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Abstract
Fluid inclusions in six quartz veins associated with Cu–Au mineralisation at the giant Ernest Henry iron oxide–copper–gold
deposit (167 Mt 1.1% Cu, 0.54 ppm Au) in northwest Queensland, have been analysed for naturally occurring and neutron
produced noble gas isotopes of Ar, Kr and Xe.
A combination of thermal and mechanical decrepitation methods enables distinction between four types of fluid inclusion.
Ultra-high-salinity (∼ 30 to 70 wt. % NaCl eq.) fluid inclusions have compositions that define two end-members that are variably
mixed in different samples. The first end-member has a 40Ar/36Ar value of ∼ 29,000, a 40ArE/Cl value of ∼ 3 × 10− 3 and mantle-like
Br/Cl and I/Cl values of 1–2 × 10− 3 and ∼11 × 10− 6, respectively. The second end-member has a much lower 40Ar/36Ar value of
less than 2500, a 40ArE/Cl value of ∼10− 6, low Br/Cl values of ∼ 0.4 × 10− 3 and I/Cl values of 1–2 × 10− 6 (all ratios are molar).
Carbon dioxide and later, lower salinity liquid-vapour fluid inclusions have similar 40Ar/36Ar values of less than ∼ 2500 in all
samples.
These data are compatible with genetic models in which Cu–Au mineralisation formed at a depth of 6-10 km, from circulation
of magmatic fluids derived from regionally abundant ‘A-type’ granites and a high salinity halite dissolution brine generated from
sedimentary formation waters in the upper crust. The largest source of CO2 was probably carbonate-rich lithologies in the midcrust. Later, lower salinity fluids with a surficial origin diluted the mineralising brines and are preserved in the latest, secondary
fluid inclusions.
These data provide insight on the composition of crustal fluids during the Proterozoic. Furthermore, the magmatic fluid endmember, derived from melts generated by re-melting lower-crustal Paleoproterozoic igneous rocks with a mantle source, preserves
mantle-like Br/Cl and I/Cl. These geochemical characteristics are interpreted to provide insight on I-recycling at subduction zones
and the composition of seawater in the Paleoproterozoic.
© 2007 Elsevier B.V. All rights reserved.
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The Cloncurry minerals district of the Mt Isa Inlier is
host to a remarkable number of ore deposits that formed
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during, or prior to, the ∼1.5–1.6 Ga Isan Orogeny [1–3].
Ernest Henry which formed at a crustal depth of 6–
10 km, is the largest of several iron oxide–copper–gold
(IOCG) deposits (Fig. 1), and is considered representative of the deposit class [3,5,6]. IOCG deposits like
Ernest Henry comprise breccia-hosted iron oxide
(haematite and magnetite) and Cu sulphides, and are
enriched in trace elements such as Au, U, and REE [7].
This deposit type is typically associated with regionally
extensive pervasive albitic and potassic alteration and
mineralisation is commonly localized along fault splays
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off major structures [7–10]. Therefore, these alkaline
alteration and ore systems provide evidence for lateral
fluid flow over 10–100's km and vertical fluid flow of
up to ∼ 10 km during orogenesis [7–9,11].
Fluid inclusions within Cu–Au mineralisation stage
quartz veins at Ernest Henry preserve the K-rich, sodic ore
fluids locally responsible for breccia-hosted IOCG
mineralisation [5,12]. These fluids typically include
ultra-high-salinity (b 70 wt.% NaCl eq.) brines and liquid
carbon dioxide, as well as later, lower salinity brines
[5,13–16]. The principal controversy in understanding

Fig. 1. Locality map indicating the position of IOCG within the Eastern Fold Belt of the Mt Isa inlier, NE Australia. Ernest Henry is the largest IOCG
at 167 Mt at 1.1% Cu and 0.54 ppm Au and is ∼ 15 km distant from the Mt Margaret granite which has U–Pb zircon ages of 1530 ± 8 Ma and 1528 ±
6 Ma [4].
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IOCG genesis, as well as that of regional alteration, relates
to the origin of these diverse fluids. IOCG terranes are
commonly associated with both extensive coeval igneous
activity and voluminous halite- or scapolite-calcitebearing sedimentary or meta-sedimentary rocks [7].
Therefore, ultra-high-salinity fluids and carbon dioxide
could be attributed to either (1) primary magmatic sources
[3,10,17], (2) convective circulation of formation waters
with dissolution of halite [8], or (3) metamorphic
devolatilisation of Cl-rich scapolite and calcite [7].
In this study, the noble gases (Ar, Kr, Xe) and
halogens (Cl, Br, I) have been released from aqueous
and carbonic fluid inclusions using a semi-selective
thermal decrepitation procedure that allows partial
deconvolution of chemical signatures associated with
the different fluid types [15]. The halogens are strongly
fractionated by interaction with halite, which preferentially excludes Br and I, such that surface-derived
halite dissolution waters are expected to have low Br/Cl
plus I/Cl values [18,19], and 40Ar/36Ar values of ∼300–
2000, similar to other sedimentary formation waters
[20,21]. Deeply derived magmatic fluids are expected to
have a limited range of Br/Cl and I/Cl [22,23] with
elevated 40Ar/36Ar values of up to ∼ 44,000 in juvenile
fluids [24,25] (or even higher if derived from ancient
crust). In addition, the noble gases and halogens can
provide some information on metamorphic processes:
prograde fluids formed by devolatilisation of crystalline
basement are likely to have high (magmatic-like)
40
Ar/36Ar values, low 36Ar concentrations and low
salinity (e.g. b 20 wt. % [26,27]). Whereas lower
40
Ar/36Ar values (i.e. b 2000) could be produced by
devolatisation of 36 Ar-rich sedimentary (or metasedimentary) rocks. In addition, at low water-rock ratios
the fluids' salinity, 36Ar concentration and Br/Cl values
could all be elevated by hydration reactions [26,28,29].
The data presented in this study allow new insight of
noble gas and halogen systematics in Mesoproterozoic
mid-crustal environments and provide a novel way to
test the disparate origins suggested for aqueous and
carbonic fluids in the IOCG deposit class.
2. Geology and samples
2.1. Regional metamorphism and magmatism
Peak metamorphism in the Eastern Fold Belt of the
Mt Isa Inlier occurred synchronously with E–W
shortening (D2) and reached greenschist to upperamphibolite facies at 1595-1575 Ma [30]. Metasedimentary rocks include the 1760–1720 Ma evaporite-rich calc-silicate supracrustal rocks of the Corella

