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11.1 Introduction 

The study of noble gases and halogens dissolved in crustal fluids has found wide application 
in a range of hydrogeological disciplines (e.g. Kipfer et al., 2002; Ballentine et al., 2002); 
these applications can be considerably extended into deeper crustal environments, or the 
geological past, by the analysis of fluid inclusions. This chapter aims to illustrate: i) how the 
noble gas composition of fluid inclusions can help constrain the origin of the major volatile 
phases, such as H2O and CO2, in fluid inclusions (e.g. Kelley et al., 1986; Simmons et al., 
1987; Turner et al., 1993); and, ii) how additional insights on fluid origins and acquisition of 
salinity are provided by simultaneous analysis of halogens (Cl, Br, I) with noble gases (e.g. 
Böhlke and Irwin, 1992a; Kendrick et al., 2001a). 
  Fluid inclusions were initially investigated to search for ancient atmospheric noble 
gas components (Cadogan, 1977; Butterfield and Turner, 1985; Turner, 1988), and then to 
study ore deposits (e.g. Kelley et al., 1986; Simmons et al., 1987).  The discovery of 
Simmons et al. (1987) that hydrothermal minerals can preserve mantle-derived 3He proved to 
be of particular interest for investigating ore genesis, because the mantle is frequently 
invoked as an important source of heat or exotic metals (e.g. Pirajno, 2000).  Hydrothermal 
ore deposits form in a variety of geologic environments from near surface basinal to mid-
crustal greenschist or amphibolite facies magmato-metamorphic settings.   Fluid inclusions 
enable metamorphic and magmatic fluids to be sampled from these environments, and in 
some cases trapping occurs before atmospheric noble gases are introduced via mixing with 
surface-derived groundwater.  The range of fluid inclusions investigated for noble gases has 
recently been further expanded to include fluid inclusions formed during extensional 
deformation (Pili et al., 2011), and eclogite facies metamorphism relevant to subduction-
recycling processes (Sumino et al., 2010; Kendrick et al., 2011a).  As a result, fluid 
inclusions from ore deposits and metamorphic rocks have greatly expanded the range of 
crustal fluid types investigated for noble gases.  

Basic information concerning the composition of the fluid inclusions major phases (H2O, 
CO2, CH4, N2 etc), salts, and the trapping pressure and temperature conditions can be 
obtained from petrographic observations of the fluid inclusions and microthermometric 
heating and cooling experiments (Fig 11.1; e.g. Roedder, 1984; Bodnar, 2003).  Furthermore, 
textural evidence or mineralogical associations can provide information on the relative timing 
of fluid entrapment (Roedder, 1984).  

In this chapter we provide an overview of the methods used to analyse noble gases in 
fluid inclusions and discuss two complementary approaches: i) noble gas analyses focused on 
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using He-Ar isotope systematics to quantify the presence of mantle and atmospheric 
components in crustal fluids (e.g. Stuart and Turner, 1992; Turner et al., 1993; Stuart et al., 
1995; Burnard et al., 1999; Hu et al., 2004; Graupner et al., 2006); and ii) combined noble 
gas and halogen analysis, which is applied to irradiated samples (e.g. Böhlke and Irwin, 
1992b; Turner and Bannon, 1992; Kendrick et al., 2001a).  The combined noble gas and 
halogen approach represents an extension of 40Ar-39Ar methodology (Table 11.1; Kendrick, 
2012), and it enables noble gases to be more closely linked with other fluid tracers than has 
previously been possible.  

Fluid inclusions are providing important new insights on the behaviour of noble gases in 
the crust (Kendrick et al., 2011ab).    This is illustrated primarily through noble gas and 
halogen data that illuminate the diverse fluid processes responsible for ore deposition in a 
range of sedimentary, magmatic and metamorphic environments. 
 

 

11.2 Sample selection 

The most important consideration for selecting fluid inclusion bearing samples is that the 
sample material contains fluid inclusions related to the geological process being investigated. 
However, the susceptibility of different minerals to post-entrapment modification must also 
be considered.  The two possible modifications of greatest concern for noble gas analysis are: 
i) post-entrapment leakage of the light helium isotopes, which are known to diffuse through 
some of the minerals most commonly used for fluid inclusion studies (e.g. quartz) at 
relatively low temperatures; and ii) modification of the fluid inclusions noble gas isotope 
signature by post-entrapment decay of U, Th or K which produce a range of radiogenic noble 
gas isotopes (e.g. 4He, 21Ne*, 40Ar*, 136Xe*; Ballentine and Burnard, 2002).  

Note that an asterix is commonly used to denote the radiogenic component of a noble gas 
isotope.  For example, 40Ar has atmospheric and radiogenic sources, whereas 40Ar* has been 
corrected for atmospheric contributions (e.g. 40Ar* = 40Ar – atmospheric 40Ar).   In most fluid 
inclusion studies, 40Ar* is broadly equivalent to excess 40Ar (40ArE), where excess 40Ar has 
been corrected for both atmospheric 40Ar and radiogenic 40Ar produced by in situ decay of 
40K (Kendrick et al., 2006b).  An asterix is not used for the 4He isotope because the 
atmospheric contribution to 4He is negligible and 4He is usually assumed to have a purely 
radiogenic origin in the crust. 
 

11.2.1 Fluid inclusion characterisation 

 Fluid inclusions can have complex parageneses, primary fluid inclusions trapped 
during mineral growth are typically identified because they occur in isolated clusters or 
define mineral growth planes (Roedder, 1984).  Secondary fluid inclusions are trapped along 
annealed fractures, and post-date mineral growth (Roedder, 1984).  Secondary fluid 
inclusions have ambiguous timing and are often introduced after the geological event of 
interest; however, secondary fluid inclusions can provide useful information in some 
situations. For example, secondary inclusions can record the passage of multiple fluid pulses 
in evolving hydrothermal systems, and might preserve fluids more closely related to gold 
deposition than primary fluid inclusions in some orogenic gold deposits, where gold is hosted 
on late fractures within quartz veins (Polito et al, 2001; Fairmaid et al., 2011).    

Fluid inclusion bearing samples are usually analysed by either in vacuo crushing or 
stepped heating of bulk samples.  As a result, it is advantageous if sample materials are 
dominated by a single fluid inclusion type, or a single assemblage of co-genetic inclusions.  
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Sequential analyses (e.g. repeat crushing analyses or stepped heating) can be undertaken to 
help characterise more complex samples. However, limitations imposed by imperfect sample 
material need to be considered during data interpretation. It is therefore essential that fluid 
inclusion samples used for noble gas analysis are studied petrographically in sufficient detail 
that the nature of the fluid inclusion assemblage can be documented.  

 

11.2.2 Post-entrapment He loss 

Fluid inclusions can be subject to post-entrapment modifications such as ‘necking down’ or 
physical rupture/leakage, which can be identified from fluid inclusions with irregular shapes 
and variable liquid/vapour volume ratios (e.g. Roedder, 1984).   In addition, water can leak 
out of metamorphic fluid inclusions by diffusion of disassociated H+ ions, which can 
significantly alter the fluid inclusions oxidation state or degree of fill (e.g. Mavrogenes and 
Bodnar, 1994; Scambelluri et al., 2001).  Fortunately, the heavy noble gases (Ne, Ar, Kr, Xe) 
have lower diffusivities than H+, and appear to be less prone to diffusional leakage than water 
(e.g. Kendrick et al., 2011a).   However, it is not uncommon for fluid inclusions in quartz to 
have anomalously low He/Ar ratios, or very low helium abundances, that suggest the light 
helium isotopes are prone to leakage from fluid inclusions in many geological environments 
(Stuart and Turner, 1992; Graupner et al., 2006; Kendrick et al., 2011b).  

Previous work indicates dense sulphide minerals, including pyrite and arsenopyrite, 
reliably trap helium over geological time periods (107 – 109 years; Turner and Stuart, 1992; 
Simmons et al., 1987; Burnard and Polya, 2004; Kendrick et al., 2011c).  Native gold, 
chalcopyrite, sphalerite, scheelite, fluorite and magnetite also appear suitable helium traps 
(Stuart and Turner, 1992; Eugster et al., 1995; Pettke et al., 1997; Kendrick et al., 2002ab; 
2011c). However, many of these minerals are opaque meaning it is difficult to characterise 
the nature of their fluid inclusions. 

The preservation of helium in minerals like quartz, calcite and feldspar, that are 
suitable for petrographic study of fluid inclusions is variable (e.g. Stuart and Turner, 1992; 
Graupner et al., 2006; Kendrick et al., 2011b). Helium retention probably depends on the 
nature of lattice dislocations intersecting individual fluid inclusions, and no petrographic 
criteria have yet been identified for selecting reliable samples.  

The best way to test for possible helium leakage is to analyse the full suite of noble 
gases (He, Ne, Ar, Kr, Xe). If fluid inclusions preserve 4He/40Ar* ratios close to the crustal 
production ratio, or the He/Ar, Ne/Ar, Kr/Ar and Xe/Ar ratios show systematic behaviour 
consistent with uniform fractionation in a fluid phase, arguments can be made that significant 
helium loss has not occurred (e.g. Kendrick et al., 2011c). A real concern is that if helium 
leakage has occurred, the measured 3He/4He ratio of the trapped fluid could have been 
compromised by exchange with external fluids. 
 

