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Abstract – Regionally-distributed brecciation in the Proterozoic Wernecke Mountains of 
Canada is associated with hydrothermal alteration, similar to that seen in the Fe-oxide-Cu-Au 
class of ore deposit. Alteration is characterized by variably saline fluid inclusions. Two phase 
liquid-vapour (LV) fluid inclusions (<26-30 wt % salt) in fluorite and barite plus most quartz 
samples are characterized by: greater than seawater Br/Cl values of up to 3.0×10-3; I/Cl values 
of up to 65×10-3; elevated 36Ar concentrations of 4 to >100 ppb and 40Ar/36Ar of <1000-2000.  
Similar fluid inclusions in sulphide have near atmospheric 20Ne/22Ne and 21Ne/22Ne values of 
~9.8 and 0.029, respectively; and are enriched in 4He* with 4He*/40Ar* and 4He*/21Ne* values 
of greater than the crustal production ratios.  All these characteristics are typical of sedimentary 
formation waters.  

Halite saturated liquid-vapour-daughter (LVD) fluid inclusions, with salinities up to 44 
wt % NaCl-CaCl2 eq., are present in all of the samples but are predominate in only two quartz 
samples.  One of these samples, from the Slab mega-breccia is situated close to a horizon of 
meta-evaporitic scapolite and it has the lowest measured Br/Cl and I/Cl values of 0.37×10-3 and 
0.32×10-6, respectively.  These data indicate fluid interaction with halite, or meta-evaporitic 
scapolite, was an important mechanism for increasing fluid salinity. 

Fluid inclusions with variable salinities (LV and LVD) in a sample from the Hoover 
locality have the highest measured 40Ar/36Ar values of ~40,000 and variable 36Ar 
concentrations of 0.7 to 9 ppb.  Similar fluid inclusions in sulphide have crustal 20Ne/22Ne and 
21Ne/22Ne values of 6.5 and 0.35; 3He/4He of ~0.002; and 4He*/40Ar* and 4He*/21Ne* values 
only slightly above the crustal production ratios.    

Post-entrapment ingrowth of radiogenic 40Ar* is minor and correctable. Ingrowth of 
radiogenic 4He* is difficult to preclude, but ingrowth is not favoured by the combined He and 
Ne isotope systematics, suggesting robust constraints on fluid origin in Proterozoic samples are 
possible. The combined noble gas data set is most easily explained by the involvement of 
magmatic fluids derived by melting of U-rich basement rocks in addition to dominant 
sedimentary formation waters.  Therefore, these data confirm similar fluid sources at Wernecke 
as in some other Fe-oxide-Cu-Au deposits, and further constrain a probable episode of cryptic 
magmatism in ancestral North America.  



INTRODUCTION 

Regional mega-breccias transect much of the Wernecke and Ogilvie Mountains in the 

Yukon Territory of Canada (Fig 1).  The breccias are associated with regional faults 

on the southwestern edge of the Richardson Fault Array, which is a deep-seated 

lineament that can be traced for ~600 km along the cordilleran front (Hunt et al., 

2005; Laughton et al., 2002; Laughton et al., 2005; Thorkelson, 2000; Thorkelson et 

al., 2005; Thorkelson et al., 2001b).  The breccias contain clasts that vary in size from 

<5 cm up to hundreds of metres and individual breccia zones can encompass areas of 

up to 10 km2 (Hunt et al., 2005; Laughton et al., 2005).  The breccias are 

metasomatically altered to either sodic or potassic mineral assemblages that have a 

preferred age of ~1595 Ma (Thorkelson et al., 2001b), and are locally enriched in iron 

oxide, copper, gold and uranium (Hunt et al., 2005).  The regional extent and huge 

size of the breccia clasts indicates that brecciation was part of a tectonic process.   

Therefore, understanding the source of hydrothermal fluids responsible for brecciation 

will help elucidate the pre-cordilleran crustal evolution of ancestral North America.   

The Wernecke breccias are of additional interest because the brecciation, 

alteration and metal association are strikingly similar to much larger iron-oxide-

copper-gold (IOCG) deposits (Hitzman et al., 1992; Hunt et al., 2005).  This class of 

ore deposit is an attractive exploration target, but has a contested origin, with 

magmatic fluid sources proposed in many cases (Baker, 1998; Chiaradia et al., 2006; 

Hitzman et al., 1992; Kendrick et al., 2007; Mark et al., 2006a; Pollard, 2000, 2001; 

Sillitoe, 2003).  The Wernecke breccias are an important case study within this 

deposit class, because unlike the majority of IOCG deposits, mineralization and 

regional alteration are not associated with any known outcrop of contemporaneous 

granite intrusion (Hitzman et al., 1992; Hunt et al., 2005).   

In order to provide new information on the origin of hydrothermal fluids, we 

have utilized the noble gases and halogens as novel fluid tracers at six well 

characterized IOCG breccia prospects (Fig 1; Hunt et al., 2005).  Simultaneous 

determination of the halogens together with Ar, Kr and Xe allows determination of 

noble gas fluid concentrations (Kelley et al., 1986; Kendrick et al., 2006a).  This is 

advantageous because although noble gases do not undergo isotopic exchange during 

wall-rock interaction, they collect in the fluid phase.  As a result, the concentration of 

noble gases in a fluid can provide information on the extent of wall-rock interaction 



and/or phase separation (Kendrick et al., 2001; Kendrick et al., 2006a).  In addition, 

because the isotopic composition of the noble gases (3He/4He, 21Ne/22Ne and 
40Ar/36Ar) varies by orders of magnitude between mantle, crust and surface reservoirs 

(Ozima and Podosek, 2002) they are sensitive indicators of very minor fluid 

components.  

This study provides the first evaluation of fluid sources in different 

paragenetic stages of IOCG mineralization and complements similar studies 

undertaken in the Cloncurry IOCG district of the Mt Isa Inlier, Australia (Kendrick et 

al., 2008; Kendrick et al., 2007; Kendrick et al., 2006b).  In addition, we test the 

applicability of He and Ne isotopes, as tools for understanding fluid sources in 

Proterozoic crustal samples.  The halogen Br/Cl and I/Cl values provide 

complementary information on the fluids acquisition of salinity (Hanor, 1994; Irwin 

and Roedder, 1995; Kendrick et al., 2007). 

 

Regional geology and brecciation 

The Wernecke Supergroup crops out in an Early-Middle Proterozoic inlier within the 

Yukon Territory of Canada (Fig 1; Thorkelson et al., 2005) and was likely deposited 

on attenuated crystalline basement of the Laurentian Craton.   The nearest exposed 

basement is 750 km to the east and was cratonised 1.8-2.0 Ga, during or prior to the 

Wopmay Orogen (Thorkelson et al., 2005).   

The Wernecke Supergroup comprises a ~13 km thick sequence of fine-grained 

carbonate and clastic marine rocks that are divided into the basal Fairchild Lake 

Group, the middle Quartet Group and the upper Gillespie Lake Group (Fig 2). The 

stratigraphy has been described in detail elsewhere (Thorkelson et al., 2005). 

However, laminated scapolitic rocks in the Fairchild lake group are notable because 

they are now recognized as metamorphosed evaporites (Hunt et al., 2005). The 

Wernecke Supergroup was intruded by the mantle-derived Bonnet Plume River 

Intrusions at 1.71 Ga (Thorkelson et al., 2001a).  These intrusive rocks are fine-

grained and have a dominantly dioritic to gabbroic composition.  The 

metasedimentary rocks preserve three deformation fabrics developed at greenschist 

facies during the Paleoproterozoic Racklan Orogen.  However, the relative timing of 

the Racklan orogen and the 1.71 Ga Bonnet Plume River Intrusions are unknown 
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because deformation fabrics are not easily developed in volcanic rocks (Thorkelson et 

al., 2001a). 

Wernecke brecciation affects most Proterozoic lithologies including the 

Bonnet Plume River Intrusions and many of the non-volcanic clasts have well 

developed deformation fabrics indicating a post-deformational origin.   The breccia 

clasts are typically <0.5 m in size, sub-angular to sub-rounded and vary from clast to 

matrix supported (Hunt et al., 2005; Laughton et al., 2005). The majority of breccias 

are affected by ‘colourful’ potassic alteration in which clasts are replaced by K-

feldspar or earthy hematite (Laughton et al., 2005).  Sodic alteration has a gray 

colouration and is restricted to Fairchild Lake Group breccias close to sequences that 

contain meta-evapouritic scapolite (Hitzman et al., 1992; Hunt et al., 2005; Laughton 

et al., 2005).   The matrix of both breccia types comprises rock fragments and 

hydrothermally precipitated feldspars, carbonate and quartz. Locally mica, magnetite, 

specular hematite, chalcopyrite, barite, fluorite, tourmaline, actinolite, titanite and 

monazite may be present (see Hunt et al., 2005 for details). Hydrothermal titanites 

extracted from 20 kg of the Slab breccia matrix have a U-Pb age of 1595 ± 5 Ma, that 

is interpreted to represent the timing of regional brecciation (Thorkelson et al., 

2001b).    

