al.
(2006a) and further evaluates the efficiency of thermal
(stepped heating of uncrushed samples) versus mechan-
ical decrepitation (in vacuo crushing) using quartz sam-
ples with fluid inclusions that do not include daughter
minerals. Dolomite was analysed by in vacuo crushing
only because it is unstable above ∼800 °C making it
unsuitable for stepped heating analysis in our current
apparatus.

High purity mineral separates (1–3 mm) obtained by
hand picking under a binocular microscope were cleaned
in an ultrasonic bath using distilled water and acetone,
packed into individual Al-foil capsules, placed inside a
silica glass tube together with Ar–Ar irradiation monitors
(Hb3Gr, GA1550) and irradiated for 150 MW h in



Fig. 3. Typical samples selected for analysis. (A–B) The underground localities of the Buck Quartz Fault vein samples. (C–D) Typical copper-
mineralised quartz veins, hosted by Urquhart Shale, in the 1100 orebody (CP=chalcopyrite; QZ=quartz). (E–F) Dolomite veins hosted by Urquhart
Shale with minor amounts of chalcopyrite (CP). (G) Euhedral quartz from the Railway Fault, detectable Cu (PIXE analysis) is assumed to be in fluid
inclusions. (H) Quartz veins from the Mt. Isa Fault Zone.
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position 5c of the McMaster Nuclear Reactor, Canada
(Irradiation designated UM#7 on the 7th of July
2004). Mean irradiation parameters were calculated as
J=0.0175±0.0003; α=0.62±0.06 and β=5.2±0.2; indi-
cating a combined fast and thermal neutron fluence of
∼1019 n cm−2 (Kelley et al., 1986; Kendrick et al.,
2006a).

Stepped heating of 70–120 mg samples, in an Ultra
High Vacuum (UHV) tantalum resistance furnace, was
achieved cyclically from an idle temperature of 100 °C up
to the specified temperature over a period of 3 min. The
steps had a 20 min duration and increased from 200 °C up
to 700 °C in increments of 50–100 °C, but from 700 °C up
to 1560 °C in increments as large as 200–400 °C. Se-
quential in vacuo crushingwas achieved inmodified nupro
valves on 30–50 mg samples in 4–9 extraction steps.

In both cases the extracted gases were expanded
through an UHV extraction line and purified on SAES



Fig. 4. Microthermometric data for the two phase liquid vapour fluid
inclusions in quartz and dolomite vein samples. Samples MG02-325A
and B are not distinguished in this figure.
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getters over a period of 20 min before admission to the
MAP-215 (Mass Analyser Products) noble gas mass
spectrometer at theUniversity ofMelbourne. The purified
Ar, Kr and Xe isotopes were simultaneously analysed
over a period of 50 min in 9 cycles of measurement.
Argon was measured on the Faraday detector while the
less abundant Kr and Xe isotopes were measured at a
relative gain of ∼400 on a Johnson electron multiplier.

Isotopes with a measurable machine blank, expressed
as a proportion of the gas released from samples, had
typical values in the 200–700 °C range, of: 128XeIb0.1%;
80KrBrb1%, but occasionally 5%; 84Kr∼10% and
40Ar∼1–10%with an atmospheric 40Ar/36Ar ratio. Typi-
cal crusher blanks were≪0.1% for 40Ar and when 36Ar
was measured 40Ar/36Ar equaled the atmospheric value;
Kr and Xe isotopes were beneath the multiplier detection
limit of 1–2×10−19 mol. The machine blank was only
significant for stepped heating analysis of samples RD03-
010A-I and -II, as these samples contain relatively few
low salinity fluid inclusions. The gas abundances for each
extraction step and the sample masses are tabulated in the
appendix.

Analytical precision determined by the reproducibil-
ity of air calibrations is at the 0.1% level for Ar isotope
ratios, but at a lower level of 3–5% for Kr/Ar and Xe/Ar
ratios determined using both detectors. Total uncertainty
in Br/Cl and I/Cl values is determined by the relative
flux of thermal to resonant neutrons and is estimated at
10% for Br/Cl and 15% for I/Cl (Kendrick et al., 2006a).
Resonant neutron correction factors of 1.5 for Br and 2.0
for I are based on the analysis of a known sample (Qtz
2320) and selected sample duplicates that have been
included in five irradiations. The absolute uncertainty in
sample K abundance (ppm) is at the ∼20% level, this is
because mass spectrometer sensitivity calibrations were
less frequent than ratio calibrations. All ratios are molar
and uncertainties are quoted at the 1σ level.

5. Fluid inclusion noble gas and halogen compositions

5.1. Halogen technique comparison

The two phase fluid inclusions in the Mt Isa quartz
samples yielded similar Br/Cl values by stepped heating
and by in vacuo crushing, and where there is a difference
it is non-systematic (Fig. 5). This is compatible with
previously reported differences in the Br/Cl and I/Cl
values determined by these techniques being partly attrib-
uted to the presence of fluid inclusion daughter minerals
that when present retain 38ArCl and degas preferentially
during stepped heating (Kendrick et al., 2001b, 2006a).

Minor populations of fluid inclusions were revealed
in sample AW02-074 by in vacuo crushing but not
stepped heating (P2 in Fig. 5a), and in samples AW03-
006 and 7 by stepped heating but not in vacuo crushing
(P3 in Fig. 5b). Possible explanations for this are that in
vacuo crushing could preferentially decrepitate small
secondary fluid inclusions (b2 μm) that were aligned
along planes of weakness, but were undetected during
microthermometry. Such small fluid inclusions may
remain intact during stepped heating. Alternatively,
under different circumstances in vacuo crushing could
break open unrelated types of fluid inclusions that due to
their different physical characteristics are decrepitated at
different temperatures during stepped heating (Kendrick
et al., 2006a,b). The final possibility is that the data are
explained by real differences between the sample splits
analysed.

Exceptionally high Br/Cl values were obtained from
fluid inclusions in sample RD03-010A-II by in vacuo
crushing and the stepped heating data for this sample
and sample RD03-010A-I are scattered (Fig. 5d).
Although the variation could be accounted for by any
of the previous explanations, in this case the in vacuo
crushing data is preferred, because the low gas abun-
dances released by stepped heating were affected by a
significant machine blank (Section 4).

5.2. Br/Cl and I/Cl variation

Excluding the minor fluid inclusion populations
identified as P2 and P3 on Fig. 5, the Br/Cl and I/Cl



Fig. 5. Intra-sample molar Br/Cl variation for quartz samples as a function of sequential crush number and stepped heating extraction temperature;
(a) main-stage quartz, (b) Buck Quartz, (c) Railway Fault, (d) Mt Isa Fault samples.
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values obtained for fluid inclusions in main-stage dolo-
mite and quartz samples vary by less than 5% or 10%
(Fig. 6, Table 3). The fluid inclusions in the quartz
samples exhibit slightly greater variation than fluid
inclusions in the dolomite samples, but this is probably
because the dolomite samples were analysed by in vacuo
crushing only. The uniform signatures are consistent
with the predominance of a single fluid inclusion ‘group’
within each of the main-stage quartz and dolomite
samples (Section 3, Fig. 4).