Formation and equivalents (cover sequence 2) as well as
the younger 1680–1650 Ma siliclastic-rich rocks of the
Soldiers Cap Group (cover sequence 3) [4,31]. Pegmatitic veins were produced in the highest-grade zones [30]
close to the ∼ 1595 Ma Osborne IOCG [32] and the
Cannington Ag–Pb–Zn deposits (Fig. 1) [33].
The regionally extensive Williams–Naraku Batholiths
intruded older granitoids and supracrustal rocks during
two phases of post-peak-metamorphic magmatism
(Fig. 1) [4]. Granodiorite–tonalite–trondhjemite suite
intrusions were emplaced close to the Cloncurry Fault
(Fig. 1) around ∼1550 Ma [4,34,35], followed by intrusion of the volumetrically most abundant phases of the
Williams–Naraku Batholiths at 1540–1490 Ma (Fig. 1)
[4,36,37]. These late- to post-D3 intrusive rocks have
extremely variable compositions [34,38], with the more
mafic units including hornblende-diopside monzonites
and quartz diorites. The more dominant felsic units with
65–77 wt.% SiO2, include K-rich porphyritic monzodiorite, monzogranite, granodiorite and granite [34,35].
The younger granitoids probably formed in an intracontinental/back arc setting and have been variably
classified as I- or A-type [4,34–36]. Melt generation is
considered to have taken place at a depth of ≤ 25–30 km
in the plagioclase stability field [34,35], and may have
been triggered by the introduction of mantle melts in a
mafic underplate [4,35,38–40]. At the current level of
exposure, some of the mafic units may have had a
juvenile origin, but the dominant felsic units recycled
Paleoproterozoic igneous rocks with depleted mantle
Sm–Nd model ages of ∼ 2.2–2.3 Ga [4,35,37].
2.2. Hydrothermal alteration and mineralisation
Regionally extensive Na–Ca hydrothermal alteration
(albitisation) took place at 300–500 °C and is associated
with veins that comprise albitic plagioclase, magnetite,
clinopyroxene, and amphibole [9,41]. Na–Ca altered
rocks occur throughout the Eastern Fold Belt, but are
most intensely developed in calc-silicate rocks and along
breccia zones in large faults [9,11,42,43]. Na–Ca
alteration took place in several discrete episodes and is
overprinted by IOCG mineralisation in each of the ore
systems [3]. However, at Ernest Henry Na–Ca alteration
has a U–Pb titanite age that is indistinguishable to that of
pre-ore potassic alteration and intrusion of the 15 km
distant Mt Margaret granite at ∼ 1525 Ma (Fig. 1) [4,6].
Similar U–Pb titanite ages of ∼ 1520–1530 Ma at
several other localities in the Eastern Fold Belt suggest
that Na–Ca alteration was widespread at this time [9,44].
The Ernest Henry ore-body is hosted by K-feldspar
altered meta-andesitic rocks, interpreted to be temporal
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equivalents of the ∼ 1740 Ma Mt Fort Constantine
Volcanics [4,6], and minor intercalated meta-sedimentary rocks in a zone of dilation between two shear zones
[5,6]. The main Cu–Au ore-forming event (stage 1) is
associated with a matrix-supported hydrothermal breccia. Rounded to sub-rounded clasts (5–20 mm) are
supported by a matrix of magnetite, calcite, pyrite,
biotite, chalcopyrite, K-feldspar, titanite, quartz and
diverse accessory phases. Stage 2 veins transect the ore
breccias and are mineralogically identical to stage 1
breccia matrix but with calcite, quartz, K-feldspar,
chalcopyrite, barite and magnetite more dominant [5,6].
Stable isotope (δ18O and δ34S) values calculated for the
ore fluids from mineral analyses are similar to igneous
values, compatible with either a magmatic fluid or a
sedimentary formation water (cf. [3,5,10]).
2.3. Quartz samples
Six samples, representative of stage 2 quartz veins
and associated with the highest grade of Cu–Au
mineralisation, were selected from drill core intersections at the centre of the deposit (drill holes; EH205;
EH461; EH477; EH501; EH502; see Appendix A).
Although high purity separates were obtained by hand
picking 1–2 mm quartz grains under a binocular
microscope, some of the fluid inclusion wafers
contained micron-sized mineral impurities that could
not be separated and were associated with late fractures
in sample AO424-13.
The fluid inclusion assemblages within the selected
samples are typical for stage 2 quartz veins from the
Ernest Henry deposit (G. Mark, unpublished data; [16]),
and to those reported for other IOCG deposits in the
region e.g. [14,45,46]. The relative proportions of ultrahigh salinity multi-solid (MS), liquid-vapour-daughter
(LVD), liquid-vapour (LV) and liquid carbon dioxide
(CO2) fluid inclusions are given in Table 1. MS and LVD
fluid inclusions have typical homogenization temperatures of between ∼ 250 and 550–600 °C corresponding
to a large range in salinity (Table 1). LV fluid inclusions have variable final melting temperatures indicating
salinities of b 5 to ∼ 30 wt.% total dissolved solids. All of
these aqueous fluid inclusions can have first melting
temperatures as low as − 55 °C, indicating a Ca-rich
composition, and vapour disappearance usually occurs
between ∼100 and 200 °C. Carbon dioxide fluid inclusions have melting points of close to − 56.6 °C indicating
a high purity. CO2-fluid inclusions homogenize into the
liquid phase between − 8 and + 25 °C, indicating a range
of densities close to those reported for similar deposits,
∼ 0.7-1 g cm− 3 [45,46].
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Table 1
Fluid inclusion types and salinities
Sample

MS

LVD

LV

CO2

Freq. Wt.%
NaCl eq.

Freq. Wt.%
NaCl eq.

Freq.

Freq.

75%
70%
70%
60%
70%
65%

5%
5%
20%
20%
10%
20%

AO424-28 16% 51 40–69 4% 35 30–43
AO424-31 9% 51 35–65 16% 33 26–46
AO422-09 6% 49 36–69 4% 51 39–61
AO425-05 7% 46 34–59 13% 36 31–46
AO424-13 14% 41 34–58 6% 33 30–35
AO427-10 2% 39 38–39 13% 35 31–39

Fluid inclusion types: MS—multi solid; LVD—liquid-vapour daughter; LV—liquid-vapour; CO2—liquid CO2.
Samples listed in order of decreasing fluid inclusion assemblage mean
salinity. The salinity mean and range are given for MS and LVD fluid
inclusions.