 

Slab Mountain Breccia 

 The Slab Mountain is a critical locality for understanding the regional geology, 

because clasts preserved at this locality are unusually large (e.g. 10’s of metres) and 

include at least four widely spaced mega-clasts that represent the only known outcrop 

of the subaerial Slab Volcanics (Laughton et al., 2002; Thorkelson, 2000).  In situ 

outcrops similar to the Slab Volcanics are unknown in the Wernecke Supergroup 

(Hunt et al., 2005; Laughton et al., 2005).   

The largest mega-clast on Slab Mountain has an exposure dimension of 

160×360 m and is comprised of 34 individual lava flows with pahoehoe and 

scoreaceous flow tops (Laughton et al., 2005).  The minimum thickness of the Slab 

Volcanics, of ~160 m, suggests the original lava flow would have had a lateral extent 

of at least 1 km (Laughton et al., 2005).  The brecciated nature of the Slab Volcanics 

indicates a minimum eruption age of ~1600 Ma, but the volcanism is not necessarily 
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related to the 1.71 Ga Bonnet Plume River Intrusions (Thorkelson et al., 2001a).  The 

Bonnet Plume River Intrusions are coarser grained than expected for feeder dykes 

(Hunt et al., 2005; Laughton et al., 2005). 

It is agreed that the volcanic mega-clasts could not have been transported far 

(Hunt et al., 2005; Laughton et al., 2005). However, two very different models have 

evolved to explain their occurrence:   

Model #1  

Laughton et al. (2005) argue that the Slab Volcanics were erupted in eroded valleys 

sited above anticlinal structures in a Proterozoic topography with structural relief of 9 

km (similar to today; see Fig 2).   Brecciation was caused by expansion of 

hydrothermal fluids that explosively breached the paleo-surface soon after volcanism 

and had a possible magmatic origin (Laughton et al., 2005; Thorkelson et al., 2001b).  

Mega-breccias resulted from volcanic blocks foundering into the eruption pits (see Fig 

2).   This model is compatible with the lack of in situ volcanic strata reported within 

the Wernecke Supergroup.  In this model, the sodic mega-breccias were closer to the 

surface than potassic breccias in higher stratigraphic horizons (Fig 2; (Laughton et al., 

2005).  

Model #2 

Alternatively, the Slab Volcanics could have originated close to their current location 

(Hunt et al., 2005).  Meta-evaporitic rocks in the Fairchild Lake Group indicate near 

emergent conditions, suggesting an episode of sub-aerial volcanism cannot be 

precluded (cf. Laughton et al., 2005). The absence of known feeder dykes underlines 

the fact that in situ volcanic sequences of  ~1 km × 160 m could remain undetected.   

In this model, the hydrothermal fluids originated as sedimentary formation waters, 

brecciation occurred at 7-9 km, and the depth of brecciation is directly related to 

stratigraphic level (Fig 2; Hunt et al., 2005). 

  

Sample material and fluid constraints  

The six previously described breccia prospects chosen for this study (Fig 1; Table 2) 

occur within different stratigraphic units and encompass both potassic and sodic 
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alteration types (Hunt et al., 2005). The Slab prospect is notable because it is directly 

underlain by the metaevaporitic rocks of the Fairchild Lake Group (Fig 2). 

 The paragenetic sequences of the breccia prospects differ in detail (Hunt et 

al., 2005). Generally, the metamorphic fabric is overprinted by metasomatic alteration 

which is then brecciated and further altered before being infilled by early to late 

magnetite and hematite, middle to late chalcopyrite-pyrite and late (post-brecciation) 

carbonate (Hunt et al., 2005).  Barite is locally important at Igor (Hunt et al., 2005).  

Chalcopyrite-hematite bearing quartz veins contain primary and secondary fluid 

inclusions.  These veins are late in the paragenetic sequence reflecting multiple 

episodes of alteration.   

Aqueous fluid inclusions include two phase liquid-vapour (LV) and halite 

saturated liquid-vapour-daughter (LVD) varieties.  They have fairly uniform vapour 

fill of 15-20 % and vapor disappearance occurs between 100 and 250 ºC.  LVD fluid 

inclusions undergo complete homogenization by halite dissolution between 175 and 

290 ºC.  Based on the NaCl-CaCl2-H2O system, these data, together with final ice 

melting temperatures of -50 to -7 ºC, indicate salinities of 10-44 wt % NaCl-CaCl2 eq. 
(Table 1).  Liquid CO2 fluid inclusions are rare compared to other IOCG deposits. 

Those observed in the Igor sample have melting temperatures between -56.9 and -57.5 

ºC, and homogenize into the liquid phase between -22.8 and -6.1 ºC.  These data 

indicate a high purity and a density of 0.96-1.04 cm3 g-1 (calculated with Flincor; 

Brown, 1989).  The relative abundance of the different fluid inclusion types is 

summarized in Table 1. 

Stable isotope data have not been published for the hydrothermal alteration at 

Wernecke, but are reported to vary between the following limits: δ13C of -7 to + 1 ‰; 

δ18O of 9 to 20 ‰; δ34Ssulphide of -12 to -13 ‰;  δ34Ssulphate of 8 to 17 ‰ (Hunt et al., 

2005).   The variability of these data and the occurrence of minerals such as barite and 

fluorite, which have low solubility in aqueous fluids (Rimstidt, 1997), is strongly 

suggestive of fluid mixing.   The selection of quartz, sulphide, fluorite and barite 

samples from across the paragenetic sequences, in several IOCG breccia prospects 

(Table 1) allows us to investigate broad temporal changes in regional fluid 

composition.  However, because a small number of samples are available from each 

prospect (Table 1), we cannot make detailed interpretations on the extent of fluid 

variability at the prospect scale.   
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METHODOLOGY 

Irradiated quartz, barite and fluorite samples 

The fluid inclusion assemblages in polished wafers of quartz, barite and 

fluorite were characterized by fluid inclusion microthermometry (Table 1).  High 

purity sample chips (1-3 mm), or fragments of the fluid inclusion wafers totaling 70-

200 mg, were irradiated for 150 Megawatt hours in position 5c of the McMaster 

Nuclear Reactor, Canada: irradiation designated UM#8 on 23rd November 2004.   

The neutron fluence was monitored using Hb3Gr (1072 Ma; Roddick, 1983) and 

GA1550 (98.8 Ma; Renne et al., 1998; McDougall and Harrison, 1999) flux monitors 

and the shallowater I-Xe standard (Hohenberg, 1967; Johnson et al., 2000).  J-values 

had a mean of 0.0185 ± 0.0002 while the additional α and β parameters (Kelley et al., 

1986; Roddick, 1983) had mean values of 0.55 ± 0.01 and 4.8 ± 0.3, respectively.  

The total neutron fluence (fast and thermal) was ∼1019 neutrons cm-2 and resonant 

neutron correction factors were estimated as 1.25 for Br and 1.60 for I (Kendrick et 

al., 2006b).  

Noble gases were extracted from 70-104 mg of each sample by stepped 

heating or from 18-196 mg of each sample by sequential in vacuo crushing analyses 

in modified nupro valves. This method allows the intra- as well as inter-sample 

variation to be tested (Kendrick et al., 2006b). The extracted gases were isotopically 

analysed for Ar, Kr and Xe 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 fissiogenic) noble gas 

isotopes: 38ArCl,
 80KrBr, 128XeI, 39ArK, 37ArCa and 134XeU (Johnson et al., 2000; 

Kendrick et al., 2006b).  The Br/Cl and I/Cl values have a total uncertainty of 10% 

(1σ), based on the reproducibility of selected samples included in several irradiations. 

However, analytical uncertainty is much lower, enabling more precise (3-4 %) 

determination of intra-sample variation and inter-sample variation for this irradiation. 

The analytical protocol is described in detail elsewhere (Kendrick et al., 2006b).  All 

ratios are molar, but concentrations are given in weight units unless otherwise stated. 
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Non-irradiated sulphide samples 

Noble gases were extracted from high purity chalcopyrite separates (0.7-1.3 g) 

by 500 strokes of an air actuated in vacuo crushing device (Matsumoto et al., 2001) 

and isotopically analysed for He, Ne and Ar in a VG5400 noble gas mass 

spectrometer at the Australian National University.  Sample HV2 was analysed a 

second time using 1000 strokes.  The instrument was calibrated by comparison with 

gas standards (Matsumoto et al., 1998).  Very small Ne isotope interference 

corrections were made for 40Ar++, H2
16O+, 42++ (hydrocarbons), CO2

++ as described by 

(Honda et al., 1993).   

Approximately 150 mg of the crushed sulphide residue was subsequently 

digested in HNO3 on a hotplate using a teflon bomb and then with HF-HNO3 in an 

oven at 160 ºC for 60 hours. The solution was evaporated to dryness, redissolved in 

3N HNO3, diluted by a factor of 5000 with high-purity water and then spiked with 

internal standards (6Li, 84Sr, 147Sm, Re, 235U). Trace elements were measured on a 

Varian 810 ICP-MS, at the University of Melbourne, using methods outlined by 

Kamber et al. (2005).   

 

RESULTS AND DISCUSSION 

Halogen evidence for dissolution of halite  

The results of sequential stepped heating and in vacuo crushing experiments are 

summarized in Table 2 (full data set in appendix).   Intra- and inter-sample variation 

in fluid inclusion Br/Cl and I/Cl values are presented for quartz, barite and fluorite in 

Fig 3.    