Group 1 dolomite fluid inclusions with∼20–26 wt.%
NaCl–CaCl2 eq. have the lowest mean Br/Cl values
of 1.5–4.3×10−3 and the highest mean I/Cl values of
24–186×10−6 (Fig. 6). The low abundance and low



Fig. 6. Log–log molar Br/Cl versus I/Cl plot for Mt. Isa dolomite and
quartz samples, in vacuo crushing and stepped heating (200–700 °C)
data. The range and mean of molar Br/Cl values previously reported
for Mt Isa quartz samples (Heinrich et al., 1993) are shown as a vertical
bar by the y-axis. The seawater evaporation trajectories (SET,
Zherebtsova and Volkova, 1966) and the composition of porphyry
copper related mineralizing fluids with a juvenile magmatic source
(PCD, Kendrick et al., 2001a,b) are shown for reference. Evaporite
dissolution waters are not shown because they plot of the scale with Br/
Cl of ∼0.1×10−3 (Table 4; Holser, 1979; Böhlke and Irwin, 1992a).
Data from the Buck Quartz Fault samples have intra-sample I/Cl
variation of 50%: One fluid inclusion group has I/Cl and Br/Cl similar
to group 3. The second fluid inclusion group (BQ-2) yields
compositional values nearer to the Railway Fault sample fluid
inclusions. P2 and P3 refer to minor populations of secondary fluid
inclusions identified in Fig. 5.
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salinity of group 2 fluid inclusions (b6.5 wt.% NaCl eq.)
means they are unlikely to significantly influence the Br/
Cl and I/Cl values measured in the three dolomite sam-
ples that contained both groups of fluid inclusion.
Compared to the dolomite, group 3 quartz fluid in-
clusions with 8–20 wt.% NaCl eq. have overlapping but
slightly higher mean Br/Cl values of 2.9–4.7×10−3 and
slightly lowermean I/Cl values of 33–105×10−6 (Fig. 6,
Table 3).

Fluid inclusions in the Buck Quartz Fault samples
exhibit intra-sample I/Cl variation of∼50% and in these
samples I is negatively correlated with Br (Fig. 6). Two
groups of fluid inclusion are trapped within the samples
from the Buck Quartz Fault: Fluid inclusions with Br/Cl
and I/Cl similar to group 3 and a second group with I/Cl
extending as low as 7×10−6. This second fluid in-
clusion group has the highest Br/Cl values that are
similar to fluid inclusions in sample AW02-002 from the
Railway Fault (BQ-2, Fig. 6).

Relative to the mine samples, fluid inclusions in the
Railway and Mt Isa Fault samples exhibit the greatest
scatter in both Br/Cl and I/Cl (Fig. 6). The mean Br/Cl
values of 7.7–9×10−3 for fluid inclusions in samples
from the Railway Fault and 7–29×10−3 for fluid inclu-
sions in samples from the Mt Isa Fault, are the highest
measured (Table 3). The lowest I/Cl values determined for
fluid inclusions in samples from the Railway Fault are
very close to the seawater evaporation trajectory (SET in
Fig. 6; Zherebtsova and Volkova, 1966).

5.3. Sample purity and K/Cl variation

Fluid inclusion K/Cl values are obtained by in vacuo
crushing and in low temperature stepped heating
extraction steps (Kendrick et al., 2006a). The mean K/
Cl values for fluid inclusions in main-stage dolomite
samples are 0.05–0.09, which are lower than the mean
K/Cl values of fluid inclusions in either the main-stage
quartz samples (0.09–0.18) or the Buck Quartz Fault
samples (0.07–0.11; Fig. 7; Table 3).

In contrast, K/Cl values determined by stepped heating
at higher temperatures (N600 °C) releases 39ArK from
both fluid inclusions and K-mineral impurities that may
be present in either the mineral matrix or accidentally
trapped within the fluid inclusions (Kendrick et al.,
2006b). Several of the mine samples havemaximumK/Cl
values of slightly greater than one, indicating the presence
of minor K-mineral impurities (Table 3). However, only
samples AW02-002 and RD03-010A-II have maximum
K/Cl values and ppm K concentrations that are in the
hundreds (Table 3).

5.4. Argon

Fluid inclusions have three sources of 40Ar: Radio-
genic 40ArR produced in situ by radioactive decay of 40K
since the time of trapping; atmospheric40ArA
(295.5×36Ar); and excess 40ArE with an independent
origin. The fluid inclusions initial 40Ar composition has
been determined by making a correction for radiogenic
40ArR based on the sample K content and a mineralization
age of 1523Ma (Perkins et al., 1999).The age correction is
0.1–2% for the majority of samples in this study,
including all of the mine area samples that have less
than ~50 ppmK (Table 3). Furthermore, the age-corrected
40Ar/36Ar value is within error of the measured 40Ar/36Ar
value in the majority of extraction steps for these samples.
Because the age-correction is small, uncertainties in the
mineralization age of 100's of Ma would not influence
interpretation of these data (full data set available in the
appendix).

In contrast, the age-correction for samples AW02-
002 and RD03-010A-I with several hundreds ppm K



Table 3
Summary of noble gas and halogen data for fluid inclusions in Mt. Isa dolomite and quartz samples

Sample Extractions
(H=step heat
C=crush)

Br/Cl
(×10−3)

I/Cl
(×10−6)

K/Cl K/Cl max K ppm 40Ar/36Ar
age-corrected

F84Kr F129Xe Cl/36Ar
(×106)

40ArE/Cl
(×10−6)

Salinity,
wt.%

[36ArE]
ppb

[40ArE]
ppm

Fluid inc. Matrix+FI

Mean value±standard deviation (1σ) Max. Range Max. Mean±1σ Mean and (max) values
≤700 °C ≤600 °C 200−1600 °C 200−1600 °C In vacuo crushing 200−1600 °C

a. Dolomite alteration
MG02-324 C 1–6 2.1±0.1 24±2 0.06±0.01 0.07 43 1581±21 0.9–1.0 1.0–2.1 71±4 21±3 26 2.3 3.7
MG02-405 C 1–8 1.53±0.04 186±4 0.086±0.004 0.09 55 7892±104 1.0–1.6 0.9–1.8 91±5 85±2 25 1.7 15
MG02-325A C 1–4 1.6±0.1 80±3 0.07±0.01 0.08 16 4113±47 1.0–1.2 1.0–1.2 30±2 123±2 20 (26) 4.1 (5.3) 17 (22)
MG02-325B C 1–7 1.6±0.1 91±5 0.05±0.02 0.07 3 8374±69 0.8–2.4 0.9–3.9 67±3 112±6 20 (26) 1.8 (2.4) 15 (20)
MG02-074 C 1–8 4.3±0.3 40±2 0.07±0.01 0.07 13 1898±14 1.0–1.5 1.3–1.5 29±1 63±9 20 (26) 4.2 (5.5) 8.6 (11)

b. Ore zone silica
AW02-074 C 1–3 (P2) 12.0±0.1 356±49 0.09±0.02 10 8286±132 0.7–1.9 1.2–4.0 20±1 367±39 16 (20) 4.9 (6.2) 40 (50)

C 4–8 3.2±0.1 98±6 0.10±0.01 0.29 18,575±908 4.2–4.7 2.9–9.5 45±3 406±10 16 (20) 2.2 (2.7) 44 (56)
H 3.2±0.3 105±4 0.16±0.07 15 21,176±467 – – 42±2 492±76 16 (20) 2.3 (2.9) 54 (67)

AW02-076 C 1–8 2.9±0.1 59±2 0.11±0.02 1.1 16 17,824±978 1.0–1.6 2.1–6.6 31±2 553±20 8 (13) 1.6 (2.6) 30 (49)
H 3.4±0.2 46±12 0.15±0.08 26 15,516±169 – – 31±2 522±151 8 (13) 1.6 (2.6) 29 (46)