The largest CO2 fluid inclusions decrepitated at the
lowest temperatures of ∼ 200–400 °C, while some
regularly shaped smaller CO2 fluid inclusions persisted
to 600 °C. Most aqueous fluid inclusions decrepitated in
the range ∼ 250–600 °C, but the most saline LVD and
MS fluid inclusions were preferentially preserved to high
temperatures, with mean decrepitation temperatures of
≥ 400–500 °C. This decrepitation behaviour is similar to
that reported for quartz samples selected from similar
deposits and alteration elsewhere in the region [11,15].
3. Noble gas and halogen methodology
High purity quartz separates were irradiated for
150 Megawatt hours in position 5c of the McMaster
Nuclear Reactor, Canada; irradiations designated UM#7
on 7th July 2004 and UM#10 on 1st May 2005. The
neutron fluence in both irradiations was monitored using
Hb3Gr (1072 Ma) [47] and GA1550 (98.8 Ma) [48] flux
monitors and the shallowater I-Xe standard [49]. Jvalues had a mean of 0.0175 ± 0.0003 for UM#7; and
0.0187 ± 0.0002 for UM#10. The additional α and β
parameters [47,50] had mean values of α = 0.62 ± 0.06,
β = 5.2 ± 0.2 for UM#7; and α = 0.55 ± 0.01, β = 4.9 ± 0.3
for UM#10. The total neutron fluence (fast and thermal)
was very similar at ∼ 1019 neutrons cm− 2 for each
irradiation, but the resonant neutron correction factors
[15] were higher in UM#7 (1.5 for Br and 2.0 for I) than
in UM#10 (1.3 for Br and 1.7 for I).
Noble gases were extracted from 45-82 mg of each
sample included in UM#7 by stepped heating. This
enables semi-selective analysis of the different fluid
inclusion types in each sample (Table 1), because each
type of fluid inclusion has a slightly different range of
decrepitation temperature [15]. Furthermore, high-purity
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carbon dioxide fluid inclusions do not contain significant
halogens. In addition, 28–33 mg of samples AO422-09,
AO424-31 and AO427-10 from UM#7 and two larger
(185–312 mg) duplicates of samples AO424-31 and
AO427-10 irradiated in UM#10, were analysed by
combined in vacuo crushing and stepped heating of the
crushed residue [51]. The extracted gases were purified
using hot and cold zirconium aluminum getters and were
isotopically analysed using the MAP 215-50 noble gas
mass spectrometer at the University of Melbourne.
Chlorine, Br, I, K, Ca and U are determined from the
neutron flux and the measured abundance of nucleogenic
(and fissionogenic) noble gas isotopes: 38ArCl, 80 KrBr,
128
XeI, 39ArK , 37ArCa and 134XeU [15,49]. The Br/Cl and
I/Cl values are proportional to the measured 80KrBr/38ArCl
and 128XeI/38ArCl values [15]. Minimum analytical uncertainties (1σ) determined from air calibrations are 0.1%
for 40Ar/36Ar ratios but ∼3–5% for Kr/Ar and Xe/Ar
ratios determined using a combination of two detectors.
The total uncertainty (1σ) is estimated as 10% for Br/Cl
ratios and 15% for I/Cl ratios, based on the reproducibility
of selected samples included in several irradiations. All
ratios are molar, but concentrations are given in weight
units unless otherwise stated. The analytical protocol is
described in detail elsewhere [15].
4. Noble gas and halogen data
4.1. Sample K and Ar–Ar systematics
Most fluid inclusions have molar K/Cl values of
0.04–0.15 (Table 2), determined by in vacuo crushing
and from stepped heating of uncrushed samples
(≤500 °C), which preferentially extracts noble gas
isotopes from fluid inclusions [51–53]. Higher K/Cl
values of greater than 0.5, obtained from some samples
at ≥ 550 °C, are attributed to 39ArK outgassed from
mineral impurities within the quartz matrix.
The maximum K/Cl values are higher for crushed
samples than for uncrushed samples (Table 2), because
fewer Cl-rich fluid inclusions are present after crushing.
As a consequence it is easier to detect minor K-mineral
impurities in crushed samples. However, the K
concentration is variable within each of the samples
for which duplicates were analysed (Table 2; e.g.
46 ppm in AO427-10a vs. 220 ppm AO427-10c),
indicating that the K-mineral impurities are heterogeneously distributed through the samples.
4.1.1. Mineral impurity Ar–Ar ages
It was not possible to obtain quartz samples that were
both large enough for detailed stepped heating analysis,

and also free of K-mineral impurities (Table 2). As a
result, isochron regressions obtained by stepped heating
the crushed residues (Fig. 2), do not constrain the time at
which primary fluid inclusions were trapped during the
∼ 1525 Ma mineralisation event [6,52]. Instead, mineral
impurity ages of ∼ 1050–1250 Ma are obtained (Fig. 2),
and are interpreted to relate to cooling of the mineral
impurity through a poorly defined closure temperature
of ∼ 150–250 °C [52]. In these cases, 40ArR is lost from
the mineral impurity into the surrounding fluid inclusions or quartz matrix, but 40ArR is not lost from the
actual sample [52]. As a result, the samples yield total
fusion ages of much older than the preferred 1525 Ma
age of mineralisation (Fig. 2; [6]).
In contrast, sample AO424-13 has an anomalously
young total fusion age of ∼227 Ma, and selected extraction steps yield an ‘isochron’ age of ∼ 11 Ma (Fig. 2c). In
this case, the apparent age cannot be explained by redistribution of 40ArR within the sample. Instead, these data
indicate either very late growth of a secondary mineral or
40
ArR loss from the sample. Growth of late-mica is the
favoured explanation because this sample has the highest
K content of 0.4 wt.% (Table 2), mineral impurities were
observed close to fractures in the fluid inclusion wafer,
and the fluid inclusions appear identical to the other
samples with respect to type, salinity and Ar concentration (Tables 1 and 2).
The complex Ar–Ar systematics outlined above
illustrate the importance of identifying the main
reservoir of K and Ar in fluid inclusion-bearing samples,
and confirm how difficult it can be to date the actual
fluid inclusions [52,54]. As in previous studies, the K
abundance and K/Cl values are critical parameters that
enable the importance of K-mineral impurities to be
quantified, even when such (minor) phases are difficult
to detect by microscopy [51,52].
4.2. Fluid inclusion Argon compositions
Samples with b100 ppm K are dominated by fluid
inclusion excess 40 ArE 1 , with the 1525 Ma agecorrected mean 40Ar/36Ar value being ∼ 2–6% lower
than the uncorrected measured value (total fusion
40
Ar/36Ar values; Table 2). Sample AO422-09 with
300–730 ppm K has one of the largest age-corrections
of up to 57% (Table 2). Sample AO424-13 contains a
significant mineral impurity in late fractures (not fluid
inclusions) and we report 40Ar data for extraction steps
1
Excess 40ArE = 40Ar not attributed to an atmospheric source
(296 × 36Ar) or in situ radiogenic decay of 40K since the time of
trapping.