The barite, fluorite and quartz sample DG10-1b are dominated by LV fluid 

inclusions with salinities close to the point of halite saturation, ~30 wt % salts (Table 

1).   These fluid inclusions have the highest measured Br/Cl and I/Cl values of up to 

3.0×10-3 and 65×10-6, respectively (Fig 3; Table 2).    In comparison, most of the 

quartz samples have a higher proportion of halite saturated LVD fluid inclusions 

(Table 1), and lower Br/Cl and I/Cl values (Table 2).  The slab sample is dominated 

by LVD fluid inclusions with the lowest measured Br/Cl and I/Cl values of 0.36×10-3 

and 0.3×10-6, respectively (Table 2).  These data suggest that LVD fluid inclusions 

have lower Br/Cl and I/Cl values than LV fluid inclusions.  This assertion is supported 
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by the stepped heating data, because when LVD fluid inclusions are present in a 

sample, they are preferentially decrepitated above 400 °C, in the temperature interval 

for which the lowest Br/Cl and I/Cl values are determined (Tables 1 and 2; Kendrick 

et al., 2007; 2006b).  

The highest Br/Cl and I/Cl values, together with the salinities of close to halite 

saturation in the barite and fluorite samples are most easily explained by the 

involvement of sedimentary formation water. Greater than seawater Br/Cl values are 

generated by the sub-aerial evaporation of seawater beyond the point of halite 

saturation (~30 wt %; Hanor, 1994; Zherebtsova and Volkova, 1966).  Small 

reductions in salinity can result from H2O liberated during diagenesis and the elevated 

I/Cl values are typical of sedimentary formation waters that have interacted with 

organic-rich sedimentary rocks in the sub-surface (Worden, 1996).   

The wide variation in Br/Cl and I/Cl seen between the different samples, 

suggests that in addition to sedimentary formation waters, magmatic or metamorphic 

fluids could also be present (Fig 3).  However, the strong correlation of Br/Cl with 

I/Cl and the observation that the most saline fluid inclusions have the lowest Br/Cl 

and I/Cl values, suggests that halite dissolution (or scapolite breakdown) has been a 

major process in elevating the salinity of the mineralizing breccia fluids above 30 wt 

%. The addition of Cl via fluid interaction with scapolite is compatible with the high 

salinity of fluid inclusions in the Slab sample which was stratigraphically closest to 

the meta-evaporite horizon (Hunt et al., 2005). Similar evidence for halite dissolution, 

or fluid interaction with scaplite, has been obtained from other IOCG deposits 

(Chiaradia et al., 2006; Kendrick et al., 2008; Kendrick et al., 2007; Kendrick et al., 

2006b).    

 

Argon   

Fluid inclusions in quartz have maximum 40Ar/36Ar values of between ~2000 and 

~40,000. Fluid inclusions in barite and fluorite have less variable maximum 40Ar/36Ar 

values of <1000 (Table 2). These values are representative of the fluid inclusions’ 

initial composition and have been corrected for post-entrapment in situ production of 

radiogenic 40Ar, based on the measured K concentration and an age of 1595 Ma 
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(Table 2).  The age-correction is <2% for the Hoover sample with the highest 
40Ar/36Ar value of ~40,000 (Appendix). 

Chalcopyrite samples were analysed by 500 strokes of an air-actuated in vacuo 

crushing device which mixes different fluid inclusion types meaning that intra-sample 

variation cannot be tested.  Therefore, we compare the sulphide 40Ar/36Ar values with 

the average or ‘total fusion’ quartz, barite and fluorite 40Ar/36Ar values (Fig 4).    On 

this basis, the sulphide and quartz samples have a similar range of 40Ar/36Ar values of 

between ~500 and 22,000 (Fig 4), suggesting they contain a similar mix of fluid 

inclusion types (Table 1).  The fact that the highest 40Ar/36Ar values are not 

determined in sulphide and quartz from the same localities (Fig 4; Tables 2 and 3) 

probably reflects the variable nature of the fluids involved in brecciation at each 

locality and the small number of samples available (Table 1). 

 

Basinal and ‘basement’ fluids 

The fluid inclusion 40Ar/36Ar values are plotted against Cl/36Ar in Figure 5.  

The data for most of the quartz samples, define two broadly linear arrays with the 

barite and fluorite samples close to a common 40Ar/36Ar intercept of ~300-1000 (Fig 

5).  The correlation between 40Ar/36Ar and Cl/36Ar results when fluid inclusions with 

different salinities also have different 40Ar/36Ar values: in this case, the positive slopes 

imply that the more saline LVD fluid inclusions with the highest Cl/36Ar values also 

have the highest 40Ar/36Ar values.   The lower salinity LV fluid inclusions, which 

dominate in barite and fluorite samples (Table 1) have the lowest 40Ar/36Ar values 

(see LV and LVD labels in Fig 5).   The 40Ar/36Ar values of less than 1000-2000 are 

typical of sedimentary formation waters (Kendrick et al., 2002a; 2002b; O'Nions and 

Ballentine, 1993; Tolstikhin et al., 1996; Turner and Bannon, 1992). 

The Hoover sample with the highest 40Ar/36Ar value of ~40,000 is the only 

sample in which 40Ar/36Ar is not correlated with Cl/36Ar (note points 1 and 2 in Fig 5).  

The lack of any clear correlation indicates that in this sample, fluid inclusions with 

similar 40Ar/36Ar values have different salinities (LV and LVD) and/or 36Ar 

concentrations.  The highest 40Ar/36Ar values of more than 10,000 to 40,000 are 

strongly suggestive of a fluid that was sourced from either the mantle or 36Ar-poor, 

old, K-rich basement rocks (Table 2).  This fluid most likely represents either a 
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magmatic or a metamorphic fluid. A sedimentary formation water that has 

equilibrated with basement rocks could arguably acquire an elevated 40Ar/36Ar value 

(Kendrick et al., 2005; 2006a), but this possibility is not favoured by the fluids 36Ar 

concentration (see below). 

 

Variation in fluid inclusion 36Ar concentration 

The fluid inclusion 36Ar concentration has been estimated for each sample from 

representative salinity values and the maximum Cl/36Ar value determined by either in 

vacuo crushing or stepped heating (see Table 2).  The 36Ar concentration of fluid 

inclusions decrepitated above 400 °C has been calculated with a higher salinity than 

used for fluid inclusions decrepitated below 400 °C, because LVD fluid inclusions 

with high Cl/36Ar values are preferentially decrepitated at these temperatures (Table 

2).  The uncertainty in the 36Ar concentration is estimated as a function of the range in 

salinity values given in Table 2.   

Barite and fluorite contain fluid inclusions with 36Ar concentrations of 18 to 

>100 ppb that are much greater than air saturated water (1.3-2.7 ppb).  These values 

are interpreted to be representative of the fluid composition, and are not ascribed to an 

atmospheric 36Ar contaminant (cf. Kendrick et al., 2005; Turner and Bannon, 1992).  

Similarly high 36Ar concentrations have been measured previously, by both stepped 

heating and in vacuo crushing, and would be acquired by a sedimentary formation 

water that has undergone extended fluid-rock interaction (Fig 6; Kendrick et al., 

2006a).    

The quartz samples contain fluid inclusions with 36Ar concentrations of 

between 10 and 0.7 ppb (Fig 6).  Unless phase separation has taken place, the fluids 

with 40Ar/36Ar of >4500 are unlikely to represent sedimentary formation waters: the 

fluid-rock interactions that could increase a fluids’ 40Ar/36Ar value would also 

increase its 36Ar concentration (Kendrick et al., 2006a).   Therefore, if it is possible for 

a sedimentary formation water to acquire a 40Ar/36Ar value as high as 40,000, it would 

be expected to have an extremely high 36Ar concentration (see shading in Fig 6). 

The quartz sample from Hoover is of special interest because the lack of a 

correlation between Cl/36Ar and 40Ar/36Ar indicates fluid inclusions with equivalent 
40Ar/36Ar values have variable 36Ar concentrations and/or salinities (points 1 and 2 in 
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Figs 5 and 6).  Based on a salinity of 10-20 wt %, analysis 1 is calculated to have a 
36Ar concentration of ~9 ppb. Based on a higher salinity of 30-42 wt %, analysis 2 is 

calculated to have a much lower 36Ar concentration of ~0.7 ppb (Fig 6; Table 3).   

The differences in fluid inclusion 36Ar concentration cannot be explained 

easily by phase separation (fluid boiling) because: i) where determined, the 84Kr/36Ar 

and 20Ne/36Ar ratios, reported as fractionation values in Tables 2 and 3, are in the 

range of air and air saturated water (ASW). This range is typical of surface-derived 

fluids and crustal rocks/fluids (Drescher et al., 1998; Kendrick et al., 2006a). In 

contrast, phase separation leads to 36Ar-poor residual fluids with fractionated, high-
84Kr/36Ar values and low-20Ne/36Ar values (e.g. Bingham Canyon; Kendrick et al., 

2001). ii)  The samples contain dominantly LV and LVD fluid inclusions with 

uniform vapour fill.  They lack vapour only, or significant CO2 fluid inclusions, which 

would characterize a boiling assemblage (Table 1).   