AW03-008 C 1 (P2) 7.2 25 13
C 2–8 4.7±0.3 33±6 0.13±0.02 4.1 10,137±312 0.8–1.4 1.0–2.1 21±1 480±86 8 (19) 2.3 (5.6) 26 (62)
H 3.3±0.3 33±3 0.18±0.1 25 13,033±318 – – 20±1 600±74 8 (19) 2.5 (5.8) 33 (78)
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c. Buck Quartz
AW03-007 C 1–8 4.7±0.3 24±10 0.10±0.04 18 20,770±2334 0.8–1.4 1.0–9.0 40±5 324±162 3 (19) ∼1.5 ∼21

H 200 (P3) 1.2 19 – 2.6 667±112 – – 4.3±0.8 86±15 3 (19) 4.3 (27) ∼1.8 (11)
H 4.9±0.3 16±8 0.11±0.06 51 27,874±555 – – 37±2 405±353 3 (19) ∼1.6 ∼26

AW03-006 C 1–8 3.7±0.2 26±7 0.11±0.03 14 11,245±115 1.0–1.3 1.0–1.9 23±1 333±111 3 (19) ∼2.5 ∼22
H 200 (P3) 0.3 – – 11 – – – – – – – –
H 4.1±0.2 24±7 0.07±0.04 75 13,820±430 – – 29±5 345±129 3 (19) ∼2.0 ∼22

d. Railway fault
AW02-002a H 7.7±0.6 12±10 263 819 2491±18 – – 9.8±0.6 202±43 8 (19) 5.0 (12) 11 (26)
AW02-002b C+ H 9±3 15±5 0.8±0.1⁎ 551 726 902±11 0.6–1.3 1.2–2.9 4.4±0.3 110±40 8 (19) 11 (27) 6.0 (14)
AW02-002c H 8.1±0.7 12±3 189 591 1202±29 – – 5.9±0.4 179±46 8 (19) 8.3 (20) 9.8 (23)
AW02-002d H 9±1 9±1 136 761 1540±19 – – 11±1 134±20 8 (19) 4.5 (11) 7.3 (17)

e. Mt. Isa Fault Zone
RD03-002 C 1–6 8.3±0.6 35±18 0.06±0.01 0.08 5 3027±27 1.0–2.6 1.4–4.0 22±1 146±27 11 (17) 3.1 (4.8) 11 (17)
RD03-010A-I C 1–9 11±1 47±10 0.31±0.23 8.4 1 542±3 0.8–1.1 0.4–0.8 0.61±0.03 348±78 4 40 9.5

H 6±3 40±26 9 1667±29 – – 2.9±0.1 329±239 4 8.5 9.0
RD03-010A-II C 1–6 29±14 38±29 3.5±1.5 ⁎ 155 40 489±4 0.8–3.6 0.1–2.0 0.62±0.03 178±268 6 60 7.3

H 7±6 156±247 304 392±17 – – 0.38±0.02 136±30 6 97 5.6

Fluid inclusion K/Cl values for in vacuo crushing and stepped heating (≤600 °C). ⁎ The unusually high values determined by in vacuo crushing for AW02-002b and RD02-010A-II are probably
attributable to recoil loss of 39ArK from mineral impurities within these samples into the fluid inclusions, see Kendrick et al. (2006b).
Parts per billion (ppb) 36Ar and parts per million (ppm) 40ArE are used in preference to cm3 cm−3H2O because they can be calculated from the molar Cl/36Arand 40ArE/Cl values and salinity and are
independent of fluid density. Based on a fluid density of 1 g cm−3; 1 ppb 36Ar∼1.6×10−6 cm3 cm−3 H2O and 1 ppm 40Ar∼1.8×10−3 cm3 cm−3 H2O.
Ar concentrations for the high salinity fluid inclusion group in the Buck Quartz Fault samples are estimated using half the maximum salinity value (see text).
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Fig. 7. Mean K/Cl values for Mt. Isa quartz and dolomite samples, in
vacuo crushing and stepped heating (b600 °C) data. Two ranges are
shown for group 3 fluid inclusions, the first range comprises main-
stage quartz samples and the larger range includes the additional Buck
Quartz Fault samples.

Fig. 8. Log–log 40Ar/36Ar versus Cl/36Ar plot for Mt. Isa quartz and
dolomite samples, in vacuo crushing and stepped heating (200–
1600 °C) data. Much of the variation in group 1 and group 3 fluid
inclusions may be explained by a modern atmospheric Ar contaminant.
However, the variable fluid inclusion 40ArE/Cl values in samples from
the Buck Quartz Fault indicate the presence of two fluid inclusion
groups. The first fluid inclusion group, with the highest 40Ar/36Ar
values is similar to the main-stage quartz fluid inclusions (group 3).
The second fluid inclusion group (BQ-2) with lower 40ArE/Cl and
40Ar/36Ar values is similar to fluid inclusions in the Railway Fault
samples.
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can be tens of percent and because the K-mineral
impurities and fluid inclusions outgas at different tem-
peratures assessment of intra-sample variation is dif-
ficult (Kendrick et al., 2006b). Therefore extraction
steps with large corrections are omitted from Fig. 8 and
the remaining 40Ar data reported for these samples rep-
resent an upper limit (Table 3).

5.5. Intra-and inter sample argon variation

The maximum 40Ar/36Ar values determined for the
main-stage dolomite (1600–8400) and quartz samples
(8300–21,200) are most representative of the fluid in-
clusions initial composition (Fig. 8 and Table 3). These
samples are dominated by a single generation of fluid
inclusions with halogen ratios that vary by only 5–10%
(Fig. 6). Although a second minor fluid inclusion popu-
lation was identified in sample AW02-074 (P2 in Fig. 5a),
much of the intra-sample 40Ar/36Ar variation is probably
explained by an atmospheric Ar contaminant introduced
during sample analysis that shifts the fluid inclusion
values toward air.

The fluid inclusion 40ArE/Cl values define slopes in
Fig. 8 that have atmospheric intercepts and are not
altered by the possibility of a modern atmospheric con-
taminant. Fluid inclusions in the main-stage dolomite
and quartz samples exhibit intra-sample 40ArE/Cl
variation of 2–30% (Table 3) that is slightly greater, or
similar to the variation of Br/Cl and I/Cl in these samples
(compare Figs. 6 and 8 plus the standard deviations in
Table 3). The group 3 quartz fluid inclusions have mean
40ArE/Cl values of 4–6×10

−4 that are higher than the
mean values of 2–12×10−5 for fluid inclusions in
dolomite (Table 3 and Fig. 8).

Fluid inclusions in the samples from the Buck Quartz
Fault have mean 40ArE/Cl values that are intermediate to
the main-stage dolomite and quartz (9×10−5 to 3×10−4),
but they exhibit 30–90% variation, which like the 50%
variation in I/Cl (Fig. 6), suggests the presence of two
fluid inclusion groups. The highest salinity fluid inclu-
sions have the highest 40Ar/36Ar values of up to∼28,000
and 40ArE/Cl values similar to group 3 quartz fluid in-
clusions (Fig. 8). The second group of lower salinity fluid
inclusions has 40Ar/36Ar of just 1000–2000 and the
lowest 40ArE/Cl values (BQ-2 in Fig. 8). These low values
are similar to values determined for fluid inclusions in
sample AW02-002 (Table 3), that because of the large
age-correction for this sample represent an upper limit
(Kendrick et al., 2006b).