11.2.3 Post-entrapment production of radiogenic isotopes 

Fluid inclusions trap sufficiently high abundances of noble gas in solution that in situ 
production of radiogenic noble gas isotopes (e.g. 40Ar*, 4He) from decay of dissolved K, U 
and Th is only a concern under exceptional circumstances (e.g. Precambrian U deposits).  
However, it is not unusual for a mineral to contain significant K, U or Th either within its 
lattice or within minor mineral impurities, and great care must be taken during analysis, to 
avoid mixing noble gases trapped in fluid inclusions with radiogenic noble gases produced in 
the mineral host.  
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 Reliable fluid inclusion analyses are most easily obtained from minerals like quartz, 
calcite, olivine or sulphide that contain abundant fluid inclusions and very little K, U or Th.  
However, fluid inclusion and matrix noble gas components can be separated by in vacuum 
crushing analyses. Optimal seaparation of the fluid inclusion component is achieved by 
crushing fluid inclusion rich samples for short durations, because prolonged crushing 
eventually releases significant noble gas from the mineral matrix (cf. Stuart et al., 1995; 
Yokochi et al., 2005; Kendrick and Phillips, 2009).  In situ radiogenic noble gas components 
can be quantified and corrected for if the samples K, Th and U concentrations are measured. 
The extended 40Ar-39Ar method enables simultaneous measurement of Ar isotopes with K 
and U (Table 11.1).  Stepped heating enables determination of K and U in mineral as well as 
fluid inclusions, and wide application of this technique has shown that in situ production of 
radiogenic 40Ar is negligible for the majority of Paleoproterozoic to recent quartz samples 
(e.g. Kendrick et al., 2006bc; 2007, 2008ab; 2011c).  

Finally, in addition to 4He ingrowth, there is a potential to produce 3He by neutron 
capture on Li {6Li(n,)3He} inside fluid inclusions within some neutron-rich geological 
environments. This can be significant because 3He can have a very low abundance in 
hydrothermal fluids and 6Li has a relatively large n-capture cross section (941.1 barns; 
Chang, 2011). High 3He/4He production ratios are most likely in Li-rich fluid inclusions 
surrounded by U-rich host rocks (Fig 11.2; Hu et al., 2009), because U can supply highly 
penetrative neutrons (without 4He) from distances of ~1 m in silicate rocks (Andrews et al., 
1982; Andrews and Kay, 1982).  However, production rates are low, e.g. <10 3He atoms g-1 a-

1 is estimated for fluid inclusions containing 50 ppm Li surrounded by a host-rock with 10 
ppm U, meaning in situ 3He production is only significant for fluid inclusions with low 
helium concentrations (see Hu et al., 2009).  A second noble gas isotope that could feasibly 
be generated by this mechanism is 36Ar, which is produced by neutron capture on 35Cl 
(Fontes et al., 1991; Irwin and Reynolds, 1995). 

 

11.2.4 Post-entrapment modification by cosmogenic production 

Cosmogenic production represents the final in situ source of noble gas isotopes, but is 
only significant for 3He and 21Ne in terrestrial samples (Ozima and Podosek, 2002).  Cosmic 
rays are rapidly attenuated in the Earth’s atmosphere and significant cosmogenic isotopes are 
only generated in samples that are within ~1 m of the Earth’s surface (Ozima and Podosek, 
2002).  As a result, this complexity can be avoided by selecting shielded samples from 
rapidly eroding environments, drill core or underground workings.  

For He and Ne isotope analysis, it is best to avoid samples that have previously been 
exposed at the surface, or close to the surface, for periods of more than a few thousand years.  
The low abundances of 3He and 21Ne in mineral samples, means that relatively minor 
cosmogenic production could bias results. For example, 3He contents in sulphide minerals are 
typically on the order of 0.5 - 50 ×106 atoms g-1. An equivalent concentration could be 
generated by only ~5 – 500 kyr exposure at sea level at high latitude (see Niedermann, 2002). 
   

 

11.3 Analysis 

11.3.1 Sample Preparation 

Noble gases in fluid inclusions can be analysed in bulk mineral separates by either in vacuo 
crushing or furnace heating.  High purity mineral separates are obtained by hand picking 
under a binocular microscope.  Grains larger than a few mm are avoided because they might 
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contain hidden impurities and can be difficult to load into crushing devices. Crushing samples 
too finely will open many of the largest fluid inclusions and increase the time required for 
hand picking.  However, Scheidegger et al. (2010) demonstrated crushing speleotherm 
material to <300 μm reduced the presence of undesirable modern air contaminants (section 
3.6) by removing inter-crystal air cavities and that adsorption of atmospheric noble gases 
onto fine material was not a significant problem.  Mineral separates are usually cleaned in 
acetone and distilled water with or without ultrasonic agitation; acid cleaning is not possible 
for soluble sulphide or carbonate minerals.    

The irradiation procedure used for combined noble gas and halogen analysis is analogous 
to 40Ar-39Ar dating (McDougall and Harrison, 1999), except Cd-shielding is avoided in order 
to maximise production of halogen-derived noble gas isotopes from low energy thermal 
neutrons (Böhlke and Irwin, 1992b; Johnson et al., 2000; Kendrick, 2012).  The noble gas 
proxy isotopes used to measure Cl, Br, I, K, Ca and U in irradiated samples are summarised 
in Table 11.1, and the method is described in detail by Kendrick (2012).  Irradiated samples 
analysed for halogens and the more abundant heavy noble gases can be as small as 10-30 mg.  
In contrast, noble gas analysis of unirradiated samples for scarce He and Ne isotopes 
typically require 0.3-1.0 g of sample material. Once loaded into the ultra high vacuum for 
analysis, the samples are baked at temperatures of <120 °C for 12-48 hours, to remove 
surface contaminants and achieve ultra high vacuum.  Higher temperatures are avoided to 
prevent fluid inclusion decrepitation.   

 

11.3.2 Noble gas extraction methods 

Noble gases can be extracted from samples by in vacuo crushing, stepped heating or laser 
ablation, and combinations of these techniques can be employed to provide information about 
the distribution of noble gases and halogens in the sample (e.g. fluid versus mineral 
inclusions or different fluid inclusion populations; e.g. Kendrick et al., 2001b; 2006a 
Kendrick, 2012). 

Several crushing apparatus have been designed for fluid inclusion analysis (see 
Burnard et al. this volume). The different devices vary in efficiency (Kendrick and Phillips, 
2009), but a significant proportion of the smallest fluid inclusions (often <<10 m) remain in 
the coarser fractions of crushed samples in all devices (Fig 11.3a).  Samples are typically 
analysed sequentially by multiple crushes to characterise variation in the fluid inclusion 
population. 
 Stepped heating can be used to analyse quartz hosted fluid inclusions by thermal 
decrepitation because quartz it is stable to high temperature and contains negligible K, U or 
noble gas in its lattice (Fig 11.3b; Kendrick et al., 2006a).  In contrast, stepped heating of 
sulphides, sulphates or carbonate can produce potentially damaging pressures of gas (H2S or 
CO2) and is therefore not recommended.  Stepped heating can help resolve different fluid 
inclusion types that have different decrepitation temperatures. For example, liquid carbon 
dioxide fluid inclusions typically decrepitate at lower temperatures than similarly sized water 
fluid inclusions.  However, fluid inclusion decrepitation temperature is also size dependent 
(Bodnar et al., 1989).  Aqueous fluid inclusions of >5 µm in diameter typically decrepitate 
between ~200 and ≤700 °C (Stuart et al., 1995; Kendrick et al., 2006a), but very small fluid 
inclusions of <1-2 µm in diameter are often undecrepitated during microthermometry at 
temperatures of ~600 °C, and it appears gases are only released from these small inclusions, 
at temperatures of >1200 °C (Fig 11.3b; Kendrick et al., 2006a).  A similar ‘bimodal’ 
decrepitation profile has been reported for fluid inclusions in olivine (Tolstikhin et al., 2010); 
however, there is considerable variability in the degassing profiles of quartz (Fig 11.3b; 
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Kendrick et al., 2006a; Fisher and Kendrick, 2008; Fairmaid et al., 2011), and bimodal 
degassing is not a general feature of anhydrous minerals (Stuart et al., 1995).  Note that most 
mineral inclusions, and the mineral lattice, are degassed between ~700 and 1600 °C 
depending on their size and composition (see Kendrick et al., 2006b). 

Laser ablation was applied in the pioneering studies of Böhlke and Irwin (1992abc) to 
measure argon isotopes and halogens in ore deposit fluid inclusion wafers. However, based 
on the quantity of gas released and the performance of 266 nm lasers at that time, it is likely 
that this was achieved on groups of syngenetic, rather than individual fluid inclusions in the 
majority of cases (Böhlke and Irwin, 1992abc; Irwin and Reynolds, 1995; Irwin and Roedder, 
1995; Kendrick et al., 2001b).   More recently, 193 nm and 213 nm lasers which enable very 
controlled ablation of quartz have been used to investigate the presence of excess 40Ar in 
ultra-high pressure minerals such as quartz and kyanite (e.g. Sherlock and Kelley, 2002). 
However, routine analysis of individual fluid inclusions remains a distant goal, because in 
comparison to magmatic glasses which can contain CO2 vesicles with diameters ranging from 
>100 μm to mm-size (Burnard et al., 1994; 1997; Raquin et al., 2008), fluid inclusions in 
crustal environments are often smaller than 10-20 μm making analysis of the scarcest noble 
gas isotopes (e.g. 3He and 22Ne) unfeasible in individual fluid inclusions.    

 
 

11.3.3 Purification 

Noble gases released from fluid inclusions are purified using Zr-Al getter pumps that remove 
the major volatiles (e.g. H2O, CO2). A typical purification protocol would be to expose the 
extracted sample gas to a hot (250 °C) SAES getter for 20 minutes; then cool the getter over 
15 minutes, prior to final clean up on a second Zr-Al getter pump at 250 °C for 5 minutes 
(Stuart et al., 1995).  Relatively long gettering times are required due to the slow diffusion of 
water through the extraction line.    

Stepped heating calcite or sulphide releases very large volumes of CO2 or H2S, even 
when the maximum extraction temperature is kept below the mineral breakdown temperature.  
There are no standard procedures for cleaning up these gases but hot (450 °C) Ag wool is 
efficient for removing H2S, and ‘flow-through’ traps are significantly more effective than 
‘finger-type’ traps (Phillips and Miller, 2006; Pujol et al., 2009).  