 

Other noble gases 

The quartz fluid inclusion 40Ar* concentration has been calculated from the mean 
40Ar*/Cl value and maximum-mean salinity (Table 2).  Fluid inclusions with the 

lowest 40Ar/36Ar values of <2000 contain ~2-3 ppm 40Ar*, whereas fluid inclusions 

with the highest 40Ar/36Ar values of ~40,000 have variable 40Ar* concentration of 30-

400 ppm (Table 2). 

The quartz and sulphide samples contain fluid inclusions with similar ranges 

of 40Ar/36Ar (Fig 4).  If these fluid inclusions also have similar 40Ar* concentrations, 

and the 4He*/40Ar* and 4He*/21Ne* values obtained by in vacuo crushing, are 

representative of fluid inclusions in sulphide, we can estimate the fluid inclusion 4He* 

and 21Ne* concentrations as follows: 

[4He*] = [40Ar*] × 4He/40Ar* 

[21Ne*] = [40Ar*] × 21Ne/40Ar* 

If the fluid inclusions with 40Ar/36Ar less than ~2000 that resemble sedimentary 

formation water, have ~2 ppm 40Ar* (3.6×10-6 cm3 g-1H2O), the 4He* and 21Ne* 

concentrations are estimated as ~0.1×10-3 cm3 g-1 H2O and ~1.4×10-12 cm3 g-1 H2O, 

respectively.  If the ‘basement-fluid’, fluid inclusions with 40Ar/36Ar of up to ~40,000, 
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have 400 ppm 40Ar* (720×10-6 cm3 g-1H2O), the 4He* and 21Ne* concentrations are 

estimated as ~5×10-3 cm3 g-1 H2O and of ~2.5×10-10 cm3 g-1 H2O, respectively.   

 

Sample U and K 

Stepped heating liberates the isotopes of Xe from quartz more effectively than 

in vacuo cushing and the 132Xe*/134Xe* and 136Xe*/134Xe* values suggest many of 

these isotopes have a neutron-induced fissiogenic origin from 235U in the quartz 

matrix.    Based on the total release of 134Xe* by either stepped heating or in vacuo 

crushing, the U concentration in most quartz and fluorite samples is estimated at ~1-

10 ppb (Table 2).  However, Igor barite and Slab quartz have higher U concentrations 

of 31 ppb and 65 ppb, respectively (Table 2).  Fissiogenic 129Xe* preferentially 

released by stepped heating results in elevated 129Xe/36Ar values that are not 

representative of the fluid inclusion compositions.  The 129Xe/36Ar values obtained by 

in vacuo crushing are more representative of the fluid inclusion compositions, but the 

elevated values determined for the U-rich barite sample is also ascribed to fissiogenic 
129Xe* (Table 2).1

The sulphide samples were not irradiated or analysed for Xe isotopes.  

However, independent ICP-MS analyses of the crushed sulphide indicates a much 

higher U concentration in either the sulphide matrix or mineral impurities within the 

matrix (Table 3).   The broad correlation between U and Zr (Table 3) suggests that 

zircon impurities are an important host.  

Based on the total 39ArK outgassed during stepped heating, the quartz samples 

contain tens to hundreds of ppm K (Table 2). The maximum K/Cl values of slightly 

greater than one indicate that K is present in mineral impurities as well as fluid 

inclusions (Table 2).  In vacuo crushing preferentially releases 39ArK from the fluid 

inclusions (Kendrick et al., 2006b, c) which are inferred to have K/Cl values of 

between 0.03 and ~0.4 (Table 2).  As barite and fluorite were not subjected to stepped 

heating, the in vacuo crushing data indicates a minimum K content of ~1-20 ppm in 

these minerals.   

 

                                                 
1 Fissiogenic 129Xe is produced by neutron induced fission of 235U with a 129Xe/136Xe ratio of 0.1.  In 
comparison, very little 129Xe is produced by spontaneous fission of 238U (Ozima and  Podosek, 2002). 
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Apparent He and Ne isotope compositions  

The age of the Wernecke samples (1595 Ma) means that any noble gas ratio 

involving one of the radiogenic or nucleogenic noble gas isotopes (40Ar*, 21Ne*, 
22Ne* or 4He*) could potentially be modified from its initial composition by post-

entrapment ingrowth.  We have been able to demonstrate that ingrowth is not 

significant for 40Ar*, in these samples, because K is measured together with Ar and 

the halogens (Table 2; Appendix).   It is difficult to assess the potential importance of 
21Ne* and 22Ne* ingrowth, because production of these nucleogenic isotopes depends 

on the proximity of the target elements oxygen and fluorine, to decaying uranium 

atoms (Ballentine and Burnard, 2002).  The problem of ingrowth is likely to be most 

acute for 4He* because radioactive decay of U and Th produces 6-8 times as much 
4He* as 40Ar* is produced by decay of 40K.     

In the remainder of the results section we report the He and Ne isotope 

compositions determined by in vacuo crushing chalcopyrite.  These data are 

consistent with the fluid inclusion compositions expected for basinal and ‘basement’ 

fluids, already indicated by the Ar data (Figs 3 and 4) and careful evaluation of these 

data suggests that the Ne isotopes provide a robust constraint on the fluid source.    

 

In vacuo crushing data 

In vacuo crushing of chalcopyrite yielded 3He/4He values of less than <0.02 

Ra, reported relative to the atmospheric value of Ra = 1.39×10-6 (Mamyrin et al., 

1970).   If these values are representative of the initial isotope composition, they 

indicate a wholly crustal fluid origin and preclude mantle-related mafic volcanism as 

a cause of brecciation.   The lowest 3He/4He values of 0.002 ± 0.001 Ra are typical of 

production ratios in the Li-poor mid- to lower crust (Ballentine and Burnard, 2002). 

The Ne isotope compositions are presented on a three isotope diagram in 

Figure 8.  Three of the samples have 21Ne/22Ne and 20Ne/22Ne values within error or 

very close to the atmospheric composition (Fig 8; Table 3). The 21Ne/22Ne value is 

strongly correlated with 20Ne/22Ne (r2 = 0.99; Fig 8), compatible with mixing between 

atmospheric and crustally derived noble gases, but the negative slope is shallower 
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than is typical for sedimentary formation waters (Fig 8; Ballentine and Burnard, 2002; 

Kennedy et al., 1990).  If this slope is representative of the initial isotope composition, 

it could be explained by fluid interaction with F-poor basement rocks.  Crystalline 

Shield basement-rocks have higher O/F ratios than average crustal rocks (Kennedy et 

al., 1990), presumably because F is most enriched in fluorapatite concentrated in 

phosphatic sediments.   

Elemental ratios: He/Ar and He/Ne 

Fluid inclusions with the lowest, near atmospheric, 40Ar/36Ar and 21Ne/22Ne 

values that are most likely to represent sedimentary formation waters, have the highest  

4He*/40Ar* and 4He*/21Ne* values of 37 and 92×106 (Fig 8; Table 3).  These values 

are well above the average crustal production values of 5.7 and 17.1×106 (Ballentine 

and Burnard, 2002) and if they are representative of the initial isotope compositions, 

they are consistent with the involvement of sedimentary formation water. At 

temperatures of less than the nominal Ar closure temperature (e.g <250 °C; 

McDougall and Harrison, 1999), crustal minerals release 4He* to the fluid phase 

preferentially relative to 40Ar* and as a result sedimentary formation waters 

commonly have 4He*/40Ar* of much greater than the production value (Kendrick et 

al., 2005; 2002b; O'Nions and Ballentine, 1993; Ozima and Podosek, 2002; Tolstikhin 

et al., 1996; Torgersen, 1989).   The nominal closure temperature for Ne is likely to be 

lower than for Ar but higher than for He, meaning the elevated 4He*/21Ne* values are 

consistent with this interpretation. 

In contrast, fluid inclusions with the highest most radiogenic-enriched 
40Ar/36Ar and most nucleogenic-enriched 21Ne/22Ne values, that are most likely to 

represent a ‘basement’ fluid, have the lowest measured 4He*/40Ar* and 4He*/21Ne* 

values of ~7.2 and ~20×106 (Fig 8; Table 3). These values are only slightly above the 

average crustal production ratios (Ballentine and Burnard, 2002) and if they are 

representative of the initial isotope compositions, they are compatible with derivation 

of noble gases (and breccia fluids) from a higher temperature U-rich basement source.  

Therefore the spread in these data (Fig 8) favours the involvement of both 

sedimentary formation waters and fluids derived from a U-rich basement. 

 

Evaluation of the in situ 4He*, 21Ne* and 22Ne* contribution 
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For the apparent He and Ne isotope compositions to be representative of the initial 

isotope values in fluid inclusions the following conditions must be satisfied: 

i) Significant radiogenic 4He* and nucleogenic 21Ne* and 22Ne* produced in 

situ from U in the sulphide matrix (Table 3), must not be released by in 

vacuo crushing. 

ii) Significant radiogenic 4He* and nucleogenic 21Ne* and 22Ne* produced in 

the sulphide matrix must not have diffused into the fluid inclusions over 

the samples 1595 Ma history.  

iii) Helium and Ne must not have leaked from the fluid inclusions (although 

provided (ii) is satisfied, it is unimportant if He or Ne-loss occurred from 

the crystal matrix). 

iv) Significant radiogenic 4He* and nucleogenic 21Ne* and 22Ne* must not 

have been produced within the fluid inclusions themselves. 