5.6. 40ArE and 36Ar concentration

The fluid inclusion 40ArE and
36Ar concentrations are

determined from the measured 40ArE/Cl and Cl/36Ar
values, and the salinities obtained through microthermo-
metry (Section 2.1; Table 3). The variability in fluid
inclusion salinity limits the precision of such determina-
tions to the tens of per cent level, which is illustrated by
the calculation of Ar concentration for values of



Fig. 10. Log–log F84Kr versus F129Xe for data obtained by in vacuo
crushing. The fractionation values (F-values) define a mixing line
between air (F=1) and air saturated water (ASW=meteoric water and
seawater). The fractionation values are defined as; FX=(X/36Ar)sample/
(X/36Ar)air; reference values in Ozima and Podosek (2002). Nb—
slightly more data points lie above than beneath the mixing line, and
stepped heating analyses are 129Xe-enriched relative to in vacuo
crushing analyses (appendix). The 129Xe enrichment is explained by a
fissionogenic component formed from trace U in the quartz matrixes.
The fissionogenic Xe isotopes remain poorly resolved and close to the
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maximum as well as mean salinity, in most cases (Table
3). However, representative Ar concentrations for the
higher salinity fluid inclusions in the Buck Quartz Fault
samples are estimated using half the maximum salinity
value (Table 3). This is necessary because the Buck
Quartz Fault samples contain two groups of fluid
inclusion (group 3 and BQ-2) and the mean salinity
value is not representative of the high salinity fluid
inclusion group (see Fig. 4). The effect of the possible
atmospheric Ar contaminant is minimized by calculating
36Ar concentration from the maximum Cl/36Ar value
measured for each sample, but the 36Ar concentrations are
nonetheless upper limits.

Fluid inclusion 40ArE concentrations are 26–78 ppm in
the main-stage quartz samples (group 3) and 4–22 ppm in
the dolomite samples (Fig. 9; Table 3). The 36Ar
concentration is negatively correlated with 40Ar/36Ar
across the sample groups (Fig. 9). The lowest values of
∼1.5 ppb 36Ar are determined for fluid inclusions in
samples from the Buck Quartz Fault and the main-stage
quartz, which have the highest 40Ar/36Ar values of up to
28,000 (Table 3). Fluid inclusions in some of the main-
stage dolomite samples have similar 36Ar concentrations
that are within error or close to Air Saturated Water
(ASW=1.3–2.7 ppb) and 40Ar/36Ar exhibits a weakly
Fig. 9. 36Ar concentration versus maximum 40Ar/36Ar for Mt Isa quartz
and dolomite samples, in vacuo crushing and stepped heating (200–
1600 °C) data. The compositions of deeply derived metamorphic
fluids, air saturated water (ASW) and surface-derived bittern brines are
shown for reference (discussed fully in Section 6). Mean 36Ar
concentration values are given for samples dominated by a single
generation of fluid inclusions with uncertainties in 36Ar concentration
reflecting fluid inclusion salinity variations as follows: dolomite 10–
20%; silica 20–50%, Railway Fault 50%; Mt Isa Fault 20% (Table 3).
The Buck Quartz Fault samples include two groups of fluid inclusion,
and in this case the 36Ar concentrations of the highest salinity fluid
inclusions are estimated as half the maximum value with the error bars
equal to 100%.

detection limit so inferred sub-ppb to ppb U abundances are
unreported.
negative correlation with 36Ar concentration in this sam-
ple group (Fig. 9). The 36Ar concentration is highest in
fluid inclusions within samples from the Railway and Mt
Isa Faults with the lowest 40Ar/36Ar values. The max-
imum 36Ar concentration of ∼100 ppb, determined for
fluid inclusions in sample RD03-010A-II, is almost two
orders of magnitude higher than ASW (Fig. 10; Table 3).

5.7. Argon versus krypton, xenon and the halogens

Fluid inclusions in the majority of main-stage dolo-
mite and quartz samples and the samples from the Buck
Quartz plus Railway Faults have noble gas fractionation
values (F84Kr and F129Xe)2 that cluster around the
mixing line between air and ASW (Fig. 10). Mixing
between air and ASW is consistent with some of the
fluid inclusion analyses having been affected by a mod-
ern atmospheric Ar (plus Kr and Xe) contaminant.
2 Noble gas fractionation values (F-values) indicate fractionation
relative to 36Ar in air such that: FX=(X/36Ar)sample/(X/

36Ar)air. Air
has an F value of 1, and F-values of less than one indicate depletion
in the heavy noble gases 84Kr and 129Xe relative to 36Ar in air.



Fig. 11. Argon versus halogen plots for Mt Isa quartz and dolomite samples, in vacuo crushing and stepped heating (200–700 °C) data. (A) Br/Cl vs.
40Ar/36Ar, (B) I/Cl vs. 40Ar/36Ar. Note trend in data from the Buck Quartz Fault samples from a low I/Cl and low 40Ar/36Ar fluid inclusion end-
member (BQ-2) up to a high I/Cl and 40Ar/36Ar end-member that is similar to group 3.
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Only the Mt Isa Fault samples RD03-010A-I and -II
contain fluid inclusions that yield an appreciable number
of fractionation values that are consistently outside the
air-ASW range (Fig. 10). The low fractionation values
together with the much greater than ASW 36Ar con-
centrations in these samples (Fig. 9), indicate noble gas
enrichment on the order 36ArN 84KrN 129Xe. This is yet
another parameter that distinguishes fluids in the Mt Isa
Fault from those involved in mineralization.

The majority of quartz and dolomite samples contain
fluid inclusions with 40Ar/36Ar values that vary inde-
pendently of Br/Cl and I/Cl (Fig. 11), consistent with some
of the 40Ar/36Ar variation being caused by the presence of
an atmospheric Ar contaminant. An exception is the
correlation of fluid inclusion 40Ar/36Ar and I/Cl values in
the samples from the Buck Quartz Fault. These samples
contain two fluid inclusion groups the composition of
which are summarized together with the composition of
main-stage dolomite and quartz fluid inclusions in Table 4.

6. Bittern brines versus ‘metamorphic’ fluids

The fluid inclusions trapped in main-stage quartz and
dolomite, and the regional fault samples, have complex
origins that cannot be resolved from the halogen data alone.
The high Br/Cl and I/Cl values preclude evaporite
dissolution which leads to low values (Table 4; Holser,
1979), but are typical of bittern brine sedimentary formation
waters that acquire salinity by sub-aerial evaporation and
some high grade metamorphic fluids (Fig. 6; Zherebtsova
and Volkova, 1966; Carpenter et al., 1974; Walter et al.,
1990; Heinrich et al., 1993; Svensen et al., 2001; Kendrick
et al., 2002a,b). Similarly, quartz fluid inclusion salinities of
less than ∼20 wt.%, could be explained by either a
metamorphic origin or by the variable dilution of a bittern
brine with starting salinity of ∼26 wt.% (Table 4).

To complicate matters further, both alternatives are
geologically realistic. The late-Isan mineralisation event
is favoured to have had similar timing to post-peak
metamorphism of the Sybella Batholith at ∼1530 Ma
(e.g. Perkins, 1984; Swager, 1985; Bell et al., 1988;
Connors and Page, 1995; Perkins et al., 1999), implying
the possible availability of metamorphic dehydration
fluids. The Kennedy Siltstone preserves halite pseudo-
morphs and stromatilites that provide evidence for shal-
low water evaporitic environments during deposition of
theMt Isa Group (Neudert and Russel, 1981). In addition,
similar evaporitic environments may have existed above
the present erosion level at the time of mineralization,
implying the possible availability of bittern brines.