The purified noble gases are usually cryogenically separated into at least light (He + 
Ne) and heavy (Ar, Kr, Xe) fractions for analysis (e.g. Burnard et al., 1999; Kendrick et al., 
2011b; Kendrick, 2012).  Neon isotope analyses are best if separated from helium using a 
cryogenic trap; if separation is not possible, the standard must have He/Ne ratios similar to 
the samples otherwise uncalibrated mass fractionation effects can occur (Hiyagon, 1989).  

 
 

11.3.4 Precision relative to natural variation 

Fluid inclusion noble gas isotope ratios of helium and argon vary over at least two orders of 
magnitude (Ballentine et al., 2002; Ozima and Podosek, 2002).  As a result analytical 
precision, which varies from best values of <1 %, to much higher values, depending on the 
amount of gas available for analysis, rarely limits data interpretation. However, caution is 
required for neon isotope analysis because of possible interferences from CO2 or 40Ar++ (e.g. 
Osawa, 2004). 

Detection limits for halogen measurement by the noble gas method are superior to 
most conventional techniques and enable Br/Cl and I/Cl ratio measurements with a precision 
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of ~1% in 10 mg sized samples (Böhlke and Irwin, 1992a; Jonhson et al., 2000; Kendrick, 
2012; Kendrick et al., 2012).  Detection limits for K or U are more variable and depend on 
the ability to resolve the irradiation produced 39ArK or 134XeU proxy isotopes from interfering 
isotopes such as 39ArCa and atmospheric xenon (Kendrick, 2012).  

Machine blanks associated with noble gas measurement are variable depending on 
recent instrument useage and the noble gas extraction method.  Blanks are often very small or 
negligible for laser ablation and crushing undertaken in modified Nupro® valves (Kendrick 
et al., 2011d; Kendrick, 2012). However, blank corrections sometimes control the uncertainty 
associated with He and Ne isotope measurements (Kendrick et al., 2011bc) and are usually 
important in high temperature heating steps (>1400 °C).   

Robust blank corrections should be ‘active’ and mimic the sample analysis as closely 
as possible, by actuating the crusher, firing the laser, moving the parts required to place a 
sample in the furnace and using an empty foil packet if samples are wrapped in foil. In 
practice, reported corrections often represent ‘passive’ blanks in which for example, the 
crusher was not actuated.  Stuart et al. (1995) demonstrated crushing inclusion free quartz 
using modified Nupro® valves did not contribute to the procedural blank of this crushing 
device.  However, the use of passive blanks is less than satisfactory for some crushing 
procedures in which friction between moving parts could generate significant blank.  
Inadequate blank corrections represent a possible source of air-like contaminants present in 
some noble gas analyses (section 3.5).   

 

11.3.5 Modern air contamination 

Noble gas analyses of fluid inclusion bearing samples sometimes give variable compositions 
that can be partly explained by the presence of a modern air contaminant (e.g. Kelley et al., 
1986; Turner and Bannon, 1992).  Air contamination is usually only a concern for samples 
with very low noble gas abundances (Ballentine and Barfod, 2000).  However, modern air 
contaminants could be significant in fluid inclusion samples if the sample contains ‘empty’ 
fluid inclusions filled by air. In cases where modern air contaminants are significant, the 
noble gases define mixing lines that intersect the composition of modern air (e.g. Turner et 
al., 1993; Irwin and Roedder, 1995).   
 Analysis of multiple noble gas isotopes (± Cl) enables the presence of modern air 
contaminants to be rigorously tested.  Scheidegger et al. (2010) demonstrated crushing 
speleotherm material to <300 μm enabled determination of reliable noble gas concentrations 
for fluid inclusions, because air was efficiently removed from inter-grain boundaries.  If 
present, modern air contaminants are usually removed by the first crushing or heating steps of 
coarser grained materials analysed by crushing or stepped heating in vacuum (e.g. Kendrick 
et al., 2001a; 2002a).   Examples where the presence of modern air contaminants has been 
conclusively excluded using multi-isotope correlations are highlighted below (e.g. Kendrick 
et al., 2011ab).  These studies suggest that while caution is required, modern air 
contamination can be overcome by careful sample preparation, and is significantly less 
pervasive in fluid inclusion samples than originally envisioned.    

 

11.3.6 Noble gas concentrations 

The majority of noble gas analyses reported for fluid inclusion bearing samples report the 
concentration of noble gas per gram of sample.  As this parameter is strongly influenced by 
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the number of fluid inclusions in the sample, and the efficiency of in vacuo crushing (Fig 
11.3a), it has very little geological significance. 
 Noble gas concentrations in fluid inclusions can be determined if H2O is measured 
manometrically (e.g. Stuart et al., 1995).  However, adsorption of water throughout the 
extraction line represents a significant challenge for these measurements and has only 
recently been overcome (see Kluge et al., 2008; Scheidegger et al., 2010).   
 A major advantage of measuring halogens simultaneously with noble gases is that the 
36Ar concentration of aqueous fluid inclusions can be calculated based on the measured 
Cl/36Ar ratio and fluid inclusion salinity (Kelley et al., 1986; Böhlke and Irwin, 1992a; 
Turner and Bannon, 1992; Kendrick et al., 2001a; 2002ab; 2007).  The precision of the 
concentration measurement obtained by this technique depends on the homogeneity of the 
fluid inclusion assemblage and the possible presence of modern air contaminants.  The 
influence of air contaminants is minimised by using the highest Cl/36Ar ratio measured during 
sequential analysis of a samples. Accuracy of 10-50 % is suggested for some samples, and as 
fluid inclusion 36Ar concentrations vary by orders of magnitude, this can provide useful 
constraints on fluid processes (section 5). 

 

11.4 Data terminology and definitions  

11.4.1 Noble gas components  

The noble gases have extremely variable isotopic signatures with characteristic values in the 
mantle, crust and atmosphere (Ozima and Podosek, 2002). Combined helium and argon 
isotope analysis, or neon isotope analysis, can be used to deconvolve contributions from all 
three reservoirs (Table 11.2).  Crustal fluid inclusions commonly contain mixtures of noble 
gases from two or more of these reservoirs meaning mixing diagrams are widely used in 
interpretation of noble gas data.  Mixing lines always appear straight in three isotope 
diagrams that have a common denominator (e.g. 3He/4He versus 40Ar/4He), but mixing trends 
have curved trajectories in four isotope diagrams (e.g. 3He/4He versus 40Ar/36Ar; Langmuir et 
al., 1978). 

Radiogenic noble gas isotopes have predictable abundance ratios (e.g. 4He/40Ar*, 
21Ne*/40Ar* and 136Xe*/40Ar*) controlled by the (U+Th)/K ratio of the host rock (asterix 
denote radiogenic noble gas isotopes corrected for atmospheric contributions).  In contrast, 
the non-radiogenic noble gases have characteristic abundance ratios (e.g. 20Ne/36Ar, 
84Kr/36Ar, 130Xe/36Ar) in air and air saturated water (Ozima and Podosek, 2002), but variable 
compositions in rocks (Table 11.3).  Noble gas abundance ratios can provide useful 
constraints on fluid sources and physical processes that fractionate noble gases, including 
H2O-CO2 immiscibility (e.g. Kendrick et al., 2001; 2011b).   
 

i. Air-saturated water (ASW) 
Meteoric water and seawater are characterised by atmospheric noble gas isotope signatures 
(Table 11.2) and slightly different abundance ratios (20Ne/36Ar, 84Kr/36Ar, 130Xe/36Ar), 
because noble gas solubility is influenced by salinity (Smith and Kennedy, 1983).  However, 
because both meteoric water and seawater are characterised by enrichment in heavy/light 
noble gases relative to air, and noble gas solubility is also temperature dependent (Smith and 
Kennedy, 1983), it is difficult to confidently resolve meteoric water from seawater based on 
noble gas abundance ratios alone.  These fluids are therefore commonly referred to with the 
single moniker of Air Saturated Water (ASW). 
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ii. Modified ASW  (MASW) 
Modified Air Saturated Water (MASW) refers to fluids that preserve some of the features of 
ASW but have been modified during crustal residence (e.g. Burnard and Polya, 2004). The 
helium isotope system is more easily modified, than heavier noble gases, because the scarce 
helium isotopes have a very low abundance in ASW (Ozima and Podosek, 2002).  In 
addition, -particles recoil a mean distance of ~20 m from their parent U nucleus in silicate 
minerals (Ziegler, 1980), and helium has a higher diffusivity than the heavy noble gases 
(Ozima and Podosek, 2002). These processes combine to mean the relative helium abundance 
in groundwater is altered much more quickly than the relative abundances of the heavy noble 
gases, and groundwaters rarely preserve either the 4He/36Ar, or atmospheric 3He/4He ratio of 
ASW.  Modifications to noble gas abundance ratios (e.g. 20Ne/36Ar), with initially air 
saturation values, can occur by diffusion (Torgersen et al., 2004), adsorption/desorption 
processes (Pitre and Pinti, 2010), or interaction with hydrocarbons (Bosch and Mazor, 1988).   

 
iii. Crustal components 

A range of noble gas isotopes are produced in the crust by radioactive decay of U, Th 
and K (4He and 40Ar*), U fisson (136Xe*, 134Xe*, 132Xe*, 131Xe* and 86Kr*) and orn-
reactions (including 21Ne* and 22Ne*).  For simplicity, noble gas isotopes produced by all 
these pathways are sometimes collectively referred to simply as radiogenic noble gas isotopes 
(see Ballentine and Burnard, 2002 for review). 