The first two of these conditions are comparatively simple to satisfy.  Firstly, 

experiments indicate that although prolonged crushing can quantitatively release 

matrix-hosted noble gases, a very small percentage are released during the first 1000 

crushing strokes (<10-4 % for scapolite; Kendrick unpublished data, 2007; cf 

Kendrick, 2007).  Similar non-release of matrix hosted noble gases during 500 

crushes of the sulphide samples, is indicated by: i) the lack of a relationship between 

the matrix U-content and the volume of 4He* released (Fig 9a) or the 4He*/40Ar* plus 
4He*/21Ne* values (Fig 9b); ii) the lack of a correlation between the 21Ne/22Ne values 

and the samples U content (Fig 7); and iii) the efficient release of noble gases during 

the first 500 crushes of sample HV2, which released an order of magnitude less noble 

gases during a second crushing experiment of 1000 strokes, indicating the fluid 

inclusions had already been decrepitated.  The lack of correlation between noble gas 

compositions determined by crushing and matrix U-contents (Figs 7 and 9) also 

suggest a significant proportion of noble gases produced in the matrix over 1595 Ma 

were not lost into the fluid inclusions prior to analysis (satisfying condition 2). 

Condition 3 is satisfied because the similarity of 40Ar/36Ar in the quartz and 

sulphide fluid inclusions (Fig 4) and morphology of quartz fluid inclusions suggests 

the fluid inclusions have not leaked in either mineral. Furthermore, fluid inclusions in 

sulphide minerals can be highly retentivity of He and Ne, as demonstrated by the 

 16



preservation of mantle He in sulphide fluid inclusions trapped at magmatic 

temperatures (Kendrick et al., 2001).   

Condition 4, that significant radiogenic 4He* and nucleogenic 21Ne* and 22Ne* 

were not produced within the fluid inclusions, is the most difficult condition to satisfy.   

Based on the 4He* concentration of ~5×10-3 cm3 g-1 H2O, estimated for the fluid 

inclusions with the highest 40Ar/36Ar values (above), the in situ component would be 

less than 10%, only if the fluid inclusions’ U concentration was less than ~2 ppm:   

4Hein situ cm3 g-1 H2O = 0.2355 ×10-6(U ppm [1+0.123(Th/U-4)]) ×1595 Ma      (eq. 1) 

Equation 1 gives the concentration of 4He produced inside fluid inclusions over 1595 

Ma, where the fluid inclusion U concentration is given in ppm and the Th/U ratio of 

the fluid is zero (Simmons et al., 1987).   

It seems likely that fluids related to sulphide precipitation were U-rich because 

the sulphide sample DG9-6 contains 80 ppm U.  However, a fluid inclusion U 

concentration of less than 2 ppm could be possible if U was preferentially partitioned 

into the sulphide mineral during deposition.  Alternatively, secondary fluid inclusions 

in the sulphide could have lower U contents than the fluids responsible for sulphide 

deposition.  Although the secondary fluid inclusions in quartz (Table 1) represent 

multiple generations of the fluids responsible for IOCG mineralization and so are also 

likely to be U-rich, the U concentration of IOCG fluids could be extremely variable.  

Depending on fluid temperature, volatile content and wall-rock interactions, fluids 

responsible for mineralization at Olympic Dam are calculated to have had <1 to ~10 

ppm U (Haynes et al., 1995).  Finally, it is possible that fluid inclusions in sulphide 

have a higher 40Ar* concentration than quartz fluid inclusions. If so the fluid inclusion 
4He* concentration has been underestimated and a U concentration of >>2ppm might 

be required to significantly modify He isotope compositions in the fluid inclusions.   

 

A proven crustal origin  

   The data and arguments presented above demonstrate that the noble gas 

compositions measured by in vacuo crushing are representative of the modern day 

fluid inclusion compositions.   
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Ne isotope data provides a robust constraint on the fluid origin because fluid 

inclusions with a preferred sedimentary formation water origin have atmospheric 

21Ne/22Ne and 20Ne/22Ne values (Fig 7).  These values cannot have been modified by  

in situ production of 21Ne* and 22Ne* because 21Ne/22Ne values of less than the 

atmospheric value are unknown (Fig 7; Ozima and Podosek, 2002).  This suggests the 

fluid inclusion U concentration is sufficiently low, and the noble gas concentration 

sufficiently high, that other noble gas ratios (4He*/40Ar*, 4He*/21Ne* and 3He/4He) 

should also be close to their initial values.    

Fluid inclusions with a preferred ‘basement’ fluid origin probably have a 

higher U concentration.  However, the Ca-rich composition of Wernecke fluid 

inclusions implies a negligible F content, because fluorite has a very low solubility in 

aqueous fluids (Rimstidt, 1997).  As a result, nucleogenic Ne produced inside O-rich 

(F-poor) fluid inclusions would have a near horizontal trajectory in Fig 7. This 

suggests ingrowth could conceivably reduce the slope of the Ne-isotope correlation, 

but is extremely unlikely to have modified the isotopic compositions from mantle 

values (Fig 7).   

 

 

FLUID ORIGINS AND PROCESSES 

Halogen data demonstrates that dissolution of halite was an important source of 

salinity (Fig 3). Noble gas data favour the involvement of two fluid end-members, 

including a surface-derived sedimentary formation water and a fluid equilibrated with 

crystalline basement rocks (Table 4).  There is no evidence for mantle volatiles that 

might have been expected if brecciation had been caused by mafic volcanism.  The 

discussion now focuses on the nature of the ‘basement’ fluid and processes that can 

account for the variability of these data and the low 36Ar concentrations in some 

quartz fluid inclusions (Fig 6).    

 

Could fluid boiling have occurred ? 

Explosive boiling of a phreatomagmatic fluid has been suggested previously as a 

cause of regional brecciation (Thorkelson et al., 2001b), and provides a means of 
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reducing the concentration of noble gases in the hydrothermal fluids (Fig 6).  If 

boiling occurred, it is most likely to have affected the ‘basement’ fluid, because it is 

only fluid inclusions with 40Ar/36Ar values of more than ~4500 that have lower than 

air saturated water 36Ar concentrations (Fig 6; Table 2).  However, boiling is not 

favoured by the absence of vapour-dominated fluid inclusions (Table 1), or the 

relatively unfractionated noble gas signature of the ‘basement’ fluid. These fluids 

have 4He*/40Ar* close to the crustal production ratio (Fig 8) and 20Ne/36Ar, 84Kr/36Ar 

and 129Xe/36Ar values (at Olympic) that are intermediate between air and air saturated 

water (F values in Tables 2 and 3).  

These observations imply that fluid boiling could only account for the 

variation in the 36Ar concentration (Fig 6), and brecciation, if it occurred prior to 

quartz deposition.  If quartz post-dated fluid boiling, the vapour phase could have 

been lost and vapour-dominated fluid inclusions would not have been trapped.  In this 

scenario, the unfractionated noble gas elemental ratios might be explained if the 

basement fluid quantitatively lost its noble gases during boiling and then replaced it’s 

noble gas content by mixing with a sedimentary formation water (or unboiled 

basement fluids).  Depending on the relative proportion of the two fluids, the resultant 

mixture could have a low concentration of unfractionated noble gases.   

This discussion illustrates that fluid boiling does not provide a simple means 

of explaining the noble gas data but fluid boiling cannot be completely precluded.  If 

fluid boiling was partly responsible for the variation in 36Ar concentration, the 

overprinting effect described, implies that it would be difficult to quantify the relative 

importance of basement fluids and sedimentary formation waters with the noble gas 

data.  However, the discussion now focuses on alternative mechanisms that are 

arguably more likely to explain the observed variation in 36Ar concentration (Fig 6).  

 

A probable magmatic component 

The simplest way to generate ‘basement’ fluids with very high 40Ar/36Ar 

values is for them to be derived from the basement.  This could be achieved by either 

devolatilisation of basement rocks during metamorphism, or by melting basement 

rocks and then exsolving a magmatic fluid.  The resultant fluid would preserve the 
40Ar/36Ar value of the source region in both cases because mass fractionation of Ar-
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isotopes is insignificant (McDougall and Harrison, 1999; Ozima and Podosek, 2002).  

Our data cannot distinguish these alternatives, but it may be reasonable to assume a 

magmatic fluid is more likely given the similarity of the noble gas and halogen data 

for fluid inclusions from the Werneckes and the Ernest Henry IOCG deposit in 

Australia (Table 2; Kendrick et al., 2007).  Unlike Wernecke, syn-mineralisation 

intrusions are proximal to the Ernest Henry deposit and several sets of independent 

evidence favour some involvement of a magmatic fluids in ore formation (Fig 6; 

(Kendrick et al., 2007; 2006b; Mark et al., 2000; Oliver et al., 2004).  

If the ‘basement’ fluids at Wernecke also had a magmatic origin, the fluids 
36Ar concentration would depend on the 36Ar concentration of the rocks that were 

melted, and like salinity, would probably change during crystalization.  The bulk 

salinity of magmatic fluids exsolved from a single pluton can vary from ~2 to 84 wt 

% (see Cline and Bodnar, 1991).    Therefore the involvement of a magmatic fluid at 

Wernecke can explain both the highest 40Ar/36Ar values and variations in the fluid 

volatile content (Fig 6), without invoking fluid boiling at the site of brecciation.   