In an effort to resolve these alternative fluid origins,
we have evaluated the Ar isotope composition and
salinity of evolved bittern brine sedimentary formation
waters and metamorphic fluids:

6.1. Bittern brines

Bittern brines with greater than seawater Br/Cl values
form by the sub-aerial evaporation of seawater (or lake
water) beyond the point of halite saturation (∼26-30wt.%)
and therefore have an initially atmospheric 40Ar/36Ar
value (modern value=295.5) and a salinity of ∼26–
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30 wt.% (Table 4). Due to their high salinity and the
‘salting out’ effect they are expected to have lower than
seawater 36Ar concentrations of b1.3 ppb (Smith and
Kennedy, 1983; Ozima and Podosek, 2002).

Hydrothermal fluids involved in MVT ore deposits
originated as sedimentary formation waters and the ma-
jority have higher than seawater Br/Cl values that are
typical of a bittern brine origin (e.g. Kesler et al., 1995;
Viets et al., 1996; Kendrick et al., 2002a,b). However, at
the 1–2 km depth of mineralization,MVTore fluids have
elevated 40Ar/36Ar values that are typically in the range
300–1500 providing evidence for excess 40ArE acqui-
sition during low temperature (b200 °C) fluid–rock
interaction (Kelley et al., 1986; Böhlke and Irwin, 1992a;
Turner and Bannon, 1992; Kendrick et al., 2002a,b).

Furthermore, the majority ofMVTore fluids studied to
date have elevated 36Ar concentrations of∼3–27 ppb that
are higher than expected for Air Saturated Water (ASW;
meteoric or seawater=1.3–2.7 ppb), and much higher
than expected for air saturated bittern brines (Kelley et al.,
1986; Turner andBannon, 1992;Kendrick et al., 2002a,b).
In addition, similar ore fluids in the Laisvall sandstone-
hosted Pb–Zn deposit have even higher 36Ar concentra-
tions of up to ∼40 ppb and 40Ar/36Ar values of up to
∼16,000 that are an order of magnitude higher than is
typical for MVT ore fluids (Kendrick et al., 2005).

6.1.1. 36Ar acquisition
The greater than ASW 36Ar concentrations of ore

fluids that originated as sedimentary formation waters
have previously been interpreted with caution. It is
possible that 36Ar was introduced as a modern atmo-
spheric contaminant during analysis and that the real fluid
36Ar concentration was lower (Turner and Bannon, 1992;
Kendrick et al., 2002a,b). However, we argue that the
elevated 36Ar concentrations are expected in surface-
derived sedimentary formation waters that have acquired
a few ppm 40ArE from aquifer rocks. Aquifer rocks have
finite 40Ar/36Ar values and fluid acquisition of 40ArE will
therefore be accompanied by ‘excess’ 36Ar (Fig. 12).

If 36Ar is acquired together with 40ArE from aquifer
rocks, as suggested (Fig. 12), the 36Ar concentration of a
surface-derived ore fluid can be predicted from an Ar
reservoir mixing model (Fig. 12) using Eq. (1):

½36Ar ppb �Fm ¼

½36Ar ppb �F1 þ
40Ar=36ArFm−

40Ar=36ArF1
40Ar=36ArR−

40Ar=36ArFm

 !
d ½36Ar ppb �F1

ð1Þ
Where Fm=the mineralizing fluid; F1=the initial surface-

derived fluid; R=aquifer rock; and
40Ar =36Ar

Fm
−40Ar =36ArF1

40Ar =36Ar
R
−40Ar =36Ar

Fm

gives the ratio of Ar in the mineralizing fluid sourced
from the aquifer rocks relative to Ar originally present in
the surface-derived fluid (R/F1).

The implication is that, in the absence of phase
separation, the 36Ar concentration in surface-derived
fluids will exhibit a positive correlation with 40Ar/36Ar,
as observed between Laisvall and other MVT ore fluids
(Fig. 9; Turner and Bannon, 1992; Kendrick et al.,
2002a,b, 2005). The slope of this correlation is lithology
dependent and will approach infinity as the 40Ar/36Ar
value of the fluid approaches the 40Ar/36Ar value of the
aquifer lithology (Eq. (1)). Furthermore, where fluids
interact with several lithologies with diverse 40Ar/36Ar
values, the slope could appear uneven (e.g. Fig. 9). The
intercept of the slope is inferred to be close to the 36Ar
concentration of ASW (1.3–2.7 ppb), but it could be
lower in a bittern brine, due to the salting out effect, or
higher if air bubbles are entrained in the fluid (e.g. Ozima
and Podosek, 2002). As a result, the 36Ar concentration
is only a useful indicator of surface recharge conditions
in palaeo-fluids with low 40Ar/36Ar values that have not
undergone extensive fluid–rock interaction (cf. Böhlke
and Irwin, 1992a). In other circumstances the 36Ar
concentration, together with the 40Ar/36Ar value,
provides useful information on the extent of fluid–rock
interaction or the nature of the aquifer reservoir from
which Ar has been derived (Eq. (1)). In the Mt Isa case,
the lack of a positive correlation between 36Ar
concentration and 40Ar/36Ar (Fig. 9) suggests that the
fluid inclusions in the different sample groups at Mt Isa
did not all originate at the surface.

6.2. Metamorphic fluid

In contrast to surface-derived fluids, a metamorphic
fluid derived from initially deep-crustal rocks will have
40Ar/36Ar, 40ArE/Cl, salinity, 36Ar and 40ArE con-
centrations determined by the Cl/36Ar/40Ar/OH ratio
in the devolatilising source region and subsequent
fluid–rock interactions. Based on the simplifying
assumption of quantitative devolatilisation of the source
region, or that OH, Cl and Ar are devolatilised with
similar efficiencies, the Ar isotope characteristics and
salinity of a metamorphic fluid can be estimated as
follows:

36Ar ppbc
36Ar mol g−1

−1

OH mol g−1
d
36
17

d 109 ð2Þ



Table 4
Fluid types detected in the mine area with interpreted significance for mineralization/alteration

Sample Salinity
wt. %

Br/Cl
(×10−3)

I/Cl
(×10−6)

K/Cla 40Ar/36Ar b [36Ar], ppb [40ArE], ppm Notes

Fluid 1: Deeply derived metamorphic fluid (Group 3 fluid inclusions)
Main-stage quartz and Buck
Quartz (group 3)

8–20 2.9–4.9 33–105 0.07–0.18 8300–28,000 1.6 to ∼3 11–78 The metamorphic fluid end-
member is best represented by the
fluids with the highest 40Ar/36Ar
and Br/Cl values. Salinity is lower
than halite-saturated seawater.

Fluid 2: Surface-derived bittern brine sedimentary formation water (Group 1 fluid inclusions)
Main-stage dolomite
(group 1)

18–26 1.5–4.3 24–187 0.05–0.09 1600–8400 1.7–5.5 3.7–22 The bittern brine fluid end-
member is best represented by the
fluids with the lowest 40Ar/36Ar
and Br/Cl values. Salinity is close
to halite-saturated seawater, but I/
Cl is enriched relative to the
seawater evaporation trajectory
reflecting interaction with organic-
rich sedimentary rocks (Fig. 6).