75

58

28

312

a

b

c

AO424-13

AO427-10

1820 ± 10
1500 ± 220

2540 ± 140⁎

6780 ± 180
2330 ± 50
5690 ± 80
2920 ± 330

6730 ± 840

6400±1000

C
cH
C
cH

H

H

295.5
∼44,000

15,770 ± 960⁎
3510 ± 50
6900 ± 100
7260 ± 50

9500 ± 360

3460 ± 50

H 29,000 ± 8 000

C
cH

H

C
cH
C
cH

H

H

Max Agecorrected 1

Ar/36Ar

40

(4360 ± 60)
4120 ± 130
(3600 ± 40)
3490 ± 30
(4260 ± 10)
3780 ± 10

(1870 ± 70)
1060 ± 40

(12,100 ± 500)
11,800 ± 500

(2770 ± 30)
1200 ± 10
(1010 ± 10)
760 ± 5

(2540 ± 70)
2480 ± 70
(3470 ± 50)
3400 ± 50
(2700 ± 10)
2600 ± 10

(3980 ± 200)
3850 ± 180

Total fusion
(measured)corrected

2

∼10–30

448 ± 34
130 ± 6
270 ± 18
375 ± 25

530 ± 32

367 ± 85

87 ± 23

165 ± 8
135 ± 20

252 ± 12

51 ± 5
56 ± 6
82 ± 6
137 ± 9

207 ± 28

58 ± 10

Max

Cl/36Ar × 106

∼ 1000

38 ± 7
25 ± 11
30 ± 4
14 ± 9

34 ± 38

43 ± 48

350 ± 70

9.3 ± 0.5
6.5 ± 3.3

10 ± 4

108 ± 27
61 ± 73
62 ± 8
31 ± 17

47 ± 37

119 ± 27

Mean (± S.D.)

ArE/Cl × 10− 6

40

0
b8–?

39 (50)

41 (58)

46 (59)

49 (69)

51 (65)

51 (69)

1.6–2.7
b 0.2

0.5 (0.7)
1.8 (2.4)
0.9 (1.1)
0.6 (0.8)

0.5 (0.6)

0.7 (1.0)

3.3 (4.2)

1.8 (2.6)
2.2 (3.1)

1.2 (1.7)

6.2 (7.8)
5.6 (7.1)
3.8 (4.9)
2.3 (2.9)

1.5 (1.9)

5.4 (7.3)

3

[36Ar] (ppb)

MS mean (max)

NaCl (wt.%)

0
2–5

10 (13)
6.7 (8.5)
8.0 (10)
3.7 (4.8)

9.1 (12)

12 (17)

110 (141)

3.1 (4.4)
2.2 (3.1)

3.4 (4.7)

38 (48)
21 (27)
22 (28)
11 (14)

16 (21)

41 (56)

[40ArE] (ppm)

F129Xe

–

–

–

–

1.4–5.1
–
1.5–2.1
–

–

–

1.1–3.8
–
1.1–1.4
–

1.6–2.3
–

–

1.0–1.4
–

–

1.7–2.9
–
0.8–1.7
–

–

–
0.9–1.3
–
1.1–1.3
–

–

–

In vacuo crush
range

F84Kr
4

I/Cl × 10− 6

1–2

0.37

0.45

0.37–0.60

0.60–1.1

1.3–2.0

0.53

0.36–1.0

1.1

1.3

0.72–1.3

1.2–1.6

10–70

–

1.9

1.6–4.0

0.82–1.6

3.9–11

1.1

0.58–1.5

–

4.7

1.7–2.9

1.4–3.4

200–700 °C range or
bulk (TF)

Br/Cl × 10− 3

0.03–0.07
0.07
0.05–0.06
0.06–0.11

0.04–0.17

0.05–0.09

0.04–0.22

0.03–0.08
0.01–0.44

0.06–0.14

0.06–0.12
0.06–0.13
0.07–0.09
0.04–0.12

0.04–0.4

0.06–0.15

0.065 ± 0.003
244 ± 12
0.060 ± 0.004
3.5 ± 0.2

0.19 ± 0.01

243 ± 5

0.22 ± 0.02

0.079 ± 0.004
9.2 ± 0.4

3.8 ± 0.2

0.12 ± 0.01
6.1 ± 0.4
0.09 ± 0.01
1.5 ± 0.1

0.40 ± 0.02

3.2 ± 0.2

(wt.%)

FI 5 range ≤500°C

1.8 (2.3)
1.8 (2.3)
1.6 (2.0)
2.9 (3.7)

4.4 (5.7)

2.5 (3.5)

7.2 (10)

2.6 (3.7)
14.4 (20)

4.6 (6.5)

4.1 (5.2)
4.4 (5.6)
3.1 (3.9)
4.1 (5.2)

14 (17)

5.1 (6.9)

MS mean (max)

K

K/Cl

(ppb)

U

220

51

46

3700

14

300

730

47

25

25

68

–

50

40

70

6

10

2

–

100

20

20

FI + matrix 6

(ppm)

All ratios are molar.
1
Age-corrected (1525 Ma) sample maximum 40Ar/ 36Ar values. Max values include data obtained in the temperature range 200–1600 °C or by in vacuo crushing. The asterisk ⁎ indicates 40Ar/36Ar values that may be unrepresentatively high due to intra-sample
40
ArR redistribution [52].
2
Uncorrected-measured and age-corrected (1525 Ma) sample mean (total fusion) 40Ar/ 36Ar values.
36
36
3
MS = multi-solid f luid inclusions. The concentration of Ar and K in MS fluid inclusions is calculated from the mean and maximum salinity of MS fluid inclusions, the tabulated Cl/ Ar and ArE/Cl values and the upper limit of the range of fluid inclusion K/
Cl values. Precision is limited to ∼30% by the variable nature of the sample material.
4
The range of Br/Cl and I/Cl values in the temperature ranged considered most representative of the fluid inclusions is given for uncrushed samples [15]. A bulk or total fusion (TF) value is given for samples analysed by combined in vacuo crushing and
stepped heating of the crushed residue.
5
FI = fluid inclusion value estimated for K/Cl by in vacuo crushing or stepped heating at ≤500 °C.
6
The accuracy of sample K concentration (FI + matrix) is limited by calibration of mass spectrometer sensitivity to ∼ 20 % and is given to two significant figures, sample U concentrations are only semi-quantitative and are given to the nearest 10 or whole
number.
7
Reference values in [23–25,49,55].

Reference values 7
Meteoric
Mantle fluids

69

AO425-05

33

b

195

c

45

31

b

a

54

a

AO424-31

AO422-09

82

AO424-28

(mg)

Sample/mass/extraction:
H = step heat; C = crush;
cH = step heat crush residue

Table 2
Ernest Henry noble gas, halogen, K and U data summary
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sample AO425-05 with the highest 40Ar/36Ar value has
a very small age correction (Table 2), demonstrating that
variation in fluid inclusion 40Ar/36Ar is not attributed to
radiogenic 40ArR in growth.
Unless otherwise indicated, the reported 40Ar/36Ar
values (from here in) are age-corrected and representative of the initial, 1525 Ma, fluid inclusion compositions
(Table 2). As fluid inclusion leakage is not required to
explain any of these data, and it has been demonstrated
that quartz fluid inclusions are retentive of Ar over
billions of years [52], chemical parameters that exclude
40
Ar (Br/Cl, I/Cl, Cl/36Ar, 36Ar concentration, etc.) are
representative of IOCG fluids in every sample.
4.2.1. Deconvolving MS, LVD, LV and CO2 fluid
inclusions
The Ar-isotope data for each sample define a mixing
array in age-corrected 40Ar/36Ar vs. Cl/36Ar space, and
Cl is strongly correlated with 40ArE in samples AO42710, AO425-05, AO424-28 and AO424-31 (Fig. 3). In
these cases, extraction steps with the highest Cl/36Ar
and 40Ar/36Ar values are most representative of the
highest salinity MS and LVD fluid inclusions [23].
Conversely, extraction steps with lower Cl/36Ar values
are more representative of lower salinity LVor CO2 fluid
inclusions which are inferred to have the lowest
40
Ar/36Ar values (Fig. 3). MS and LVD fluid inclusions
in sample AO425-05 have a 40 Ar/ 36 Ar value of
∼ 29,000, which is higher than seen in similar fluid
inclusions in any other sample (Fig. 3). In contrast, the
CO2 and LV fluid inclusions in this sample could be