Radiogenic noble gas isotopes (e.g. 4He, 21Ne*, 40Ar* and 136Xe*) are released to 
groundwaters by several process: -particles (e.g. 4He nuclei) recoil ~20 μm from their 
parent nuclide (e.g. U or Th) in silicate rocks (Ziegler, 1980); noble gases are also released by 
diffusion, mineral breakdown/dissolution reactions and as a result of fracturing (Honda et al., 
1982; Torgersen and O’Donnell, 1991).    The crust has a mean 4He/40Ar* production ratio of 
~5, but low temperature fluids (T ≤ 200 °C) are typically enriched in 4He/40Ar* as a result of 
preferential 4He release by recoil ejection and diffusion (Ballentine and Burnard, 2002). 

The radiogenic noble gas isotopes are often referred to as the crustal noble gas 
component.   However, crustal rocks, especially sediments and rocks altered by ASW (e.g. 
altered volcanic rocks), also contain substantial quantities of the non-radiogenic atmospheric 
noble gas isotopes (e.g. 20Ne, 36Ar, 84Kr, 130Xe; Podosek et al., 1980; 1981; Staudacher and 
Allègre, 1988; Kendrick et al., 2011a).  The relative importance of these crustally sourced 
‘atmospheric’ noble gas isotopes is negligible in most shallow groundwaters (e.g. Pinti et al., 
1997; Kipfer et al., 2002), but can be significant in some sedimentary environments 
(Kennedy et al., 2002), and is of overwhelming importance in metamorphic fluids (section 
5.5; Kendrick et al., 2011a).   The ranges of 36Ar abundance in selected fluid and rock 
reservoirs are summarised in Table 11.3. 
 
 

iv. Mantle components 
Large mantle components are easily recognised in crustal fluids from 3He/4He and 20Ne/22Ne 
ratios of more than the atmospheric values (Table 11.2).  Smaller components of mantle-
derived noble gas can still be identified from 3He/4He ratios of more than ~0.1 Ra (that is 
typical of the crust) and elevated 3He/36Ar ratios.  This is because helium has such a low 
concentration (and low 3He/36Ar) in ASW, that 3He/4He ratios are usually controlled by 
mixing only mantle and crustal noble gas components.  

It has been common practice in the fluid inclusion noble gas literature to use ‘mantle’ 
and ‘magmatic’ almost inter-changeably. However, caution is required in this practice 
because mantle-derived 3He is common in rift-related sedimentary basins (Oxburgh et al., 
1986; O'Nions and Oxburgh, 1988), and is decoupled from aqueous basinal fluids in these 
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settings.  In addition, crustal melts formed as a result of crustal thickening, without input of 
mantle heat, will not be associated with 3He anomalies (Stuart et al., 1995), implying some 
magmatic fluids have crustal 3He/4He ratios (Kendrick et al., 2011c).   

Despite these caveats, fluid inclusion 3He/4He ratios have provided a litmus test for 
evaluating the involvement of magmatic fluids in many ore deposits (e.g. Stuart et al., 1995; 
Burnard et al., 1999; Burnard and Polya, 2004), and there is no other technique that is more 
sensitive than the 3He/4He ratio for detecting mantle-derived material in the crust.   
  

11.4.1.1 Fluid types 

In comparison to the terminology traditionally used in noble gas geochemistry which 
identifies the ultimate origin of noble gases as being atmospheric (non-radiogenic isotopes), 
crustal (radiogenic isotopes) or mantle (3He), there are multiple ways of designating fluids in 
the geological literature. 

Fluids of interest for understanding ore genesis or metamorphic processes include: 
meteoric water and seawater (ASW), sedimentary formation waters (which are also known as 
oil field brines or basinal brines), metamorphic fluids (H2O or CO2) produced by breakdown 
of hydrous or carbonate minerals; and magmatic fluids which can have highly variable 
salinity and CO2 content (Cline and Bodnar, 1991; Baker, 2002).   The distinction of these 
different fluids on the basis of noble gas signatures is illustrated through a series of case 
studies in section 5. 
  

11.4.2 Halogens and the origin of salinity 

Like the noble gases, the  halogens (Cl, Br, I) are incompatible elements that have 
characteristic ratios that vary by orders of magnitude between different geological reservoirs 
(Table 11.4).  Simultaneous measurement of halogens with noble gases has proven 
advantageous because while noble gases help constrain fluid source (section 4.1), halogens 
help constrain wall-rock interactions and the fluids aquisition of salinity (e.g. Böhlke and 
Irwin, 1992c; Yardley et al., 1993; Graupner et al., 2006; Fairmaid et al., 2011; Kendrick et 
al., 2011c; Fu et al., 2012).  The origin of salinity is of special interest in ore deposits because 
the Cl-ligand is essential for efficient transport of base metals (e.g. Yardley, 2005). 
 The principal processes controlling the salinity and Br/Cl-I/Cl composition of surface-
derived groundwaters are sub-aerial evaporation and subsequent fluid interaction with 
evaporite minerals and organic matter (Hanor, 1994; Kendrick et al., 2011d).  Evaporitic 
brines preserve seawater Br/Cl and I/Cl ratios up until the point of halite saturation (~30 wt % 
salts; Zherebtsova and Volkova, 1966; McCaffrey et al., 1986). The low compatibility of Br 
and I in halite means that continued evaporation produces ‘residual’ halite-saturated brines 
(bittern brines) that evolve progressively higher Br/Cl and I/Cl ratios up to maximums of 
~11×10-3 and 7×10-6, respectively (Table 11.3; Zherebtsova and Volkova, 1966; Nissenbaum, 
1977; McCaffrey et al., 1986). In contrast, evaporite deposits have generally low Br/Cl and 
I/Cl ratios, with the Br/Cl and I/Cl composition depending on the mineralogy of the deposit 
(e.g. sylvite accomodates more Br than halite; Holser, 1979), the presence of Br- and I-rich 
fluid inclusions (Bein et al., 1991), and the extent of post-depositional evaporite 
recrystalisation which preferentially mobilises remaining Br and I relative to Cl (Table 11.4; 
e.g. Fontes and Matray, 1993).  Organic-rich sedimentary rocks represent the Earth’s 
dominant iodine reservoir and organic matter contains high ppm-levels of both I and Br 
(Collins et al., 1971; Fuge and Johnson, 1986; Martin et al., 1993; Muramatsu et al., 2007).  
Fluid interaction with organic matter does not influence salinity but represents the dominant 
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control of fluid I/Cl, and can exert a significant influence on the Br/Cl ratio (Kendrick et al., 
2011d).   

Metamorphic fluids can have varied halogen composition and salinity.  Fluids 
produced by devolatilisation of hydrous crustal minerals usually have low salinities (e.g.  <5-
10 wt % salts; Kendrick et al., 2006c), but higher salinities can be achieved in halogen rich 
lithologies like serpentinites (Scambelluri et al., 1997) and meta-evaporites (Oliver, 1995), or 
if retrograde hydration reactions lead to fluid desication (Markl and Bucher, 1998; Svensen et 
al., 2001).  Some metamorphic fluids have higher salinities and higher Br/Cl ratios than can 
be achieved by sub-aerial evaporation, as a result of preferential incorportation of 
H2O>Cl>Br into mica or amphibole (Svensen et al., 2001; Kendrick et al., 2006c).  The 
involvement of organic matter remains the dominant control on I/Cl in metamorphic fluids 
and organic halogen components can sometimes be inferred from characteristic Br/I ratios of 
between about 1 and 10 (Fairmaid et al., 2011). 

The halogen signature of magmatic fluids have been investigated by several workers 
(e.g. Irwin and Roedder, 1995; Banks et al., 2000; Kendrick et al., 2001a; Nahnybida et al., 
2009).  It seems magmatic fluids have consistently low I/Cl ratios that are close to mantle 
values (Kendrick et al., 2012), but more variable Br/Cl ratios, that encompass mantle-like and 
lower values (Table 11.4; section 5.4).  The variation in Br/Cl depends in part on the 
composition of the host rocks through which the magma intrudes (Banks et al., 2000).   Phase 
separation, degassing and crystallisation of Cl-bearing minerals could also contribute to 
variation in the halogen composition of magmatic fluids; however, systematic variations in 
halogen ratios that can be explained by these processes have not yet been documented. 

 
   

11.5 Fluids in the Earth’s crust: top to bottom 

The purposes of this section are to provide a historical perspective for noble gas fluid 
inclusion studies, illustrate how noble gases and halogens distinguish different fluid types and 
show that fluid inclusions are providing new insights into the behavior of noble gases in a 
wide variety of crustal environments.  The environments investigated are loosely ordered 
according to their depths in the Earth’s crust and the section concludes with a brief 
comparison of unusual fluid compositions sampled by both fluid inclusions and bore holes.   

 
11.5.1 Ground water 
Surface-derived fluids in sedimentary aquifers, aged from a few hundred to many thousands 
of years, commonly preserve non-radiogenic noble gas isotope (20Ne, 36Ar, 84Kr, 130Xe) 
concentrations close to air saturation levels (e.g. Kipfer et al., 2002).  As noble gas solubility 
is dependent on salinity as well as temperature, many studies have focused on low salinity 
groundwaters and used noble gas concentrations to re-construct the palaeo-temperature of 
surface recharge (e.g. Andrews and Lee, 1979; Aeschbach-Hertig et al., 2000).  This 
information can be combined with groundwater dating techniques (Phillips and Castro, 
2003), to reconstruct changes in palaeo-climate, and is now being extended even further back 
into the geological record through the concentration of noble gases in speleothem fluid 
inclusions (Kluge et al., 2008; Scheidegger et al., 2010; 2011; Brennwald et al., this volume).  
 Noble gases have higher solubility in gaseous and liquid hydrocarbons than in 
aqueous fluids (Smith and Kennedy, 1983; Kharaka and Specht, 1988; Ozima and Podosek, 
2002).  As the relative solubility of noble gases is systematically related to atomic mass, 
noble gas concentrations and fractionation of noble gas relative abundance ratios (e.g. 
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20Ne/36Ar, 84Kr/36Ar and 130Xe/36Ar), can provide important constraints on groundwater-
hydrocarbon interactions (Bosch and Mazor, 1988; Ballentine et al., 2002). 
 Model ages can be calculated for groundwater in sedimentary aquifers based on the 
fluids 4He concentration (Andrews and Lee, 1979; Castro et al., 2007).  Models used to 
calculate ages have varying levels of sophistication.  The simplest case assumes the fluid 
originated as air saturated water with negligible 4He at time zero, and that 4He is acquired 
from the aquifer rocks at a predictable rate approximating its production within the aquifer.  
In such a case, the concentration of 4He in the fluid depends only on the residence time of the 
fluid in the aquifer, the aquifer porosity and aquifer U and Th content (Andrews and Lee, 
1979).  Similar groundwater model ages can also be calculated from the concentrations of the 
21Ne* or 40Ar* isotopes. However, important uncertainties in model ages relate to the partial 
retention of noble gas in aquifer rocks, which is more significant for 40Ar*> 21Ne*>4He; and 
the possible flux of these isotopes from outside the aquifer (Phillips and Castro, 2003; 
Torgersen, 2010). 
 