Fluid 3: Surface-derived bittern brine sedimentary formation water
Railway Fault and
Buck Quartz (BQ-2)

1–19 7–9 9–15 ? ∼1000–2500 4.5–27 6.0–23 The low 40Ar/36Ar values and high
36Ar concentrations plus high but
variable Br/Cl values are typical of
bittern brines. The low salinity
indicates post-evaporation dilution
of the bittern brine, and the high I/
Cl value reflects interaction with
organic–rich sedimentary rocks.
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Reference values
Meteoric water ∼0 295.5 1.6–2.7 ∼0 Modern day values
Seawater 3.5 1.54 0.86 0.02 295.5 1.3–2.0 ∼0 Modern day values
Sed. Fm Halite Diss. 1–70 ∼0.1 b0.86 variable Low to High⁎ ∼ASW and higher⁎ Low to High⁎ Bittern brines have salinity close

to the point of halite saturation,
halite dissolution can result in
higher salinities. 40ArE,

36Ar and
I are acquired by fluid–rock
interaction in the sub-surface.
⁎Asterisk indicates
evolved fluids.

Water Bittern Brine ∼26–30 N1.54 ≫0.86

Metamorphic fluid variable variable variable variable High⁎ ≤ASW⁎ High⁎ Composition is determined by
source region, but the salinity,
Br/Cl and I/Cl values may
be increased during retrograde
hydration reactions. ⁎Astersk
indicates probable values for
old crystalline rocks.

Value ranges represent the sample mean values summarised in Table 3.
Mineralisation/alteration are interpreted to result from mixing of fluids 1 and 2. The alteration and mineralization may have terminated when fluid 3 entered the mine area along the post-D3 Buck
Quartz Fault.
Reference values in Zherebtsova and Volkova (1966), Holser (1979), McCaffrey et al. (1986), Böhlke and Irwin (1992a), Ozima and Podosek (2002), see discussion in Section 6.

343
M
.A
.
K
endrick

et
al.

/
C
hem

ical
G
eology

235
(2006)

325–351



Fig. 12. Unlike stable isotopes (O, H or C), Ar-isotopes are strongly
incompatible, meaning they are lost to the fluid phase during water–
rock interaction (above the Ar closure temperature) and isotope
exchange does not take place. As a result, the fluid 36Ar concentration
will be increased together with the 40Ar/36Ar value and the Ar-isotope
signature is added to and not reset, see text.
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40Ar
E
ppmc

ðK mol g−1Þd ð40K=KÞd ðke=kÞd ðekt−ekto Þ
OH mol g−1

d
40
17

d 106

ð3Þ

wt:% NaCl eq:c
Cl mol g−1

OH mol g−1
d
58:5
17

d 100 ð4Þ

40Ar
36Ar

¼ ð36Ar mol g−1
−1
d 295:5Þ þ ðK mol g−1Þd ð40K=KÞd ðke=kÞd ðekt−ekto Þ

36Ar mol g�1

ð5Þ

40 Ar E

Cl
¼ ðK mol g−1Þd ð40K=KÞd ðke=kÞd ðekt−ekto Þ

Cl mol g−1
ð6Þ

Where the concentrations in mol g−1 refer to the
whole rock in the source region; t is the age of the rock
and to is the time of leaching in years (assumed to be the
mineralization age of ∼1530 Ma in this case) and the
constants are 40K/K=0.00012; λe = 0.581×10

− 10-

year−1, λ=5.543×10−10 year 1. Eqs. (3), (5) and (6)
represent modified forms of the K–Ar decay equation
and Eq. (6) is after Turner and Bannon (1992).
6.2.1. General characteristics
Based on the mean whole rock 36Ar concentration of

crystalline basement rocks in Germany (∼2×10−13 mol
g−1; Drescher et al., 1998), quantitative devolatilisation of
a source region comprising 100%Mg-rich biotite (with an
OH− concentration of ∼5×10−3 mol g−1) would yield a
metamorphic fluid with ∼0.08 ppb 36Ar. If hydrous
phases comprised only five percent of the rock giving an
OH concentration of ∼2.5×10−4 mol g−1, the 36Ar
concentration would be increased to ∼1.6 ppb (Eq. (2);
Fig. 13A). The corresponding salinity of these fluids
would be ∼0.2–4 or ∼1–20 wt.% NaCl eq., if sourced
from rocks with realistic Cl concentrations of either
∼100 ppm or∼500 ppm, respectively (Eq. (4); Fig. 13B).

In general terms deeply derived metamorphic fluids
are expected to have low 36Ar concentrations of less
than or equal to Air Saturated Water (ASW) and low
salinities, but both will be highly variable depending
upon the source region and could be increased by ret-
rograde hydration reactions. Significantly greater than
ASW 36Ar concentrations (N1.3–2.7 ppb) could
probably only result from devolatilisation of sedimen-
tary rock source regions that are enriched in 36Ar
(Fig. 13A; Ozima and Podosek, 2002), and are in any
case likely to contain pore fluids prior to devolatilisa-
tion. The biggest difference to surface-derived fluids is
that the 36Ar concentration should not be correlated with
40Ar/36Ar (Fig. 9; Eqs. (2) and (5)).

6.2.2. Application to Mt Isa
Limits can be placed on the 40Ar/36Ar, 40ArE/Cl and

40ArE values expected for fluids evolved from the
different lithologies at Mt Isa, based on the K content
and ages of these units, if we make some simplifying
assumptions about the initial Cl plus 36Ar concentration
and the degassing history of these rocks (Eqs. (3), (4)
and (6)).

The ∼1655 Ma Urquhart Shale (Page et al., 2000)
would have had a maximum 40Ar/36Ar value of∼4000–
5000 at the time of mineralization (∼1530Ma), based on
a K content of 3–3.7 wt.% (Neudert, 1983; McGoldrick,
1986; Waring, 1990), a maximum detrital age of
∼1830 Ma, and an initial 36Ar concentration of
10−12 mol g−1 which is in the range determined for
sedimentary rocks (Ozima and Podosek, 2002). Although
possible changes in Ar concentration during D2 meta-
morphism have not been accounted for, the assumed
detrital age of ∼1830 Ma suggests that the calculated
value represents an upper limit. Therefore, sedimentary
rocks similar to the Urqhuart Shale are extremely unlikely
to have been the source of high 40Ar/36Ar fluid inclusions
in our samples.

Similar calculations do not allow conclusive discrim-
ination of potential source rocks such as the unaltered
Eastern Creek Volcanics (ECV) from the Barramundi
Basement. The unaltered 1780 Ma ECV (Farquharson
and Richards, 1974; Neumann et al., in press) have 1.2–
1.7wt.%K2O (Hannan et al., 1993; Heinrich et al., 1995)
equivalent to b1.5 wt.% K. The older, 1870 Ma Bar-
ramundi Basement is felsic-rich (Page and Williams,
1988; O'Dea et al., 1997) and in the following calcu-
lations is assumed to have a K concentration of 3 wt.%,
representative for granitic rocks. Together with
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reasonable ranges of 36Ar concentration, these values
indicate that it is theoretically possible to extract a
metamorphic fluid with a 40Ar/36Ar value of 10,000–
28,000 and a 36Ar concentration of ∼1–3 ppb from
either lithology (Fig. 13A). However, the highest
40Ar/36Ar values could only be achieved in the ECV if
they were depleted in36Ar relative to the mean for
crystalline rocks in Germany (Fig. 13A; Drescher et al.,
1998).

Similarly, based on reasonable ranges in Cl concen-
tration, the maximum fluid 40ArE/Cl values of ∼3–
10×10−4 (mostly b8×10−4) and salinities of 10–20 wt.
% NaCl eq. (Table 3) could be attained by devolatilisa-
tion of either lithology (Eq. (6); Fig. 13B). However, to
account for the full range of 40ArE/Cl values, the ECV
would need to be enriched in Cl relative to the mean for
tholeiitic oceanic crust (Fig. 13B; Schilling et al., 1978).