Fig. 2. Isochron diagrams for the Ernest Henry quartz samples.
(a) Samples with total K of 14-68 ppm and max K/Cl of 6.1 (Table 2) are
dominated by excess 40ArE. The preferred deposit age of ∼ 1525 Ma [6]
is shown for reference. (b) Samples AO427-10 and AO422-09 with
50–700 ppm K and maximum K/Cl values of N9 (Table 3) yield
mineral impurity cooling ages. (c) Sample AO424-13 with ∼0.4 wt.%
K (Table 2), contains fluid inclusions dominated by excess 40ArE, but
the mineral impurity yields an age of ∼ 11 Ma. Abbreviations—Iso.
Age = ‘Isochron’ age, TF age = total fusion age. The measured
40
Ar/36Ar values are not age-corrected in this plot.

at ≤500 °C only. The mineral impurity is not degassed
at these temperatures and the corresponding age
correction is ≤10% (Table 2). It is noteworthy that

Fig. 3. Age-corrected (1525 Ma) 40Ar/36Ar vs. Cl/36Ar for Ernest
Henry Quartz. Data points for samples AO425-05, AO424-28,
AO424-31, and AO427-10 are strongly correlated with the slopes
approximating the average 40ArE/Cl value (Table 2). CO2 and LV fluid
inclusions have low Cl/36Ar and 40Ar/36Ar values (see schematic inset
by legend). Nb—in the interests of clarity a single split (split-a) is
shown for each sample.
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Fig. 4. 36Ar concentration of MS fluid inclusions (a) as a function of the maximum age-corrected 40Ar/36Ar (1525 Ma) and (b) sample mean Br/Cl
(data from Table 2). Sedimentary formation water and basement-derived metamorphic fluid fields are shown for reference. The Formation water field
in panel a has a lithology dependent slope, but high 36Ar concentrations (N27 ppb) are expected in fluids with high 40Ar/36Ar values (e.g. N5000) [26].
Basement-derived metamorphic fluids are likely to have ASW or lower 36Ar concentrations (see [26]). ASW = Air Saturated Water (meteoric or
seawater) with 1.3–2.7 ppb 36Ar [55] is shown as dotted horizontal lines. Halite dissolution leads to low Br/Cl values. Fluids in AO425-05 have a
preferred magmatic origin, see discussion.

similar to CO2 and LV fluid inclusions in the other
samples with maximum 40Ar/36Ar values of 2400–4700
(the minimum measured values; Fig. 3).
Samples AO422-09 and AO424-13 have maximum
40
Ar/36Ar values of only 1500–2500, and 40ArE/Cl
values of ∼ 10− 6 (Fig. 3). Cl is not strongly correlated
with 40ArE in these samples and some of the highest
40
Ar/ 36 Ar values measured in sample AO424-13
correspond to the lowest Cl/36Ar values giving a weakly
negative correlation (Fig. 3). In these cases, it is
suggested that MS, LVD, LV and CO2 fluid inclusions
all have similar 40Ar/36Ar values. Alternatively, CO2
and LV fluid inclusions could have higher 40Ar/36Ar
values than MS and LVD fluid inclusions in sample
AO424-13 (but less than ∼ 2500; Fig. 3).
4.2.2. Kr, Xe and fluid inclusion Ar concentrations
Stepped heating preferentially extracts fissionogenic
isotopes of Kr and Xe, indicating that U present at the ppblevel is situated in the quartz matrix not fluid inclusions
(Table 2). The 84Kr/36Ar and 129Xe/36Ar values obtained
by in vacuo crushing samples AO427-10bc, AO424-31bc
and AO422-09b are reported relative to the atmospheric
ratios, as fractionation values (F84Kr and F129Xe)2
(Table 2). Most of these values are intermediate of Air
Saturated Water (ASW) and air (Table 2; Appendix), and
encompass a similar range as mid-crustal rocks (e.g. [56]).
These values are probably representative of mid-crustal
2
F X = (X/36Ar)sample/(X/36Ar)air. Air has F-values of 1, meteoric
water and seawater in the temperature range 0–20 °C (ASW—Air
Saturated Water) have F84Kr ∼ 1.8–2.1 and F129Xe ∼ 3.1–4.2 [55].

fluids; however, the possibility that a minor atmospheric
(air) component with a 40Ar/36Ar value of 296 is present
cannot be eliminated.
If present atmospheric Ar, which could have been
introduced in either ancient times or as a modern
contaminant, would move all the data points in Fig. 3
variable distances toward air. This would increase the
scatter of negatively correlated data points (i.e. AO42413), but reinforce positive correlations (Fig. 3). However, as each extraction step exhibits variable 40ArE/Cl, Br/
Cl, I/Cl as well as 40Ar/36Ar and Cl/36Ar values (Fig. 3),
the spread of these data cannot be explained by
atmospheric contamination alone and any atmospheric
component is probably minor.
The 36 Ar concentration of high salinity fluid
inclusions can be calculated from the mean salinity of
MS fluid inclusions and the maximum Cl/36Ar value
determined for each sample (Table 2). The 36 Ar
concentration is unrelated to the age-corrected
40
Ar/36Ar value (Fig. 4a), and varies between 0.5 and
6.2 ppb, with the lowest values reported for samples
with low Br/Cl values (Fig. 4b). The 40ArE concentrations vary from ∼ 1 to N 100 ppm and the highest values
are in samples with elevated 40Ar/36Ar values (Table 2).
4.3. Fluid inclusion halogen variability
Most samples have fluid inclusion molar Br/Cl
values that decrease with increasing temperature and
Cl/36Ar values that increase with increasing temperature
(200 °C to ∼ 600 °C; Fig. 5). The increase in Cl/36Ar is
compatible with the preferential decrepitation of the
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most saline MS and LVD fluid inclusions at temperatures
of N 400 °C (Section 2.3), suggesting that MS and LVD
fluid inclusions have some of the lowest Br/Cl values
(Fig. 5). The decrease in Cl/36Ar above 600 °C is
probably explained because less gas is evolved from Clrich fluid inclusions at these temperatures [15] making
it more susceptible to contamination by minor atmospheric 36Ar.
In two of the three samples for which multiple splits
were analysed, the mean Br/Cl and I/Cl values obtained
by stepped heating uncrushed samples (200–700 °C) are
very close to the bulk (total fusion) values obtained by
combined in vacuo crushing and stepped heating (200–
1600 °C) of the crushed residue (Figs. 4b and 6; Table 2).
The different Br/Cl and I/Cl values determined for splits
a, b and c of sample AO424-31 indicate real intra-sample
variation (Fig. 4b; Table 2; Appendix).