 
11.5.1.1 Applicability to hydrothermal fluids? 
The well documented behaviour of noble gases in ground water, summarized above and in 
detail by Kipfer et al. (2002) and Ballentine et al. (2002), cannot be easily applied to higher 
temperature crustal fluids or hydrothermal ore deposits.  Reasons for caution include: 1) most 
hydrothermal systems have much higher temperatures than <100 °C ground waters; 2) many 
of the ground waters examined for noble gases preserve O and H isotope signatures similar to 
meteoric water (e.g. Pinti et al., 1997; Zuber et al., 1997), indicating limited chemical 
interaction with aquifer rocks, which contrasts starkly with ore fluids (e.g. Taylor, 1997); 3) 
few studies have examined the noble gas systematics of saline ground waters with >10 wt. % 
salts (Zaikowski et al., 1987; Pinti et al., 2011); 4) some ‘saline formation waters’ involved in 
ore genesis are much older than typical groundwater (e.g. millions of years old), having 
possibly had connate origins at the time of sediment deposition (Hanor, 1994; Kharaka and 
Hanor, 2003); 5) the hydrothermal fluids in some magmato-metamorphic ore deposits are not 
expected to have had surface origins, meaning initially ASW 20Ne/36Ar, 84Kr/36Ar, 130Xe/36Ar 
abundance ratios should not be assumed; 6) the relative solubilities of noble gases in aqueous 
and carbonic fluids at the pressures and temperatures relevant to magmato-metamorphic 
environments are poorly known; and 7) the prevalence of fracture generated permeability in 
most ore deposits and deeper crustal environments means noble gases accumulate within 
fluids in a fundamentally different way compared to sedimentary aquifers. Ground water 
model ages are not valid for fracture-hosted fluid regimes because 4He and other radiogenic 
noble gas isotopes collect in rocks and minerals isolated from fluid flow (Andrews et al., 
1989); and stored 4He is rapidly released from locations proximal to newly propagating 
fractures (Torgersen and O’Donnell, 1991).  As a result, radiogenic noble gas isotopes (4He, 
21Ne*, 40Ar*, 136Xe) can collect in fracture-hosted fluids much more quickly than they are 
produced.    

 

11.5.2 Sediment-hosted ore deposits 

Mississippi Valley-type (MVT) ore deposits include a broad family of sediment-hosted 
epigenetic Pb-Zn-fluorite-barite deposits that form at depths of less than ~1-2 km (Heyl et al., 
1974; Sverjensky, 1986; Leach et al., 2001).  The majority of these deposits are carbonate-
hosted but minor mineralisation is found within the Lamotte sandstone beneath the Viburnum 



14 

trend MVTs of the USA (Viets and Leach, 1990), and similar sandstone-hosted Pb-Zn 
mineralisation is found at Laisvall, and in similar deposits, in Scandinavia (Kendrick et al., 
2005). 
 Mississippi Valley-type ore deposits are associated with CaCl2-rich fluid inclusions 
with typical salinities of 10-30 wt % salts and homogenisation temperatures of ~60 °C to 
~200 °C (Roedder, 1971a; Heyl et al., 1974; Leach and Rowan, 1986; Kendrick et al., 
2011d). Liquid hydrocarbons are present in the fluid inclusions of some deposits (Gize and 
Barnes, 1987; Etminan and Hoffmann, 1989). The ore fluids have δD and δ18O 
indistinguishable from sedimentary formation waters (Taylor, 1997), which can attain Pb and 
Zn concentrations of ~100 ppm (Carpenter et al., 1974; Ferguson et al., 1993; Hitchon, 2006), 
but even higher concentrations (e.g. 1000’s of ppm) are reported for ore fluids (Wilkinson et 
al., 2009).   

Mississippi Valley-Type mineralisation occurs in several tectonic settings. In some 
cases, continent-scale brine migration over 100’s of km, occurs through foreland basins as a 
result of topography driven fluid flow triggered by distal orogenesis (Leach and Rowan, 
1986; Garven and Raffensperger, 1997; Leach et al., 2001).  However, the Lennard Shelf 
deposits in Australia are associated with extension (Wallace et al., 2002), and fluorite-rich 
MVT ore deposits, typified by the Illinois-Kentucky (USA) and Pennine (UK) districts have 
been attributed to active rifting with possible involvement of mantle volatiles (Russell and 
Smith, 1979; Plumlee et al., 1995). 

The majority of MVT deposits investigated, including fluorite-rich MVT from the 
Pennines (UK) and Asturias in Spain, are associated with fluid inclusions that have typical 
crustal 3He/4He ratios of 0.01-0.1 (Fig 11.4; Stuart and Turner, 1992; Kendrick et al., 2002b; 
2005; Sanchez et al., 2010). However, the Illinois-Kentucky fluorspar deposit is associated 
with fluid inclusions that have slightly elevated 3He/4He ratios of 0.17-0.35 Ra (Kendrick et 
al., 2002a), indicating a mantle helium component of up to ~6% in this deposit (Kendrick et 
al., 2002a).  The fluid inclusions from all of the investigated MVT deposits have 4He/40Ar* 
ratios of much greater than the crustal production ratio of ~5 (Fig 11.4), which is consistent 
with the expectation that 4He collects in low temperature fluids preferentially compared to 
40Ar* (Stuart and Turner, 1992; Kendrick et al., 2002ab; 2005).   
 Fluid inclusions in carbonate-hosted MVT have typical 40Ar/36Ar of 300-2000, with 
the majority <1000 (Fig 11.5b; Böhlke and Irwin, 1992a; Stuart and Turner, 1992; Turner and 
Bannon, 1992b; Kendrick et al., 2002ab; 2011c).  This range of values is similar to that 
documented in carbonate sediments (Matsuda and Nagao, 1986; Zhou and Ye, 2002), and in 
saline fluids or gases from a large number of sedimentary basins (e.g. Zaikowski et al., 1987; 
Bosch and Mazor, 1988; Ballentine et al., 1991; Zuber et al., 1997 Pinti et al., 2011).  In 
contrast, fluid inclusions in the sandstone-hosted Scandinavian deposits have maximum 
40Ar/36Ar of 16,000 (Kendrick et al., 2005).  Despite the obvious difference in host lithology, 
the concentration of 40Ar* in fluid inclusions from the Scandinavian deposits was estimated 
to exceed what could be reasonably derived from the K-poor sandstone host-rocks or 
interbedded shale (Kendrick et al., 2005). The high 40Ar/36Ar ratios were therefore attributed 
to fluid interaction with old, K-rich basement rocks, underlying the deposit (Kendrick et al., 
2005).   This may be significant because the Scandinavian deposits formed close to the 
Caledonian orogen and in contrast to most MVT deposits, tectonic pumping of fluids through 
the basement was more likely to have been a driver of fluid flow (Kendrick et al., 2005).  
 The ore fluids from the Hansonburg MVT were suggested to have maintained air-
saturation 36Ar and 84Kr concentrations (Böhlke and Irwin, 1992a), but the fluids are 
significantly enriched in 130Xe/36Ar (Fig 11.5ab).  In contrast, ore fluids in all the other MVT 
investigated have estimated 36Ar concentrations of greater than air saturation levels (Turner 
and Bannon, 1992; Kendrick et al., 2002ab; 2005; 2011).  The elevated 36Ar concentrations 
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were attributed to the presence of modern air contaminants in several of the early studies (e.g. 
section 3.6; Stuart and Turner, 1992; Kendrick et al., 2002ab).  However, the extensive 
database now available indicates 40Ar/36Ar is not simply correlated with 130Xe/36Ar (Fig 
11.5b), suggesting air contamination is not a major control on measured noble gas 
compositions.  Instead, higher than ASW 36Ar concentrations appear to be a real 
characteristic of the MVT ore fluids investigated (Kendrick et al., 2011d). 

The ore fluids greater than ASW 36Ar concentrations, and variable 84Kr/36Ar and 
130Xe/36Ar ratios, could result from dissolution of hydrocarbons which can have high noble 
gas concentrations and are present in some MVT fluid inclusions (cf. Figs 5a and 5c).  
However, Kendrick et al. (2011d) argued that the most important source of excess 36Ar was 
recrystallisation of the carbonate aquifer rocks.  This was suggested because fractionation of 
noble gases between an exclusive ASW source and hydrocarbons does not account for the 
presence of excess 40Ar* in the ore fluids. In contrast, acquisition of noble gases from 
carbonate rocks, with 40Ar/36Ar slightly above the atmospheric values (Matsuda and Nagao, 
1986; Zhou and Ye, 2002), could potentially account for the presence of excess 40Ar* and the 
range of fluid inclusion 84Kr/36Ar and 130Xe/36Ar ratios (Fig 11.5d; Kendrick et al., 2011d).  
Noble gases could be released from the carbonates by diffusion, or during the extensive 
dolomitisation and recrystallization that is usually associated with MVT mineralisation. 