The Ne isotope data do not favour a significant mantle component in the 

interpreted magmatic fluid (Fig 7).  However, if the Slab Volcanics were of similar 

age to brecciation (Laughton et al., 2005), mantle-derived mafic magmas could have 

been a critical source of heat to trigger anatexis in the underlying basement.   The 

Br/Cl and I/Cl values of these magmatic fluids, are lower than those of fluids 

interpreted to have had a magmatic origin at Ernest Henry (Kendrick et al., 2007), or 

in porphyry copper mineralization (Fig 3; Irwin and Roedder, 1995; Kendrick et al., 

2001).  However, fluids exsolved from crustal magmas are likely to have non-uniform 

Br/Cl and I/Cl values (Irwin and Roedder, 1995), and fluid interaction with evaporites 

may have further modified their original Br/Cl and I/Cl signature (Fig 3).   

 

Fluid mixing 

Evidence for sedimentary formation waters is preserved in some of the quartz 

and sulphide samples that have bulk 40Ar/36Ar values of less than 1000 or 2000 (Fig 4; 

Tables 2 and 3).  However, it is best preserved by fluid inclusions in the barite and 

fluorite (Table 2; Fig 5), which occur late in the paragenetic sequences at Slats-Frosty 

and Igor (Hunt et al., 2005).  Barite and fluorite have very low solubility (Rimstidt, 
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1997) and because it is therefore difficult to transport Ca2+, F-, Ba2+ and SO4
2- in a 

single brine the occurrence of these minerals in abundance is interpreted to favour 

fluid mixing.   

The variability of the noble gas and halogen data also favour mixing and the 

end-members are indicated as a basement-derived magmatic fluid and a sedimentary 

formation water.  Mixing of a magmatic fluid that is variably depleted in 36Ar and has 

a 40Ar/36Ar value of ~40,000, with a 36Ar-rich sedimentary formation water can 

explain most of the variation in the noble gas parameters (Table 4; Fig 6).  However, 

wall-rock interaction close to the site of brecciation, or the involvement of locally-

derived metamorphic fluids, could also have contributed to the extremely variable 

composition of the fluid inclusions analysed.  Arguably, the most likely source of CO2 

in the Igor deposit is devolatilization of carbonate bearing host rocks (Kendrick et al., 

2008; 2007).    

 

 

SUMMARY AND IMPLICATIONS 

The range in 40Ar/36Ar of <2000 up to ~40,000 determined for hydrothermal 

fluids involved in brecciation in the Wernecke Mountains, Yukon Territory, is slightly 

greater than determined for the Ernest Henry IOCG deposit in the Mt Isa Inlier, 

Australia (Table 4; Kendrick et al., 2007).  However, the extent of the variability is 

broadly similar, implying the involvement of basement-derived fluids and 

sedimentary formation waters in both districts.  Furthermore, the dissolution of halite, 

or scapolite breakdown, is suggested as a major source of salinity in these two 

unrelated IOCG province (Kendrick et al., 2008; 2007; 2006b). 

The biggest differences between fluids related to Wernecke brecciation and 

IOCG mineralization at Ernest Henry are: i) Wernecke fluids have a smaller CO2 

component and lower salinity (Table 1; Hunt et al., 2005; Kendrick et al., 2007; Xu, 

2000); and ii) Wernecke fluids have a more variable 36Ar concentration (Fig 5; 

(Kendrick et al., 2007).  These differences could be explained by the relative depths of 

alteration, the mineralogy of the wall rocks and the proximity of alteration to igneous 

intrusions in the two districts.   
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The presence of rare liquid CO2 fluid inclusions precludes a near surface 

origin for brecciation at Igor (Table 1; Fig 2). However, post-deformational 

brecciation of greenschist facies metasediments in the Wernecke Mountains could 

have been moderately shallow elsewhere (Laughton et al., 2005). In contrast, 

amphibolite facies alteration at Ernest Henry is suggested to have had a depth of 6-10 

km (Mark et al., 2006a; 2006b; Oliver et al., 2004).   Therefore, assumming the host 

strata were a major source of (meta)evaporitic salt and CO2 in both districts (Kendrick 

et al., 2008; 2007; Marshall and Oliver, 2006), subtle differences in mineralogy or the 

higher grade of metamorphism in the Mt Isa Inlier could explain the higher XCO2 and 

salinity of fluids in that district.   

If ~1595 Ma magmatic intrusions exist in the Werneckes, the lack of outcrop 

(Fig 1) and obvious thermal gradients, suggests a deep-seat, distal to the site of 

brecciation.   In contrast, contemporaneous magmatic intrusions are laterally 

displaced but exist at the level of alteration and mineralization in the Mt Isa Inlier 

(Oliver et al.).  We have argued that the variation in 36Ar concentration at Hoover (Fig 

6) is most easily explained by volatile fractionation during magma degassing (see 

discussion).  If this is the case, different degassing behaviours are implied for inferred 

intrusions in the Wernecke Mountains and those observed proximal to Ernest Henry, 

in the Mt Isa Inlier.  These differences may be explained by the relative rates of 

crystallisation and/or depth of intrusion.  Alternatively, if magmatic intrusions (and 

fluids) are not present in the Werneckes, fluid boiling could explain the variation in 
36Ar concentration (Fig 6), and may have been more efficient than in the Mt Isa Inlier 

because brecciation occurred at a much shallower level.   

If similar magmatic fluids and sedimentary formation waters are responsible 

for other IOCG deposits, then the absence of mantle derived noble gases in the 

Werneckes (Fig 7), suggests the association with mafic volcanics (Johnson and 

McCulloch, 1995; Oliver et al., 2008; Sillitoe, 2003) is more likely to reflect wall-

rock leaching than the fluid source.  The importance of wall-rock lithology is also 

demonstrated by deposit U concentrations (Hitzman and Valenta, 2005), and our 

interpretation that it controls fluid salinity plus XCO2.  Therefore the emerging noble 

gas and halogen data are more compatible with the igneous-related evaporitic source 

model (Barton and Johnson, 1996), than magmatic only models for IOCG genesis 

(Pollard, 2000, 2001).   Although, both models suggest an igneous intrusion drives 
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fluid convection, evidence for magmatic fluids is lacking from the Osborne IOCG 

deposit of the Mt Isa Inlier (Kendrick et al., 2008).   Therefore, the presence of fluids 

with an interpreted magmatic origin in the Wernecke Mountains, may be a 

manifestation of a regional thermal disturbance, rather than the critical ingredient for 

mineralization.  Regardless of the role implied for magmatic fluids in hydrothermal 

brecciation and alteration, this interpretation of the noble gas data provides further 

evidence supporting an episode of cryptic magmatism in the Proterozoic (~1595 Ma) 

of ancestral North America. 
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Fig 1 (Kendrick et al., 2008) 

 

 

 
Fig 1. Map showing inliers of the Proterozoic Wernecke Supergroup in the Yukon Territory, 
and the position of the Yukon Territory within Canada (inset).   Areas of significant 
brecciation are indicated by stars and the six IOCG prospects examined in this study are 
highlighted.  Map adapted from (Hunt et al., 2005). 



Fig 2 (Kendrick et al., 2008) 
 
 
 

 
 
Fig 2.  The Wernecke Supergroup represented as a stratigraphic column and schematic cross-
section showing today’s erosion level.  Brecciation may have occurred near the surface if it 
post-dated deformation, as shown for ~1600 Ma erosion level (Model #1; (Laughton et al., 
2005). Alternatively, if brecciation occurred before the final deformation events it could have 
been at a depth of 6-7 km, directly related to stratigraphic level (Model #2; (Hunt et al., 
2005), see text. 
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Fig 3 (Kendrick et al., 2008) 
 
 

 
 
Fig 3.  Fluid inclusion Br/Cl versus I/Cl for Wernecke quartz, barite and fluorite 
samples (Table 3). The seawater evaporation trajectory (SET), the composition of 
halite, and magmatic fluids related to porphyry copper mineralization (PCD) are 
shown for reference (Böhlke and Irwin, 1992; Kendrick et al., 2001; Zherebtsova and 
Volkova, 1966). 
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Fig 4 (Kendrick et al, 2008) 
 

 
 
 
Fig 4.  Comparison of fluid inclusion 40Ar/36Ar values determined for sulphide and the 
average values determined for quartz and barite/fluorite.  The highest 40Ar/36Ar values are not 
measured in quartz and sulphide from the same localities. 
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Fig 5 (Kendrick et al., 2008) 
 

 
 
Fig 5. Fluid inclusion 40Ar/36Ar versus Cl/36Ar for Wernecke quartz, barite and fluorite 
samples.   The 40Ar*/Cl slopes, with atmospheric intercepts (40Ar/36Ar = 295.5), are shown for 
reference.  In most samples lower salinity LV fluid inclusions are inferred to have the lowest 
40Ar/36Ar values and LVD fluid inclusions have higher 40Ar/36Ar values. However, the fluid 
inclusion 40Ar/36Ar and Cl/36Ar values are not correlated in the hoover sample, see text.  
Datapoints 1 and 2 are identified in Table 3 and Fig 7. 
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Fig 6 (Kendrick et al., 2008) 
 

 
 
 
 