Fig. 6. (a) Br/Cl vs. I/Cl, with mean age-corrected 40Ar/36Ar values
(1525 Ma) given for each sample. (b) 3D multicomponent diagram
showing Br/Cl and I/Cl vs. age-corrected 40Ar/36Ar data (1525 Ma) for
Ernest Henry quartz samples. In both diagrams large symbols represent
mean values determined on uncrushed samples (200–700 °C) or bulk
(total fusion) values determined by combined in vacuo crushing
and stepped heating of the crushed residue. Small symbols
represent intra-sample variation for uncrushed samples 200–700 °C.
The values of seawater, the seawater evaporation trajectory, halite
dissolution water (the Hansonburg MVT) and magmatic fluids (based
on Porphyry Copper Deposits) are shown for reference, see text
[22,23,66,68].

Fig. 5. Composition decrepitation diagrams for Ernest Henry quartz
samples. (a) Cl/36Ar vs. temperature. MS and LVD fluid inclusions are
interpreted to dominate the decrepitation signature between 400 and
700 °C. (b) Br/Cl vs. temperature. The Br/Cl composition of halite and
Sylvite have been estimated from the composition of modern day
seawater (Br/Cl ~ 1.5 × 10-3; [66]) and the Br/Cl partition coefficients
for halite (0.033) and sylvite (0.2) [19]. Additional scatter is expected
because of Br-rich fluid inclusions or incongruent halite dissolution
[67].

Two of the six samples have fluid inclusion Br/Cl
values entirely within the range of ∼ 1–2 × 10− 3, that is
typical of magmatic fluid inclusions in samples from
Porphyry Copper Deposits (PCD) [23] and mantle fluids
in diamond [49,57]. However, the majority of I/Cl
values are lower than those of magmatic fluids in PCD
[23] with only the highest value of 11 × 10− 6 determined
for sample A0425-05 overlapping the mantle/magmatic
range (Fig. 6a; Table 2; [23,49,57]). The remaining
samples contain fluid inclusions that are enriched in
Cl relative to both Br and I, and the minimum Br/Cl and
I/Cl values of 0.36 × 10− 3 and ∼ 10− 6 are suggestive of
halite dissolution (Fig. 6).
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4.3.1. Halogen vs. argon correlations
MS and LVD fluid inclusions in sample AO425-05
with the highest, most ‘magmatic’, Br/Cl and I/Cl values, also have the highest 40Ar/36Ar values of ∼29,000
(Fig. 6; Table 2). MS and LVD fluid inclusions in samples
AO422-09 and AO424-13 with low Br/Cl and I/Cl values
have 40Ar/36Ar values of less than 1500–2500 (Fig. 6).
The spread in these data is interpreted as strong evidence for the involvement of at least two high-salinity
fluids, because the order of magnitude decrease in
40
Ar/36Ar is accompanied by a simultaneous decrease
the Br/Cl plus I/Cl values (Figs. 4 and 6). The simultaneous change in all of these parameters is unlikely to
be explained by dissolution of halite alone, which would
preferentially alter the halogen ratios (Fig. 6). It also
cannot be explained by other wall rock interactions because the Br/Cl value is unlikely to be fractionated at high
water-rock ratios [58]. In addition, wall rock interaction
would lead to a correlation between 40Ar/36Ar and 36Ar
concentration (cf. Fig. 4), with the fluid that has undergone the greatest degree of wall rock interaction
acquiring the highest 36Ar concentration [26]. Finally, the
variations cannot be explained by phase separation, which
on the basis of solubility, would strongly fractionate the
noble gas elemental ratios but would not affect isotopic
compositions [55].
Nonetheless, the relationship between the noble
gases and the halogens is clearly complex. Br is not
linearly correlated with I and samples AO427-10 and
AO422-09, with the equal lowest Br/Cl values have
quite different 40Ar/36Ar values (Table 2; Fig. 6a).
Together the total variation in 36Ar concentration, Br/Cl,
I/Cl, 40Ar/36Ar values as well as the lack of any clear
correlation between any of these parameters with mean
salinity, suggests that multiple fluids or processes shape
the geochemical variation (Fig. 6; Table 2 lists samples
in order of decreasing fluid inclusion salinity).
5. Discussion
The variation in Ernest Henry noble gas and halogen
data has been interpreted to result primarily from mixing
of two high-salinity fluids (fluids #1 and #2; Fig. 6). In
addition, late lower salinity LV fluid inclusions (fluid
#3) and CO2 fluid inclusions with negligible salinity are
present in all of the samples (Table 1; Fig. 3). Stepped
heating experiments help resolve these different fluid
inclusion types and Cl-poor CO2 plus LV fluid
inclusions are inferred to have uniformly low
40
Ar/36Ar values (Fig. 3). The compositions of the
different fluid end-members and the significance of
these compositions are summarised in Table 3.
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5.1. Fluid #1
The high 40Ar/36Ar value of ∼ 29,000 in fluid #1
suggests a deep source from either the basement or the
mantle, and could be representative of either a magmatic
or a metamorphic fluid. However, the 36Ar concentrations (3–6 ppb) and the salinities (b 70 wt.% NaCl eq.),
are higher than the values of 1.5–3 ppb 36Ar and
b 20 wt.% NaCl eq. determined for fluids interpreted to
have had a metamorphic-basement origin in the
unrelated Mt Isa Cu deposit [26] (Tables 2 and 3). In
addition, the Br/Cl and I/Cl values (Table 3) are much
lower than those of the interpreted metamorphic fluids at
Mt Isa [26].
The mantle-like Br/Cl and I/Cl values of fluid #1
could be explained if a magmatic fluid was: (1) sourced
from magmas generated from (mantle-derived) igneous
rocks in the lower crust, that preserved mantle-like Br/Cl
and I/Cl values; or (2) the magmatic fluid contained a
juvenile component. The 1540–1490 Ma magmatism in
the Cloncurry District is dominated by ‘A-type’ granites
sourced from variably reworked Paleoproterozoic
igneous rocks [4,35–37] making the first alternative
most likely. However, a juvenile component could be
involved if the relatively minor mafic phases of the
Williams–Naraku Batholith [35] have a more voluminous expression at depth.
The favoured interpretation of fluid #1 as a magmatic
fluid derived from magmas generated by re-melting
Paleoproterozoic igneous rocks (i.e. crust), implies that
the mantle-like halogen signature was not significantly
fractionated during initial separation of the Paleoproterozoic crust from the mantle or during subsequent remelting/recycling. Such non-fractionation is consistent
with the similarity of Br/Cl and I/Cl values reported
for MORB, Island Arc Basalts (IAB) and fluid inclusions in some mantle diamond and arc related Porphyry
Copper Deposits [23,49,59]. The non-fractionation can
be explained if the halogens are quantitatively mobilised
during the melting processes that formed all of these
rocks and fluids. However, this does not mean that
magmas generated in the crust will always yield
magmatic fluids with mantle-like Br/Cl and I/Cl
compositions. For example, lower Br/Cl values have
been reported in ‘magmatic’ fluids associated with the
Cornubian Batholith, England [22,60,61].
5.1.1. Comparison with magmatic fluids in Porphyry
Copper Deposits
The maximum 40Ar/36Ar value of 29,000 is almost an
order of magnitude higher than the highest values
measured in Porphyry Copper Deposits (PCD), that are

Ar/36Ar
ArE/Cl

All ratios are molar.