A large number of studies have shown MVT ore fluids commonly have greater than 
seawater Br/Cl ratios (e.g. Crocetti and Holland, 1989; Kesler et al., 1995; Viets et al., 1996; 
Kesler, 2007).  This has usually been interpreted to indicate acquisition of salinity by sub-
aerial evaporation of seawater beyond the point of halite saturation (~30 wt. % salts; cf. Chi 
and Savard, 1997).  Variable dilution of the brines is then required to produce the observed 
range of fluid inclusion salinities (10-30 wt % salts).  This is significant for interpretation of 
the noble gas data because air saturated bittern brines, have even lower 36Ar concentrations 
than seawater (Table 11.3).   
 The combined noble gas and halogen method enables precise measurement of iodine, 
together with Br and Cl which is advantageous for assessing the possible influence of organic 
matter on fluid Br/Cl ratios (Kendrick et al., 2011d).  Sedimentary marine pore fluids 
associated with CH4 transport in oceanic sediments (e.g. Muramatsu et al., 2001; 2007; Fehn 
et al., 2003; Tomaru et al., 2007ab; 2009) define a linear array in Br/Cl versus I/Cl space that 
has a seawater intercept and a molar Br*/I slope of 0.5-1.5 (seawater-corrected Br* = Br – 
Cl×0.0015; Fig 11.6; see Kendrick et al., 2011d).   Organic matter in sediments usually has 
higher Br*/I ratios than pore fluids, with the difference explained by preferential mobilization 
of I relative to Br, under some diagenetic conditions (e.g. Martin et al., 1993; Muramatsu et 
al., 2001; Biester et al., 2004).  The majority of MVT ore fluids plot between the seawater 
evaporation trajectory and the sedimentary pore fluid trend (which defines the minimum 
Br*/I of organic matter; Fig 11.6).  As the addition of organic halogens does not influence 
salinity, this confirms sub-aerial evaporation as an important source of fluid salinity (Fig 
11.6; Kendrick et al., 2011d).   However, some previous interpretations of fluid Br/Cl that did 
not allow for organic Br, could have over-estimated the degree of evaporation required to 
generate a given Br/Cl ratio (cf. Fig 11.6), or underestimated the possible importance of 
evaporite dissolution (Kendrick et al., 2011d). 
 In the majority of cases, the combined noble gas and halogen data for MVT ore fluids 
show systematic variation between minerals deposited in different stages of the paragenetic 
sequence.  This has been interpreted to favour fluid migration through independent aquifers 
providing the potential for fluid mixing at the site of ore deposition (Crocetti and Holland, 
1989; Kendrick et al., 2002a; 2011d).   Kendrick et al. (2011d) demonstrated that among 
samples from Lennard Shelf MVT deposits, the fluid inclusions with the highest I/Cl ratio 
had the lowest 36Ar concentrations.  This was suggested to reflect interaction of aqueous 
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fluids and hydrocarbons, with noble gases partitioning into hydrocarbons and organic 
halogens partitioning into the aqueous fluids that were trapped as fluid inclusions (Kendrick 
et al., 2011d).   
 

11.5.3 Mid-ocean ridge VMS deposits 

Volcanogenic massive sulphide (VMS) deposits formed by hydrothermal systems at mid-
ocean ridge spreading centres and in back-arc rifts, represent important sites for monitoring 
global volatile fluxes (Turner and Stuart, 1992; Jean-Baptiste and Fouquet, 1996), and are 
major sources of base metals (Robb, 2005).  Noble gas data are available for vent fluids from 
a variety of modern systems (e.g. Kennedy, 1988; Lupton et al., 1989; Baker and Lupton, 
1990); in addition, liquid-vapour fluid inclusions trapped at temperatures of between 200 and 
360 °C in pyrite, anhydrite, sphalerite and chalcopyrite have been analysed from the East 
Pacific Rise, Mid-Atlantic Ridge and various back-arc basins (Turner and Stuart, 1992; Stuart 
et al., 1994; Jean-Baptiste and Fouquet, 1996; Stuart and Turner, 1998; Zeng et al., 2001; 
Lueders and Niedermann, 2010; Webber et al., 2011).     
 In most cases, the helium and argon isotope systematics of sulphide-hosted fluid 
inclusions are indistinguishable from vent fluids.  The majority of workers have therefore 
concluded that sulphide-hosted fluid inclusions faithfully retain noble gases (including 
helium) over millions of years, at ambient seafloor conditions (Turner and Stuart, 1992; Jean-
Baptiste and Fouquet, 1996; Lueders and Niedermann, 2010). This is consistent with the 
diffusion data available for helium in sulphides (Boschmann et al., 1984). 

Sulphide fluid inclusions have atmospheric or near-atmospheric 40Ar/36Ar ratios of 
296-310 that reflect the vent fluids dominant origin from seawater (Turner and Stuart, 1992; 
Zeng et al., 2001; Lueders and Niedermann, 2010; Webber et al., 2011).  The 3He/4He ratio of 
vent fluids vary from typical mantle values (e.g. ~8 Ra; Turner and Stuart, 1992; Jean-
Baptiste and Fouquet, 1996), to significantly lower values (e.g. ~2-4 Ra; Stuart et al., 1994; 
Zeng et al., 2001; Webber et al., 2011).  Jean-Baptiste and Fouquet (1996) found that high 
temperature minerals preferentially trap the vent fluid and best preserve mantle 3He/4He 
ratios, whereas lower temperature minerals are more likely to contain an ambient seawater 
component with lower 3He/4He.  Stuart et al. (1994) reported 3He/4He data for sulphides from 
bare-rock and sediment-covered hydrothermal vent systems.  This study interpreted variation 
in fluid inclusion 3He/4He to reflect mixing of mantle 3He derived from local basalts and 
radiogenic 4He associated with sediments overlying some of the spreading centres (Stuart et 
al., 1994).  In a later study, Stuart and Turner (1998) observed vent fluids with small excesses 
of 40Ar* and two distinct groupings of 4He/40Ar* that were suggested to reflect magmatic 
components acquired during different stages of magma degassing (Stuart and Turner, 1998). 

Vent fluid inclusions typically have heavy noble gas abundance ratios intermediate of 
seawater and air and are strongly enriched in helium, but some systems also have elevated 
20Ne/36Ar ratios (Fig 11.7; Turner and Stuart, 1992; Zeng et al., 2001; Lueders and 
Niedermann, 2010).  Luedders and Niedermann (2010) suggested noble gas abundance ratios 
intermediate of seawater and air could reflect gas loss and re-equilibration at elevated 
temperature; however, these values are also consistent with the presence of a modern air 
contaminant (section 3.5; Turner and Stuart, 1992).  Modern vent fluids are uniformly 
depleted in all noble gases relative to seawater (Kennedy, 1988; Winckler et al., 2000).  
Therefore, the lack of strongly fractionated noble gas abundance ratios could indicate the 
noble gases all have similarly low solubilities in saline fluids at vent temperatures. 

The salinity of vent fluid inclusions ranges from at least 1.5 to 15 wt % NaCl eq. 
(Lueders and Niedermann, 2010).  Vent fluids can acquire lower than seawater noble gas 
concentrations, and high salinities, in the residual brines as a result of phase separation 
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(Kennedy, 1988; Winckler et al., 2000). In contrast, high noble gas concentrations should be 
expected in the vapour phase, and high noble gas concentrations together with high salinities 
might also result from preferential incorporation of H2O>Cl>36Ar into hydrous minerals 
during extensive hydration of seafloor lithologies (e.g. Bach and Frueh-Green, 2010).  The 
combined noble gas and halogen method has not been applied to fluid inclusions in mid-
ocean ridge sulphides, but Luedders and Niedermann (2010) report variable Br/Cl ratios 
fractionated around the seawater value. 

In summary, the range of noble gas compositions recorded by fluid inclusions in 
seafloor sulphides reflect mixing hot seawater-derived vent fluids and ambient seawater with 
a magmatic volatile component present in some cases.  Seawater-derived fluids are suggested 
to acquire significant 3He by fluid interaction with young basalts, or underlying gabbros and 
lithospheric mantle.  The presence of a magmatic volatile component may be related to the 
age of the hydrothermal system (below).  

 

11.5.3.1 Helium and heat 

Studies of modern vent fluids indicate that the concentration of 3He is systematically related 
to the vent fluids temperature, over a large range of temperatures, which is explained because 
both 3He and heat are ultimately derived from the mantle in mid-ocean ridge settings (e.g. 
Lupton et al., 1989; Baker and Lupton, 1990; Lupton et al., 1999; Baker et al., 2011).  Vent 
fluids above magmatically quiescent mature mid-ocean ridges have low 3He/heat ratios of 
0.4-1×10-17 mol/J; whereas vent fluids associated with newly erupted lavas have higher 
3He/heat ratios of 2-7×10-17 mol/J, that decrease back toward the lower ‘steady state’ value 
over the space of a few years as the magma cools (Baker and Lupton, 1990; Lupton et al., 
1999). 

The 3He/heat ratio carries information about how heat is transferred from the mantle 
through the crust (Baker and Lupton, 1990). High 3He/heat values favour advective transport 
of heat with magmatic volatiles, whereas low 3He/heat values favour conductive transfer of 
heat into circulating seawater (Baker and Lupton, 1990; Turner and Stuart, 1992).  Fluid 
inclusions provide the potential for extending the study of 3He/heat back into the geological 
record (Turner and Stuart, 1992; Jean-Baptiste and Fouquet, 1996).  This could be 
advantageous for further unravelling the causes of 3He/heat variations or determining the 
periodicity of ‘event plumes’ (cf. Lupton et al., 1999; Baker et al., 2011). 