Fig 6.  Fluid inclusion 36Ar concentration (ppb) versus (a) maximum 40Ar/36Ar and (b) 
average Br/Cl for Wernecke quartz, barite and fluorite samples.  Uncertainty in the 
calculated 36Ar concentration reflects the variation in representative salinity values given in 
Table 2, the standard deviation is shown for average Br/Cl values.  Shown for reference:  Air 
Saturated Water (ASW) with 40Ar/36Ar = 295.5 and 1.3-2.7 ppb 36Ar which includes meteoric 
water and seawater with Br/Cl = 1.54×10-3 (Ozima and Podosek, 2002; Zherebtsova and 
Volkova, 1966); sedimentary formation waters with greater than air saturated water 36Ar 
concentrations (Kendrick et al., 2005; Kendrick et al., 2002a; Kendrick et al., 2006a); 
deeply-derived metamorphic fluids inferred to have low 36Ar concentrations and high 
40Ar/36Ar (Kendrick et al., 2006a); and deeply-derived magmatic fluids that are partly based 
on A-type magmatic fluids in the Mt Isa district, Australia (Kendrick et al., 2008; Kendrick et 
al., 2007).  Evolved sedimentary formation waters have equilibrated with basement rocks.  
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  Fig 7 (Kendrick et al., 2008) 

 
Fig 7.  Ne-isotope composition of fluid inclusions in Wernecke sulphide, the sulphide U 
concentration is given in ppm next to each data point (Table 3).  The composition of the 
atmosphere and modern day mantle are shown with arrows indicating vectors toward 
average crust (21Ne/22Ne = 0.52; (Ballentine et al., 2002; Ozima and Podosek, 2002)).  The 
20Ne/22Ne and 21Ne/22Ne values of Wernecke fluid inclusions are strongly correlated.  The 
trajectory toward a high 21Ne/22Ne value is consistent with the involvement of fluids sourced 
from F-poor crystalline basement rocks.  Ingrowth of 21Ne in O-rich fluid inclusions is also 
possible but not favoured (see dotted lines).  These data suggest minimal involvement of 
mantle-derived volatiles (see text). 
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Fig 8 (Kendrick et al., 2008) 
 
 

 
 
Fig 8. a) Fluid inclusion 4He*/40Ar* versus 40Ar/36Ar and b) 4He*/40Ar* versus 21Ne/22Ne for 
Wernecke sulphide samples.   40Ar* denotes radiogenic 40Ar corrected for the atmospheric 
component (40Ar* = 40Artotal – 295.5×36Ar), as atmospheric He is negligible 4He = 4He*.  The 
atmospheric values of 40Ar/36Ar = 295.5 and 21Ne/22Ne = 0.029; and the 4He*/40Ar* 
production ratios of average crust (5.7) and average mantle (2) are shown for reference 
(Ballentine and Burnard, 2002; Burnard et al., 1997). 
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Fig 9 (Kendrick et al., 2008) 
 
 

 
 
 
 
Fig 9. a) Graph showing the concentration of 4He* produced in the sulphide matrix since 
1595 Ma as a function of sulphide U concentration, and the volume of 4He* extracted by in 
vacuo crushing. b) In vacuo crushing 4He*/21Ne* and 4He*/40Ar* versus sulphide U 
concentration.   4He* extracted by in vacuo crushing is unrelated to the concentration of U in 
the sulphide matrix indicating that 4He* (and Ne) are extracted from fluid inclusions only, see 
text. Samples from Olympic and Hoover are distinguished by crosses. 
.
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Table 1. Sample origin and fluid inclusion characteristics  
Sample Origin Fluid Inclusions2

Salinity NaCl 
eq. 

prospect name   mineral
3

Primary LVD 

 

LV 

 

CO2 

mean max 
Igor DG96c     Qtz ∼50%  20% 80% 30 40 
 

Quartet Group: quartz veins in chlorite-
hematite breccia and large barite vein 
with magnetite  
 

DG10-1b 5%Qtz 90%∼50%       

       
          

     

   

     

    
        

      
    
        

5% 20 40
 Igor barite Brt 30% 

 
5% 95% 

 
 25 40 

DG9-6 Cp
DG9-13 Cp

Slats-
Wallbanger 

Quartet Group-Gillespie Lake Group 
transition, carbonate-quartz-chalcopyrite 
vein in breccia 

STW Qtz ∼10%  ∼20% ∼80% 20 30

Slats-Frosty Fairchild Lake Group, carbonate, fluorite, 
pyrite & chalcopyrite vein in siltstone 

Slats fluor Fl 100% 10% 90%4

 
25 36

Slab Fairchild Lake Group, quartz crystal from 
breccia matrix 

Slab 100%Qtz 100% 400% 44
 SB1 Cp       
Olympic Gillespie Lake Group, calcite/quartz veins 

with hematite, cuts breccia clast 
OY94 ∼30% Qtz ∼20% ∼80% 25 40

 OY2 Cp
Hoover 
 

Fairchild Lake Group, quartz-muscovite-
malachite-hematite vein in siltstone 

Hoover Qtz 80% 50% 35
 

50%
 

 42
 HV1 Cp  

 HV2 Cp
 
 
 

                                                 
2 The percentage abundance of different fluid inclusion types is estimated. Abbreviations: LVD = liquid-vapour-halite; LV = liquid-vapour; and CO2 = liquid carbon dioxide. The percentage of these 
fluid inclusions that have a primary origin (including pseudo secondary fluid inclusions) is also estimated.  All estimates have been made visually during microthermometry and have an uncertainty 
of approximately ±10%. Samples dominated by very small fluid inclusions (<4 µm), that are difficult to see into could have an even higher uncertainty and are indicated by ~ symbols.   
3 Mineral abbreviations: Qtz = quartz; Brt = barite; Cp = chalcopyrite; and Fl = fluorite. 

 
4 ~80% of these fluid inclusions contain an accidentally trapped carbonate mineral that cannot be dissolved on heating. 
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Table 2. Summary of noble gas and halogen data for fluid inclusions in Wernecke quartz, barite and fluorite samples (full dataset in appendix). 
   Sample 40Ar/36Ar 

 
40Ar*/Cl 

×10-6
Cl /36Ar 

×106
Wt. % 
salts   

[40Ar*]  
ppm 

[36Ar]  
ppb 

F84Kr F129Xe Br/Cl
×10-3

I/Cl  
×10-6

K/Cl 
 

K 
ppm 

U 
ppb 

 Extrac. 
Tech.5

mg max   
age-corr. 

TF6 (meas) 
age-corr. 

mean max repres.7 mean    max range range range8 range (max)9 FI + matrix 

Quartz             
Crush 1-4 18 1420 ± 10 (1310) 

1250 ± 20 
10.5 ± 0.4 109 ± 7 30-40 2.6 ± 0.4 2.0 ± 0.3 1.1-1.3       

       
         
            

       

       
         
                

         
        

          

          
        
          

       

     
        
        

       
        

         

              

2.3-3.1 ~1.2 21-23 0.03 28 12DG96c   
(Igor) 

H 200-400 
 

104 1170 ± 10 (1540) 16 ± 7 77 ± 5 20-30 2.8 ± 0.6 2.0 ± 0.4 1.1-1.3 15-26 0.03-0.06 (0.7) 44 13
H >400
 

“ 2070 ± 20 1460 ± 10 8 ± 3 160 ± 12 35-40 2.1 ± 0.8 1.4 ± 0.1 1.0-1.3 15-17 0.03-0.13 “ “
    

Crush 1-4 26 1300 ± 90 (1000)  
940 ± 10 

14 ± 1 66 ± 6 20-40 2.9 ± 1.0 2.8 ± 0.9 1.1-1.7 6.4-24 2.4-2.6 13-15 0.03-0.09 13 1DG10-1b 
(Igor) 

H 200-400 
 

101 960 ± 110 (1050) 22 ± 15 54 ± 4 15-20 2.6 ± 1.8 2.0 ± 0.3 2.3-2.9 14-45 0.06 9 9
H >400
 

“ 1780 ± 40 940 ± 10 11 ± 8 91 ± 7 35-40 2.8 ± 2.1 2.5 ± 0.2 2.0-2.5 11-20 0.08-0.46 “ “

STW H 200-400
 

96 670 ± 70 (1840) 15 ± 1 26 ± 3 15-20 1.8 ± 0.3 4.2 ± 0.6 0.64-0.87 2.2-3.1 0.09-0.16 (1.7) 41 2
(slats-W)
 

H >400
 

“ 2270 ± 70 1480 ± 30 13 ± 4 131 ±  9 25-30 2.4 ± 0.8 1.3 ± 0.1 0.92-1.0 2.8-4.4 0.1-0.37 (0.69)
 

“ “
    

Slab H 200-400
 

69 430 ± 60 (820)  29 ± 30 17 ± 2 25-30 6 ± 6 10 ± 1 0.72-1.8 0.3-11 0.27 (0.9) 11 65
H >400
 

“ 4500 ± 360 
  

680  ± 30 6 ± 6 289 ± 29 38-44 2 ± 2 0.9± 0.1 0.36-0.85 1.0 -2.7 0.04-0.16 “ “
    

Crush 1-6 78 11,470 ± 80 (4970) 
4870 ± 20 

85 ± 2 128 ±  8 25-40 19 ± 4 1.6 ± 0.4 1.1-1.6 1.8-4.2 1.4-1.6 6.9-8.1 0.09-0.12 46 2OY94 
(Olympic) 

H 200-400 
 

85 4360 ± 100 (8370)  57 ± 7 66 ± 5 15-20 6.8 ± 1.0 1.6 ± 0.3 0.77-1.0 4.6-5.7 0.08-0.12 (0.9) 117 8
H >400
 

“ 15,250 ± 260 
  

7920 ± 100 
 

55 ± 15 178 ± 13 35-40 14 ± 4 1.3 ± 0.1 0.89-0.97 3.9-4.5 0.07-0.45 (1.1)
 

“ “
    

Hoover 
 

H 200-400 10 94 40,440 ± 3170 (22,420)  3840 ± 260  10± 1 10-20  390 ± 130 9 ± 3 0.74-1.1 2.5-3.9 0.17 (0.8) 25 2
H >400 11 “ 38,230 ± 1970 

  
22,170 ± 310 

 
125 ± 8  303 ± 25 30-42 31 ± 5 0.7 ± 0.2 0.50-0.70 1.3-2.4 0.04-0.16 “ “

     

Barite/Fluorite
Igor brt. Crush 1-4 196 366 ± 8 (322) 319 ± 3 45 ± 23 1.3 ± 0.1 25-30 9 ± 4 130 ± 12 1.1-2.2       

       
       

              

2.2-18 2.4-2.8 57-65 0.11-0.42 <1 31
Slats fl. 
 