Br/Cl
I/Cl
Salinity

[40ArE]
[36Ar]

40

40

∼ 100 ppm
3.3–6.2 ppb
Enriched in 36Ar and 40ArE relative to
mantle fluids in diamond or metamorphic
fluids derived from the deep crust.
Probably representative of magmatic
fluids.
1–2 × 10− 3
∼ 11 × 10− 6
b69 wt.% NaCl eq.
Similar composition to I-poor mantle
fluids. Likely to reflect a source from
recycled Paleoproterozoic igneous rocks
with an ultimately mantle origin.

∼ 29,000
3 × 10− 3
Deep crustal or mantle, magmatic fluids
or, basement-derived metamorphic fluids.

Fluid #1

Table 3
Summary of fluid types involved in IOCG mineralisation at Ernest Henry

0.4-3 ppm
0.5–2.5 ppb
Ar concentration similar to or
slightly lower than meteoric water. Could
indicate a metamorphic source or minor
Ar loss from an unevolved sedimentary
formation water.
∼ 0.4 × 10− 3
∼ 1 × 10− 6
b69 wt.% NaCl eq.
Indicate halite/scapolite dissolution at
pressures and temperatures much greater
than surface conditions where saturation
≈ 26 wt.% NaCl eq.

b2500
10− 5 to 10− 6
Similar to sedimentary formation waters
or metamorphic fluids derived from
sedimentary or meta-sedimentary rocks.

Fluid #2

Similar to primary fluids ?
Similar to primary fluids ?
b5 wt.% NaCl eq.
Thought to be a low salinity
fluid that dilutes the preexisting high salinity primary
brines and has little effect on
halogen composition.

b0.4 ppm
∼1.6–2.7 ppb ?
Assumed to be similar to air
saturated water.

b1000
–
Surficial origin.

Fluid #3 (late)

CO2 fluid inclusions are not a
significant reservoir of the
halogens.

Crustal origin inferred: CO2
provides evidence for ‘minor’
devolatilisation of calc-silicate
rocks.
?
?
Cannot estimate concentrations
as CO2 fluid inclusions have
low abundance and do not
contain Cl.

b2500

CO2
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less ambiguously related to magmatism [22,23]. This
apparent paradox may be explained because most PCD
occur at crustal depths of b 2 km and exhibit evidence for
vigorous fluid boiling with depleted 36Ar concentrations
as low as 0.2 ppb; and at Bingham Canyon highly
fractionated F84Kr and F129Xe values of much greater
than ASW [23]. The resulting 36Ar-poor nature of PCD
ore fluids, enabled overprinting of the magmatic
40
Ar/36Ar signature by minor contributions of meteoric
and/or sedimentary formation water, with low 40Ar/36Ar
values but much higher 36Ar concentrations [23].
In contrast, the Ernest Henry IOCG deposit formed at
much deeper crustal levels of 6–10 km [3,5,6]. The
hydrothermal brecciation at Ernest Henry is probably
related to unmixing of aqueous and CO2 fluids (Table 1),
rather than fluid boiling [17,62]. The fluid inclusion
F84Kr and F129Xe values are in the range of air and ASW
(Table 2) and the 36Ar concentration is up to an order of
magnitude higher than in PCD [22,23]. The lack of either
Ar-loss or noble gas fractionation at Ernest Henry, implies that either phase separation was less important than
in many PCD, or that at depths of 6–10 km, the heavy
noble gases (Ar, Kr, Xe) are not strongly fractionated
between supercritical CO2 and aqueous fluids. As a
result the primary Ar signature of the magmatic fluid has
been better preserved at Ernest Henry (Fig. 6) than in any
PCD studied to date [22,23]. In addition, the current
results indicate that magmatic fluids in the crust have
much higher 36Ar concentration (and salinity) than
mantle fluids trapped in African diamond [49].
5.2. Fluid #2 and CO2
The low Ar/ Ar values of ∼ 1500–2500 in fluid
#2 with the lowest Br/Cl and I/Cl values are compatible
with a sedimentary formation water that has dissolved
halite (Fig. 6b) [8]. Similarly low Br/Cl values have
been reported for fluid inclusions in samples from two
other Cloncurry District IOCG [15] and some South
American IOCG deposits [63].
The Corella Formation comprises meta-evaporitic calcsilicate rocks, and is widely distributed throughout the
Cloncurry District. However, these rocks could not have
been a source of halite during the ∼1525 Ma mineralisation event, because they were originally metamorphosed
during peak metamorphism 60–70 Ma earlier [30]. Instead, it is implied that either (1) halite dissolution sedimentary formation waters infiltrated from younger
sediments above the present erosion level (e.g. Fig. 7),
or (2) the high salinity together with low Br/Cl and I/Cl
values, was attained by devolatilisation/dissolution of Clrich meta-evaporitic scapolite in the Corella Formation.
40