 
 

11.5.4 Magmatic fluids and hydrothermal ore deposits 

11.5.4.1 ‘Gold-only’ ore deposits 
Gold-only ore deposits, in which gold is either the only or by far the dominant economic 
commodity, include: i) ‘orogenic-gold deposits’ (also known as ‘lode’, ‘mesothermal’ or 
‘greenstone’ gold; Goldfarb et al., 2001; Groves et al., 2003), and ii) ‘intrusion-related gold 
deposits’ (Lang and Baker, 2001).  These deposits form at crustal depths ranging from <3 to 
15 km and because both deposit types can be characterised by very similar low salinity H2O-
CO2 fluid inclusions, their genesis and distinction is contentious (section 5.5.2; Baker, 2002; 
Mernagh et al., 2007).  Magmatic fluids are implicated in intrusion-related gold deposits that 
are spatially associated with moderately reduced (ilmenite series) I-type felsic magmatism 
(Lang and Baker, 2001; Baker, 2002).  In contrast, orogenic-gold deposits are variably 
attributed to the involvement of either distally sourced magmatic fluids or metamorphic fluids 
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(section 5.5.2; Groves et al., 2003; Phillips and Powell, 1993; Groves et al., 2003; Elmer et 
al., 2006).   
 The noble gas systematics of the ~50 Ma greenstone-hosted Ailaoshan gold deposits 
in SW China provide an example of how noble gases can be used to conclusively 
demonstrate the involvement of a magmatic fluid in a hydrothermal ore deposit (Burnard et 
al., 1999; Sun et al., 2009).  Fluid inclusions trapped in pyrite and scheelite from Ailaoshan 
gold deposits have 3He/4He ranging from crustal values of 0.05 Ra up to values of 1.3 Ra that 
indicate a substantial mantle component (Burnard et al., 1999; Sun et al., 2009). The fluid 
inclusion 40Ar/36Ar values vary from 300 up to 9000, and define a parabolic mixing trend in 
40Ar/36Ar versus 3He/4He space (Fig 11.8a; Burnard et al., 1999; Sun et al., 2009).   The shape 
of the mixing trend is governed by the relative concentrations of the denominator isotopes 
(e.g. 4He and 36Ar) in the two end-members.  This is a general relationship applicable to 
binary mixing in any four component diagram and the curvature is described by the r-value 
(Langmuir et al., 1978), which in this case is written as (equation 11.1): 
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Where (4He/36Ar)magmatic and (4He/36Ar)fluid-2 represent two fluid end-members.  The 
concentrations of 3He and 36Ar in crustal fluids are such that He-Ar mixing curves are often 
strongly parabolic (e.g. Fig 11.8a). As a result, helium can ‘appear’ to be decoupled from 
argon, and the 40Ar/36Ar value of the magmatic end-member is only poorly defined as being 
greater than the highest measured value (Fig 11.8a).  In contrast, the magmatic fluid end-
member at Ailaoshan has a well constrained mixed crust-mantle 3He/4He signature of ~1.3 Ra 
(Fig 11.8a).   

Caution is always required in the interpretation of mixing diagrams, a mixing model 
should define the same end-members in diagrams including any combination of the chosen 
components.   In this instance, the trend in Fig 11.8a represents a pseudo-binary trend, and a 
third end-member is revealed by plotting the data in a 4He/40Ar versus 3He/40Ar diagram (Fig 
11.8b; Burnard et al., 1999).   The three end-members were interpreted as: 1) a magmatic 
fluid with 3He/4He of ~1.3 Ra and 40Ar/36Ar of >9000; 2) a crustal fluid with 3He/4He of 
<0.05 Ra and 40Ar/36Ar of ~300; and 3) a second crustal fluid that has low 4He/40Ar and a 
poorly defined 3He/4He intermediate of 0.05 Ra and ASW (Fig 11.8b; Burnard et al., 1999).   
The mixed crust-mantle signature of noble gases trapped in sulphide and scheelite fluid 
incluisions is in excellent agreement with scheelite Sr and Nd isotope data, that also indicate 
a source from a transitional crust-mantle zone (Sun et al., 2009).   

Several other Chinese gold-only ore deposits have fluid inclusions with mixed crust-
mantle noble gas signatures similar to the Ailaoshan deposits.  These include porphyry-
related gold deposits along the Red River–Jinshajiang fault belt, south of the Ailaoshan 
deposits (Fig 11.8c; Hu et al., 2004); the Bangbu orogenic-gold deposit in Tibet (Wei et al., 
2010), and the Dongping orogenic-gold deposit of northern China where fluid inclusions 
have a maximum 3He/4He of 5.2 Ra (Mao et al., 2003). The mixed crust-mantle noble gas 
signatures reported for all of these deposits are consistent with the involvement of magmatic 
fluids in a variety of gold-only ore deposits.     
 In contrast, several orogenic-gold deposits from other parts of the world give 
maximum fluid inclusion 3He/4He ratios of less than ~0.4 Ra (Pettke et al., 1997; Graupner et 
al., 2006; 2010; Li et al., 2010; Kendrick et al., 2011c).  The lack of high 3He/4He ratios in 
samples from Phanerozoic deposits is unlikely to be explained by post-entrapment 
modification (Pettke et al., 1997; Graupner et al., 2006; 2010), conclusively demonstrating 
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that some orogenic-gold deposits are formed from crustal fluids, with a range of 3He/4He 
similar to MVT ore fluids (section 5.2).  These low 3He/4He ratios do not preclude the 
possible involvement of a magmatic fluid sourced from a largely crustal magma (e.g. 
Kendrick et al., 2011c), or diluted by modified ASW (Graupner et al., 2006; 2010).  
However, these dominantly crustal noble gas signatures are also consistent with metamorphic 
fluids (sections 5.5 and 5.6).   
 
 
11.5.4.2 Porphyry-style ore deposits 
Porphyry-style deposits represent the world’s most important source of copper and 
molybdenum and significant sources of gold (Robb, 2005; Sillitoe, 2010).  Porphyry copper, 
and porphyry copper-gold or molybdenum, ore deposits are zoned around relatively oxidized 
(magnetite series) felsic porphyry stocks or dykes, formed from ‘I-type’ calc-alkaline arc 
magmas (see Sillitoe, 2010 for review).  Hydrothermal mineralisation is associated with 
extensive veining and brecciation at typical emplacement depths of 2-4 km; however, the 
stocks and dykes act to focus magmatic volatiles, copper and gold, from much larger 
batholithic intrusions at depth (Sillitoe, 2010).  The fluid inclusions in porphyry style quartz 
veins are dominantly aqueous, although significant CO2 is present in some systems (Roedder, 
1971; Rusk et al., 2004).  The classic fluid inclusion assemblage associated with high 
temperature potassic alteration comprises high salinity aqueous fluid inclusions (40-50 wt % 
NaCl eq.) with coexisting vapour fluid inclusions, that cool from maximum temperatures of 
>600 °C to temperatures of ~350 °C (e.g. Roedder, 1971; Heinrich, 2003).  The fluid 
inclusions provide evidence for cooling of magmatic fluids that have separated into low-
salinity vapour and high-salinity liquid phases during ‘hydrothermal boiling’ (Roedder, 1971; 
Heinrich, 2003).  
 Noble gas and halogen data are available from several classic porphyry copper 
deposits of North America including Bingham Canyon, Butte and several Arizonan deposits 
including Ray, Pinto Valley, Globe-Miami, Silverbell and Mission (Figs 4 and 8c; Irwin and 
Roedder, 1995; Kendrick et al., 2001ab).  Noble gas data are also available for copper and 
gold deposits associated with porphyry intrusions along the Red River–Jinshajiang fault belt 
in SW China (Fig 11.8c; Hu et al., 1998; 2004). 

The porphyry deposits investigated all have sulphide and quartz hosted fluid 
inclusions with 3He/4He ratios of 0.3 to 2.5 Ra and 40Ar/36Ar of 300 to 3000 (Hu et al., 1998; 
2004; Irwin and Roedder, 1995; Kendrick et al., 2001a).  The data can be modeled to reflect 
mixing between a magmatic fluid and modified ASW (e.g. Fig 11.8c; Hu et al., 1998; 2004).  
However, it is interesting that of the deposits in SW China, it is the gold deposits that best 
define the noble gas mixing trend (Fig 11.8c).  In general, the noble gases in the porphyry 
copper deposit fluid inclusions, especially the Arizonan deposits, appear to be ‘well mixed’ 
and do not define an obvious trend (Fig 11.8c).  The generally low 40Ar/36Ar ratios of ore 
fluids in the Bingham and Arizonan deposits (Fig 11.4 and 8c) were originally interpreted to 
reflect mixing of magmatic fluids with elevated 40Ar/36Ar and meteoric water with 40Ar/36Ar 
of ~300 (Kendrick et al., 2001a).  However, given atmospheric noble gases are recycled 
through magmatic arcs to some extent (cf. Kendrick et al., 2011a; Staudacher and Allègre, 
1988), further work is required to test if the mixed noble gas signatures with high abundances 
of atmospheric noble gas could be characteristic of magmatic fluids exsolved from porphyry 
arc magmas. If this proves to be the case, the noble gas signature of porphyry ore fluids could 
be explained with minimal involvement of meteoric water (cf. Fig 11.8c). 