Considering the uncertainties involved, the combined
estimates of fluid 40Ar/36Ar, 36Ar concentration, 40ArE/Cl
Fig. 13. Combined diagrams showing the model (A) 36Ar concentration
concentration and (B) the salinity of a metamorphic fluid as a function of w
values are determined by the rocks' K content, age, 36Ar and Cl concentrati
respective ranges of whole rock 36Ar and Cl concentrations that could have pro
are shown as vertical boxes for the ECV and Barramundi Basement. Whole
where a rock comprising 100%Mg-rich biotite has an OH concentration of 5×
given beneath the x-axis with various mean values indicated by dashed verti
1994; Drescher et al., 1998). Dashed horizontal lines are to guide the eye on
and salinity, obtained using realistic ages and whole rock
K, Cl plus 36Ar concentrations, match the range of values
measured in quartz fluid inclusions remarkably well
(compare Table 3 with Fig. 13). This goodmatch between
the modeled values and the values measured in quartz
fluid inclusions supports the interpretation of a metamor-
phic fluid origin and indicates that metamorphic fluids
may have been derived from both the ECV and the
Barramundi Basement.

The ECV has been suggested as a fluid source rock
previously (Hannan et al., 1993) and it is favoured as a
source of Cu (Hannan et al., 1993; Heinrich et al., 1995).
However, at least some involvement of the Barramundi
Basement is favoured by the noble gas data because the
Barramundi Basement is most likely to have had the
highest 40Ar/36Ar values and a range of 40ArE/Cl values
that overlap those measured in the quartz fluid in-
clusions; based on the mean concentrations of 36Ar and
Cl in the relevant rock types (Fig. 13). Furthermore, a
of a metamorphic fluid as a function of whole rock OH and 36Ar
hole rock OH and Cl concentration. The fluid 40Ar/36Ar and 40ArE/Cl
on, and are independent of the OH concentration (vertical lines). The
duced fluids with the measured range of 40Ar/36Ar and 40ArE/Cl values
rock OH concentration, is expressed as percentage biotite equivalent,
10−3 mol g−1. The ranges of whole rock 36Ar and Cl concentrations are
cal lines (Schilling et al., 1978; Allegre et al., 1987; Shinonaga et al.,
ly.
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greater volume of fluid could be derived from the
Barramundi Basement because the Barramundi Base-
ment is more voluminous than the ECV (being open to
depth) and its felsic-rich mineralogy would probably
have been richer in hydrous minerals (cf. y-axis Fig. 13).

7. Fluid mixing versus wall–rock interaction

7.1. Fluid end-members

The Ar isotope composition of fluid inclusions in the
main-stage quartz and Buck Quartz Fault samples with
40Ar/36Ar of ∼10,000 to 28,000 and uncorrelated 36Ar
concentrations of∼1–3 ppb are most easily explained by
a deep crustal metamorphic fluid origin (Section 6; Figs.
9 and 13). These fluids have salinities of b20 wt.% NaCl
eq. and the high Br/Cl and I/Cl values may reflect either
the composition of the metamorphic source region or
retrograde hydration reactions in a rock-buffered system
with very low water–rock ratio (Svensen et al., 2001).

In contrast, fluid inclusions in the dolomite samples
have lower maximum 40Ar/36Ar values, with the lowest
values of 1600–1900 being similar to those obtained in
sedimentary formation waters (Tables 3 and 4; Böhlke and
Irwin, 1992a; Turner and Bannon, 1992; Kendrick et al.,
2002a,b). Therefore, the high Br/Cl values in the dolomite
fluid inclusions could reflect acquisition of salinity by sub-
aerial evaporation of surface water beyond the point of
halite saturation. Such a bittern brine origin is compatible
with the high salinity of the group 1 dolomite fluid
inclusions that remain close to halite saturation (∼26wt.%;
Table 3). However, the poorly defined negative correlation
between 40Ar/36Ar and 36Ar concentration (Fig. 9) is the
opposite to that expected in surface-derived fluids that have
interacted with high 40Ar/36Ar rocks (Section 6.1). This
feature of the data, together with the total variation in Br/Cl
and I/Cl may be explained by mixing a surface-derived
bittern brine with a component of the deeply derived
metamorphic fluid previously identified.

7.1.1. Regional faults
The high 36Ar concentrations and 40Ar/36Ar values

of ∼1000–2500 (Table 3; Fig. 9), in fluid inclusions
contained in the Railway and Mt Isa Fault samples are
similar to those expected for a fluid with an exclusively
sedimentary formation water origin (but see below).

The fluid inclusion Br/Cl values for the Railway Fault
samples are in the range expected for the evaporation of
seawater but are significantly higher than values
obtained from fluid inclusions in the dolomite samples,
thus suggesting an independent origin. The fluid inclu-
sions in the Railway Fault have salinities of 4–19 wt.%
NaCl eq. that are lower than the dolomite fluid inclusions
(Table 3). These salinities are also lower than the point of
halite saturation (∼26 wt.%), that characterise bittern
brines formed by evaporation beyond the point of halite
saturation (Table 4), and the low salinities therefore
indicate brine dilution prior to fluid trapping.

The Railway Fault fluid inclusions are similar to the
second group of fluid inclusions (BQ-2) contained within
samples from the Buck Quartz Fault, which otherwise
contain fluid inclusions similar to group 3 main-stage
quartz (Figs. 4, 6, 8 and 11 and Table 4). The existence of
two groups of primary fluid inclusion within samples
from the Buck Quartz Fault provide direct (intra-sample)
evidence for the close timing of different fluid flow events
within a single fault at Mt Isa and support the concept of
fluid mixing.

7.2. Limited potential of fluid–rock interaction

The variable composition of the metamorphic fluid is
probably partially attributable to the variable nature of the
source region (Fig. 13), but retrograde hydration reactions
could further modify the salinity, Br/Cl and I/Cl values
close to the source region where low water-rock ratios
predominate (Svensen et al., 2001). However, Br and Cl
are minor constituents of silicate minerals and in fluid
buffered hydrothermal systems and in the absence of
halite, such as at the site of mineralization, they are
believed to behave in a conservative manner (e.g. Hanor,
1994;Worden, 1996). Therefore, the differentBr/Cl values
of fluid inclusions with moderately high salinity (Table 3)
and a preferred bittern brine origin in samples from the
main-stage dolomite (group 1) and the Railway Fault, are
unlikely to be explained by fluid–rock interaction, and
their independent origins are supported.

Fluid interaction with sedimentary rocks has the
potential to alter the I/Cl and 40Ar/36Ar values of the
fluid. Organic-rich sedimentary rocks are I-rich (Worden,
1996) and will have lower 40Ar/36Ar values than the
metamorphic source region (Section 6.2.2). Therefore a
metamorphic fluid that interacted with sedimentary rocks
could acquire a low 40Ar/36Ar value, a high 36Ar
concentration and an elevated I/Cl value. Therefore if all
the fluids had a metamorphic origin, such fluid–rock
interactions provide an alternative explanation (to fluid
mixing) for the negative correlation between 40Ar/36Ar and
36Ar concentration seen between the sample groups (Fig.
9). However, the total variation in fluid inclusion noble gas
and halogen compositions seen between different sample
groups (Figs. 5–11; Table 3) is unlikely to be explained by
fluid–rock interaction alone, but is easily explained by
mixing independently derived fluid types.
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7.2.1. Mt Isa fault
In contrast, samples from theMt Isa Fault contain fluid

inclusions with Br/Cl values of up to∼30×10−3, and it is
possible that the highest Br/Cl values in these low salinity
fluids∼6 wt.% NaCl eq. are explained by a metamorphic
origin. If hydrous minerals formed during retrograde
hydration reactions take up OH and Cl preferentially,
relative to Br and I (e.g. Svensen et al., 2001), theymay be
able to produce much higher salinities and Br/Cl values
than are attained during seawater evaporation (Fig. 6;
Zherebtsova and Volkova, 1966).