36
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The meta-evaporitic scapolite should preserve the low Br/
Cl values (and by analogy I/Cl values) of halite because
scapolite has a Br/Cl partition coefficient of one [64].
Scapolite breakdown textures are characteristic of the
regionally extensive Na–Ca alteration, implying that the
scapolite-rich rocks could have been a significant source
of ligands, if the fluids responsible for Na–Ca alteration
were later involved in IOCG mineralisation (i.e. [8,9]).
Metamorphic aureoles are poorly developed around the
∼ 1540–1490 Ma Williams–Naraku Batholiths at the
current exposure level [30], but significant metamorphic
volatiles could have been released, and drawn down
from higher levels of the crust.
The 40Ar/36Ar data do not conclusively distinguish a
possible metamorphic/metasomatic fluid, from a sedimentary formation water, because in contrast to 36Ar-poor
crystalline basement rocks, devolatilisation of metasedimentary rocks could yield quite low 40Ar/36Ar values
[26]. For example, based on modified forms of the K–Ar
decay equation (Eqs. (1) and (2)) the Corella Formation
could have had a 40Ar/36Ar value as low as ∼1000–2000
at the 1525 Ma age of mineralisation:
40
36
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Ar
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where the whole rock initial 36Ar concentration is assumed to be 5 × 10− 12 mol g- 1, that is toward the upper
limit reported for sedimentary rocks [55], the K concentration is 3 wt.% (7.7 × 10− 4 mol g- 1), the protolith has an
age of 1870 Ma [4] and f (assumed to be 50-90%) equals
the fraction of Ar lost during D2 metamorphism at
1585 Ma [30].
Some involvement of metamorphic fluids is supported by the presence of CO2 fluid inclusions that are
inferred to have low (crustal) 40Ar/36Ar values (Fig. 3),
and are equally abundant in all the samples irrespective
of sample maximum 40Ar/36Ar value (Tables 1 and 2).
However, devolatilisation of the Corella Formation is
unlikely to have been the exclusive source of fluid #2,
because such a fluid would have been even richer in
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Fig. 7. Schematic crustal cross-section based on the Mt Isa seismic transect [40]. The range of fluid compositions in terms of both noble gases and
halogens measured in primary fluid inclusions (Table 3) is most easily explained by convective circulation of magmatic fluids plus sedimentary
formation waters with dissolution of halite and minor metamorphic devolatisation. Later fluids in LV fluid inclusions are probably dominated by a
surficial component. Sedimentary formation waters [20,21,50,53,68]; Nd and Hf isotope evidence for magma source region [4,35,37]; noble gas [55].

CO2 than observed (Table 1; [65]). Furthermore, the
stable isotope signature calculated for Ernest Henry ore
fluids indicates an external fluid source from either
magmatic or sedimentary formation waters [5,6]. The
low 36Ar concentrations determined for fluid #2 (Fig. 4;
Table 3) are in the range expected for basement-derived
metamorphic fluids [26] and are also compatible with
fluids sourced from meta-sedimentary rocks that lost
much of their Ar during peak metamorphism. However,
the low 36Ar concentrations could alternatively indicate
that Ar was lost from fluid #2 during phase separation,
even though the noble gas elemental ratios are
unfractionated and do not preserve evidence for such a
process (Table 2; Section 5.1).
Further work constraining the noble gas elemental
ratios (F84Kr and F129 Xe) of IOCG ore fluids in
unirradiated samples, that are free of interfering
fissionogenic isotopes, is required to constrain the
potential significance of Ar-loss and noble gas fractionation during phase separation. In addition, direct

measurement of Br/Cl and I/Cl in meta-evaporitic
scapolite of the Corella Formation will enable a fuller
assessment of these rocks as a potential Cl-source.
5.3. Possible implications for Proterozoic mantle and
seawater
It has been argued that the mantle-like Br/Cl
composition of magmatic fluids is representative of
their source region, and at Ernest Henry the ligands in
fluid #1 were sourced from recycled Paleoproterozoic
igneous rocks [4,34,35], but had an ultimately mantle
origin (Section 5.1). If so, the similarity of Br/Cl in
Proterozoic magmatic fluids at Ernest Henry, and
Phanerozoic PCD (Fig. 6), indicates that the mantle
has had a relatively constant Br/Cl composition through
time, within the limits of ∼1–2 × 10− 3. This inference is
compatible with the uniform Br/Cl composition of
mantle fluids in diamonds of probable Archaean to
Cretaceous age (but see Burgess et al., 2002 [57]).
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In contrast, the most magmatic-like ore fluids at
Ernest Henry have I/Cl values that are at the very lower
limit of compositions recorded in either PCD fluids
[22,23] or mantle fluids in diamond [49,57] (Fig. 6).
This difference might be explained if PCD magmas (and
some diamonds) are sourced from above subducting
slabs that are enriched in I-rich sedimentary material,
but Paleoproterozoic crust beneath the Mt Isa Inlier
comprised igneous rocks derived from I-poor-mantle
distal, or unrelated, to subducting slabs [4,34,35].
Alternatively, the Paleoproterozoic mantle source region
may have been I-depleted relative to Phanerozoic
mantle source-regions if I-rich organic material was
not efficiently recycled into the mantle prior to ∼2 Ga.
The above interpretation is speculative and requires
further, more direct investigation of granite-related
magmatic fluid compositions. However, it does demonstrate that the composition of paleo-fluids preserved in
ore deposit fluid inclusions could have geochemical
significance well beyond the genesis of the ore deposit.
If correct, it is implied that because the mantle buffers
seawater Br/Cl [57,59], the Br/Cl value of late Archaean
to Paleoproterozoic seawater would have been similar to
the modern day value of ∼1.5 × 10− 3, within the range
of mantle fluids in diamond and some magmatic fluids
(∼ 1–2 × 10− 3) [23,49,57]. In contrast, the I/Cl values of
both the mantle and seawater are more likely to have
exhibited temporal variability.

‘local’ crustal origin. As melts formed from Paleoproterozoic igneous rocks are unlikely to be CO2-rich, the
common occurrence of CO2 fluid inclusions is most
easily explained by a (post-peak) metamorphic origin
during regional magmatism and Na–Ca alteration.
Further work is required to understand the relative
importance of mid-crustal meta-evaporitic scapolite vs.
upper-crustal halite, as alternative sources of ligands in
ore fluids with low 40Ar/36Ar, Br/Cl and I/Cl values. In
addition, it is unclear if low 36Ar concentrations, in this
fluid end-member (Fluid #2), are a characteristic of metamorphic fluids [26], or indicative of minor 36Ar loss
during phase separation. However, it is possible that the
heavy noble gases are not (strongly) fractionated between supercritical aqueous and carbonic fluids at crustal
depths of 6-10 km.

6. Summary

Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/j.epsl.
2006.12.032.

The total inter- and intra-sample variability of Br/Cl,
I/Cl, 40Ar/36Ar, 40ArE/Cl and 36Ar concentration in
IOCG ore fluids is interpreted to provide evidence for
the involvement of high salinity deeply derived
magmatic fluids and upper-crustal sedimentary formation waters. In addition, ‘locally derived’ mid-crustal
metamorphic volatiles had some involvement and late
secondary fluid inclusions preserve evidence for Air
Saturated Water (Table 3; Fig. 7).
The magmatic fluid with a 36Ar concentration of ∼3–
6 ppb, has mantle-like Br/Cl and I/Cl values, and
40
Ar/ 36 Ar values of ∼ 29,000. These values were
probably characteristic of the 25–30 km deep, mantlederived igneous rocks, that were the main source of
metaluminous ‘A-type’ granites in the Cloncurry District
at ∼1540–1490 Ma [4,34–36]. The presence of a
magmatic fluid supports the ∼1525 Ma Cu–Au mineralisation age that is synchronous with late-orogenic
magmatism, but post-dates peak metamorphism [6,30].
The CO2 fluid inclusions are inferred to have low
40
Ar/36Ar values of b 2500 indicative of a predominantly
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