Crush 1-5 
 

80 990 ± 10 (973) 960 ± 5 
 

85 ± 19 9.3 ± 0.6 25-30 16 ± 4 18 ± 2 1.1-1.4
 

1.2-1.7
 

2.4-3.0 16-22 0.08-0.15 20 9
    

Reference values12

Air              
              

             

296 - 1 1
ASW 296 0 1.8-2.1

 
 3.9-4.2

 
1.5* 0.8*

Magmatic >10,000-30,000 2-84 2-6 1-2 10-80

                                                 
5 Extraction technique: crush = in vacuo crushing, the number of crushes is indicated; H = stepped heating, data is reported for low temperature (200-400 °C) and high temperature (>400 °C) parts 
of the experiment. 
6 TF = total fusion or sample average 40Ar/36Ar value. The measured and age-corrected values are given. The age correction is based on the K abundance and a sample age of 1595 Ma (see appendix). 
7 Salinity representative of fluid inclusions in the sample or decrepitated in different parts of the experiment.  For samples analysed by in vacuo crushing this is the mean to maximum salinity, with a maximum of 25-30 
wt % if LV fluid inclusions comprise >90% of the total. For samples analysed by stepped heating it is assumed the most saline fluid inclusions decrepitate above 400 °C, see text. 
8 Range determined by in vacuo crushing or stepped heating 200-400 or 400-700 °C. 
9 The range of K/Cl values is possibly representative of fluid inclusion values. However, the maximum K/Cl values in brackets provide evidence for very minor K-bearing mineral impurities within the samples. 
10 Ar and Cl values correspond to the 300 °C extraction step identified as point 1 on Figs 5 and 6. 
11 Ar and Cl values correspond to the 1560 °C extraction step identified as point 2 on Figs 5 and 6. 
12 ASW = air saturated water which includes meteoric and seawater Ozima, M., and  Podosek, F. A., 2002, Noble Gas Geochemistry, Cambridge University Press..  Values marked by an asterix are 
for seawater (Zherebtsova and  Volkova, 1966).  Deeply-derived magmatic fluids based on the Ernest Henry IOCG deposit, Australia, the Stripa Granite and Porphyry Copper Deposits (Cline and  
Bodnar, 1991; Irwin and  Reynolds, 1995; Irwin and  Roedder, 1995; Kendrick et al., 2001). 
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 Table 3.  Summary of in vacuo crushing noble gas and trace element data for Wernecke sulphide 
Sample Sulphide matrix13 Fluid inclusions14

  
U+Th 
ppm 

Zr 
ppm 

Ti 
ppm 4He  15

cm3g-1 (×10-6)  40Ar/36Ar 20Ne/22Ne 21Ne/22Ne 3He/4He (R/Ra) 4He /40Ar* 

4He /21Ne* 
(×10-6) F20Ne 

Igor             
DG9-6      

      
    

       
     

      
     

     
     

    

0.74g 80 43 8.7 31 14,076 ± 209 
 

6.57 ± 0.23 0.3454 ± 0.0125 0.002 ± 0.001 16.0 ± 0.6 17 ± 1 0.51 ± 0.04 
DG9-13 1.26g

 
2.7 0.1 2.3 45 1538 ± 8 

 
9.43 ± 0. 11 

 
0.0492 ± 0.0008 

 
0.002 ± 0.001 

 
28.7 ± 0.8 291 ± 16 

  
0.56 ± 0.03 

 Slab 
SB1 0.75g

 
0.1 0.1 2.0 11 536 ± 8 

 
9.62 ± 0.11 

 
0.0304 ± 0.0005 

 
<0.019 

 
35.2 ± 2.6 92 ± 4 

 
0.87 ± 0.04 

 Olympic 
 OY2 0.97g

 
29 0.3 3.0 4 596 ± 4 

 
9.92 ± 0.14 

 
0.0306 ± 0.0007 

 
<0.005 

 
37.0 ± 1.4 38 ± 2 

 
0.79 ± 0.04 

 Hoover 
 HV1 1.02g 1.1 4.9 124 18 10,581 ± 642 9.20 ± 0.14 0.0943 ± 0.0018 0.006 ± 0.001 7.2 ± 0.7 20 ± 1 1.00 ± 0.08 

HV2 0.40g 0.7 0.7 4.8       9  16 1113 ± 6 
 

9.81 ± 0.12 
 

0.0335 ± 0.0006 
 

<0.006 
 

9.1 ± 0.3 
 

40 ± 2 
 

0.78 ± 0.04 
Reference values17

Air-ASW
 

            
            

             

296 9.8 0.029 1 - - 0.23-1 
Crust >300 - 0.52 <0.05 5.7 17.1 -
Mantle ~40,000 12.2 0.0558 6-8 2 -
 

                                                 
13 Measured in ~100 mg of digested sulphide by ICPMS.  The U concentration in two aliquots of HV2 was reproducible to within 15% indicating heterogeneity in the distribution of U bearing 
mineral impurities. 
14 Fluid inclusion compositions determined by crushing chalcopyrite with 500 strokes of air actuated in vacuo crushing device. 
15 Volume of 4He released by in vacuo crushing per gram of sulphide (e.g. not the fluid concentration). 
16 A second crushing experiment of 1000 strokes released just 0.7×10-6 cm3 g-1 of 4He and was close to background level for 20Ne (4-8×10-12 cm3 g-1)  and 36Ar (6-10×10-12 cm3 g-1). 
17 Reference values in Ozima and  Podosek (2002). 
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 Table 4. Summary of fluid characteristics and chemical parameters 
 Sedimentary Formation water Basement Fluid (magmatic) 
Radiogenic noble gases  
R/Ra <0.02  

   

 

0.002-0.006
 Typical of crustal volatiles Typical of the lower crust but sensitive to ingrowth of radiogenic 

4He* 
40Ar/36Ar <1000-2000 15,000-40,000
 Typical of sedimentary formation waters. 

 
Favours a source from 36Ar-poor crystalline basement rocks. 

 4He/40Ar* 20-37 7-11
 Enrichment in 4He* is characteristic of low temperature (<250 °C) 

basinal fluids. 
Slightly above the average crustal production value of 5; compatible 
with a fluid sourced from U-rich basement. 

20Ne/22Ne and 
21Ne/22Ne 

9.6-9.9 
0.03 

9.2-6.5 
0.05-0.09 

 Close to the atmospheric values, precludes significant ingrowth of 
nucleogenic Ne. 

Enriched in crustal 22Ne and 21Ne and the 20Ne/21Ne slope favours 
interaction with F-poor basement rocks (Fig 7).  

Noble gas concentrations  
[36Ar] 20-100 ppb in fluorite and barite 

<1-10 ppb in quartz 
From 6-12 ppb down to <1 ppb in quartz 

 High (>ASW) concentrations in barite and fluorite are typical of sed. 
Fm. Waters.   

Variable concentration can be explained by fractionation during 
magma volatile degassing or phase separation. 

84Kr/36Ar Air-ASW range Air-ASW range 
20Ne/36Ar Air-ASW range Air-ASW range 
 Range is typical of surface derived fluids and does not favour phase 

separation. 
Range is typical of crustal rocks and fluids and does not favour 
phase separation. 

Halogens   
Salinity 10-30 wt % salts <44 wt % salts 
 Maximum salinity of 30 wt % determined by the point of halite 

saturation in evaporated seawater.  Lower values suggest dilution by 
seawater, meteoric water or metamorphic volatiles. 

Magmatic fluids can have a high salinity, however fluid interaction 
with halite or scapolite has also contributed. 

Br/Cl Up to 3.0×10-3 ~1×10-3

I/Cl Up to 65×10-6 ~4×10-6

 Elevated Br/Cl diagnostic of evaporation beyond the point of halite 
saturation (bittern brine). Elevated I/Cl favours fluid interaction with 
organic-rich sedimentary rocks. 

Br/Cl and I/Cl are lower than for magmatic fluids related to 
porphyry copper mineralization. This probably results from fluid 
interaction with scapolite. 
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