Fluid inclusions in the Mt Isa Fault samples have low
40Ar/36Ar values and exceptionally high 36Ar con-
centrations of up to ∼100 ppb (Fig. 9). If the salinity of
these fluids had a metamorphic origin, the enrichment
of these fluid inclusions in 36Ar is consistent with Ar
acquisition from either sedimentary rocks with a low
40Ar/36Ar value, or dilution by a negligibly saline sedi-
mentary formation water. The fluid history recorded by
fluid inclusions in the Mt Isa Fault samples appear to be
unrelated to fluid histories recorded by fluid inclusions
in the other sample groups.

8. Summary of genetic model

The proposed metamorphic origin for group 3 fluid
inclusions trapped in main-stage quartz and Buck
Quartz Fault samples, is compatible with the syn-D3

timing of mineralization that may have been synchro-
nous with post-D2 metamorphism of the nearby Sybella
Batholith at ∼1530 Ma (Perkins, 1984; Swager, 1985;
Bell et al., 1988; Connors and Page, 1995; Perkins et al.,
1999; see Table 1). A metamorphic origin is also sug-
gested by the elemental and stable isotope geochemistry
of the variably altered Eastern Creek Volcanics (Hannan
et al., 1993) that were probably an important source of
copper (e.g. Heinrich et al., 1995).

The main-stage dolomite fluid inclusions better
preserve fluids with a bittern brine origin, and are in-
ferred to contain only a minor metamorphic component.
Independent origins for fluid inclusions in main-stage
quartz and dolomite are compatible with the fluid in-
clusion and stable isotope (C, O, H) data for these
alteration phases (Heinrich et al., 1989, 1993, 1995).
Furthermore the involvement of bittern brines formed by
sub-aerial evaporation of a surfacewater beyond the point
of halite saturation, is compatible with the pos-
sible involvement of seawater sulphate, as indicated by
S-isotope data (Andrew et al., 1989; Hannan et al., 1993).

The ultimate source of deep fluids could have been
either within the Eastern Creek Volcanics at the
greenschist-amphibolite facies transition (Hannan et
al., 1993), but an even deeper source in the Barramundi
Basement (at the amphibolite-granulite facies transi-
tion?) is arguably favoured by the Ar data (Fig. 13).
Because the metamorphic fluid was evolved at very low
water-rock ratio (Fig. 13) and a substantial volume of
fluid is required for mineralization, it is implied that fluid
was sourced from a large volume of crust. As proposed
by Bell et al. (1988), the relatively narrow D3 strain
zones may have been responsible for efficiently focusing
this deeply-derived fluid into the site of mineralisation.

Fluid mixing may have proceeded by either displace-
ment of a pore fluid or by active convection (Fig. 14).
Dolomite is inferred to have precipitated from the car-
bonate-rich bittern brine sedimentary formation water
pore fluid. The outward displacement of this fluid may
have resulted in the changed physio-chemical conditions
that caused dolomite precipitation. The outward displace-
ment of the pore fluid may explain the dominance of
dolomite in the outer parts of the silica–dolomite alteration
halo, quartz veins overprinted the early dolomite as the
mineralizing system evolved and became dominated by
the silica saturated, deeply derived, metamorphic fluid.

Alternatively, the multiple stages of dolomite and
quartz veining and the potentially protracted nature of the
mineralization event may require a longer lived active-
mixingmodel.Mixing between a downwardly convecting
bittern brine with an ascending metamorphic fluid might
have occurred at Mt Isa because the Paroo Fault was re-
activated during D3 deformation (Bell et al., 1988). This
reactivation provided an accommodation space in which
fluids could mix and subsequent over pressuring lead to
brecciation (e.g. Bell et al., 1988; Heinrich et al., 1989).

There is considerable uncertainty regarding the ab-
solute duration of the mineralization process. It is pos-
sible that introduction of a low salinity, diluted bittern
brine, preserved in fluid inclusions within the post-D3

Railway and Buck Quartz Faults represented the
termination of mineralization. However, main-stage
group 3 fluid inclusions are also preserved within the
Buck Quartz Fault samples which together with the
many post-D3 chalcopyrite-bearing quartz veins (Per-
kins, 1984) could indicate that deeply-derived meta-
morphic fluids where introduced multiple times up until
the late-orogenic stage of brittle wrenching (Section 2).

9. Conclusions

• Deeply derivedmetamorphic fluids are characterized by
uncorrelated 40Ar/36Ar and 36Ar concentration values.
Metamophic fluids derived from crystalline rocks are
likely to haveAir SaturatedWater (ASW=1.3–2.7 ppb)
or lower 36Ar concentrations. The 40Ar/36Ar value and



Fig. 14. Schematic diagrams indicating two mineralization models compatible with the noble gas and halogen data; (a) fluid displacement model;
(b) active convection model. Mineralisation in these models occurred at ∼1530 Ma, synchronous with post-peak metamorphism of the Sybella
Batholith and D3 deformation that may have reactivated Paroo ‘thrust’ Fault (Perkins, 1984; Swager, 1985; Connors and Page, 1995; Perkins et al.,
1999).

348 M.A. Kendrick et al. / Chemical Geology 235 (2006) 325–351
40ArE concentration is determined by the source region
mineralogy, K content and age, the 40Ar/36Ar value
could be as low as 296 or even higher than the MORB
value of 44,000 (Ozima and Podosek, 2002).

• Surface-derived sedimentary formation waters may
acquire significantly elevated 40Ar/36Ar values, sim-
ilar to those of metamorphic fluids (tens of thousands).
However, in the absence of phase separation (i.e. fluid
boiling), the 40Ar/36Ar value will be positively cor-
related with the 36Ar concentration. Surface-derived
fluids with high 40Ar/36Ar values will therefore have
36Ar concentrations of significantly greater than Air
Saturated Water (N1.3–2.7 ppb).

• The current noble gas and halogen data favour mixing
between a deeply derived metamorphic fluid best pre-
served in main-stage quartz fluid inclusions and a



349M.A. Kendrick et al. / Chemical Geology 235 (2006) 325–351
surface-derived sedimentary formationwaterwith bittern
brine origin best preserved in dolomite fluid inclusions.

• The lowest Br/Cl value of ∼1.5×10−3 measured in
dolomite fluid inclusions is similar to the modern-day
seawater value. This may indicate Proterozoic seawa-
ter had a similar Br/Cl value, and it is compatible with
the acquisition of salinity by sub-aerial evaporation.

• The Br/Cl value of the metamorphic fluid preserved
in quartz fluid inclusions, may have been signifi-
cantly fractionated by wall rock interaction at a very
low water-rock ratio in an initially rock-buffered
system. However, the data are compatible with the
conservative behaviour of Br/Cl at the site of
mineralization, where higher water-rock ratios pre-
dominated (fluid-buffered), and mixing of fluids with
independent origins is inferred to have been
responsible for the total Br/Cl variation.
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