Application of the 40Ar-39Ar method to porphyry copper quartz samples has shown the 
fluid inclusions have variable 36Ar concentrations ranging from air saturation values (0.3-
0.7×10-10 mol g-1) to much lower concentrations of 0.04-0.1×10-10 mol g-1 (Fig 11.9; Irwin 
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and Roedder, 1995; Kendrick et al., 2001a).  The low 36Ar concentrations could be a 
characteristic of magmatic fluids (Irwin and Roedder, 1995), or the result of hydrothermal 
boiling (Kendrick et al., 2001a).  Additional evidence for hydrothermal boiling is provided by 
variation in 40Ar*/Cl ratios and extreme enrichments in 130Xe/36Ar and 84Kr/36Ar values (Fig 
11.10).  Hydrothermal boiling reduces the 40Ar*/Cl ratio and increases the Xe/Ar and Kr/Ar 
ratios of the residual liquid phase, because noble gases are partitioned into the vapour phase 
on the order Ar>Kr>Xe but Cl is preferentially retained by the liquid phase (Fig 11.10; 
Kendrick et al., 2001a).  

Fluid inclusions associated with the majority of porphyry copper ore deposits have a 
very limited range of Br/Cl and I/Cl (Irwin and Roedder, 1995; Kendrick et al., 2001a; 
Nahnybida et al., 2009), with the Br/Cl values tending to be lower than the MORB mantle 
value (Fig 11.11a; Kendrick et al., 2012).  Fluid inclusions in the Silverbell porphyry deposit 
of Arizona, record higher I/Cl ratios than the majority of porphyry ore fluids (Fig 11.11a), 
and the variation in I/Cl was interpreted to reflect mixing of the dominant magmatic fluid 
with sedimentary formation waters in this deposit (Kendrick et al., 2001a). 

 
 
11.5.4.3 Tungsten-bearing ore deposits 

Tin-tungsten ore deposits are commonly zoned around reduced (ilmenite series) 
granites of ‘S-type’ affinity emplaced at depths of <10 km (Robb, 2005).  Noble gas data are 
available for a variety of tin-tungsten deposits including Carrock Fell in the north of England, 
several occurrences in Cornwall (UK) (Kelley et al., 1986; Turner and Bannon, 1992; Böhlke 
and Irwin, 1992c; Irwin and Roedder, 1995) and the Panasqueria deposit of Portugal 
(Burnard and Polya, 2004; Polya et al., 2000). 
 The initial studies applied 40Ar-39Ar methodology to quartz veins and documented 
fluid inclusion 40Ar/36Ar values of between 300 and 2200, and fluid inclusion 36Ar 
concentrations of equal to or above air saturation levels (Fig 11.9; Kelley et al., 1986; Turner 
and Bannon, 1992).  Three dimensional 40Ar-36Ar-K-Ca-Cl correlation diagrams were 
employed by Kelley et al (1986) and Turner and Bannon (1992) to resolve multiple 40Ar 
components.  In addition to Cl-correlated excess 40Ar* trapped in fluid inclusions, these 
studies resolved a K-correlated radiogenic 40Ar component, associated with mica impurities 
in some of the fluid inclusions.  The ages of the accidentally trapped mica, in quartz vein 
fluid inclusions, vary from 250 ± 15 Ma to 270 ± 20 Ma, compared to the probable granite 
intrusion and mineralisation age of 280-295 Ma (Kelley et al., 1986; Turner and Bannon, 
1992).  The small discrepancy in ages partly reflects the low retentivity of 40Ar in micron-
sized mica crystals (Kendrick et al., 2006b), but nonetheless these cooling ages suggest a 
maximum time period of ~20 Myr between intrusion of the granites and cessation of 
hydrothermal activity (Kelley et al., 1986; Turner and Bannon, 1992). 

In comparison to porphyry copper ore fluids exsolved from I-type granites, 
mineralisation-related fluid inclusions at St Austell have slightly lower Br/Cl and higher I/Cl 
ratios (Fig 11.11a).  Assuming the halogens dissolved within these fluids had a dominantly 
magmatic origin, the difference could reflect anatexis of crustal sedimentary rocks with 
variable Br/Cl and I/Cl, as opposed to melting dominantly igneous rocks to generate I-type 
porphyry intrusions (Fig 11.11a; Irwin and Roedder, 1995).   Irwin and Roedder (1995) 
demonstrated that fluid inclusions within granite xenoliths from Ascension Island, that have 
not had the opportunity of assimilating large amounts of crustal material, preserve MORB-
like Br/Cl and I/Cl values (Fig 11.11a; Irwin and Roedder, 1995). 
 The Panasqueria tin-tungsten deposit of Portugal is hosted by metasediments, overlain 
by coal bearing sediments, and associated with the ~290 Ma Panasqueria granite (Polya et al., 
2000).  The Panasqueria granite is of ‘S-type’ affinity with 87Sr/86Sr of 0.713 suggesting 
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≥50% of the Sr had a crustal source (see Polya et al., 2000; Burnard and Polya, 2004).  
Quartz-hosted fluid inclusions have salinities of 7-9 wt. % NaCl eq. and homogenisation 
temperatures of 250-260 °C (Polya et al., 2000).   Considering the largely crustal origin of the 
Panasqueria granite, it was surprising that sulphide-hosted fluid inclusions record 3He/4He 
ratios of up to 6.7 Ra (Fig 11.8d), implying >75% of the helium in the ore fluids has a mantle 
origin (Burnard and Polya, 2004).  The discrepancy between the 87Sr/86Sr and 3He/4He 
isotope systems was explained by suggesting that after partial crystallisation, a renewed pulse 
of mantle volatiles and heat passed through the magma chamber resulting in a final pulse of 
magmatic fluids with disproportionately high 3He/4He (Burnard and Polya, 2004).  In a sense, 
mineralisation may have been related to a pulse of mantle-derived fluids that used the granite 
as a high permeability pathway (Burnard and Polya, 2004).   
 The Panasqueria ore fluids have δD values extending from typical magmatic values of 
around -40 ‰ to unusually low values of -130 ‰ (Polya et al., 2000).   Considering the 
paleolatitude of the deposit, these low δD values can only be explained by either strong 
fractionation during magmatic degassing, or fluid interaction with organic-rich sediments and 
coal (Polya et al., 2000).  The fluids have a strongly magmatic 3He/4He signature (Fig 11.8d), 
but elevated Br/Cl and I/Cl ratios and low 40Ar/36Ar values that are more akin to sedimentary 
formation waters than typical magmatic fluids (Fig 11.11; Polya et al., 2000).   The combined 
noble gas, halogen and δD data could be explained by mixing magmatic fluids and 
sedimentary formation waters (e.g. Fig 11.8d; Burnard and Polya, 2004).  However, if 
magmatic fluids acquired the low δD by interaction with organic-rich coals (cf. Polya et al., 
2000), the implied fluid-rock ratio of 0.02-0.002 means a magmatic fluid could also have 
acquired significant Br, I and atmospheric noble gas during interaction with the organic-rich 
sediments and coal.  The K-poor coal was young at the time of ore deposition, meaning it 
would not have contained significant excess 40Ar (Polya et al., 2000); however, the typical 
concentrations of atmospheric noble gas in sediments, and the ppm-levels of Br and I in 
organic matter, would be extremely significant at water-rock ratios of <0.02 (Tables 3 and 4).  
The key points are therefore that combined noble gas and halogen analysis provides strong 
evidence for both the involvement of magmatic fluids and extensive fluid interaction with the 
crustal lithologies overlying the ore deposit (cf. Polya et al., 2000; Burnard and Polya, 2004).  
However, the way these signals were mixed together is to some extent a question of 
interpretation. 

Finally, the Dae Hwa tungsten-molybdenum deposit of South Korea is associated with 
‘I-type’ granite and is famous for its large zoned scheelite crystals.  The scheelite zones 
contain primary fluid inclusions that record a progressive outward decrease in 
homogenisation temperature (400-200 °C), which on the basis of δ18O, δD and δ34S was 
interpreted to reflect dilution of a magmatic fluid by meteoric water (So et al., 1983; Shelton 
et al., 1987).   Noble gases analysed in a representative zoned scheelite crystal have a 
maximum 3He/4He of 2.7 Ra and show inter-zonal variation that is broadly correlated with 
δ18O and fluid inclusion homogenisation temperature (Burgess et al., 1992; Stuart et al., 
1995).  The noble gas data further constrain the magmatic-meteoric mixing model with the 
magmatic fluid shown to have 3He/4He of >2.7 Ra, and the lower temperature fluid recording 
characteristically elevated 4He/40Ar* ratios of up to 50, 3He/4He of <0.2 and 40Ar/36Ar of 
~400 (Fig 11.4; Burgess et al., 1992; Stuart et al., 1995).  
 
 

11.5.5 Metamorphic fluids and hydrothermal ore deposits 

The range of noble gas compositions expected in metamorphic fluids produced by breakdown 
of hydrous or carbonate minerals in the Earth’s crust is poorly constrained (Kendrick et al., 
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2006a).  Metamorphic fluids should have the noble gas isotope signature of either the 
minerals that breakdown, or perhaps more likely, they could have signatures representative of 
their source region, as a result of diffusion of noble gases into the fluid phase from the 
surrounding country rock.    
   
11.5.5.1 Serpentine breakdown fluids 
The composition and abundance of noble gases in antigorite-serpentinites was recently 
investigated to test if serpentine subduction could provide a pathway for transfer of 
atmospheric noble gases into the Earth’s mantle (Kendrick et al., 2011a).  The results of this 
study help illustrate some important features of metamorphic fluids. 
 Antigorite-serpentinites from Erro Tobbio (Italy) have near atmospheric 40Ar/36Ar 
ratios of between 300 and 360 and high abundances of 20Ne, 36Ar, 84Kr and 130Xe (Table 
11.3), that were introduced from seawater-derived fluids during seafloor serpentinisation 
(Kendrick et al., 2011a).  Fluid inclusions trapped in olivine bearing veins formed during 
prograde metamorphism and partial breakdown of antigorite have salinities of up to 40 wt % 
NaCl eq. (Fig 11.12d; Scambelluri et al., 1997), and record ranges of 20Ne/36Ar, 84Kr/36Ar, 
130Xe/36Ar and 40Ar/36Ar that are fairly representative of the host rocks (Fig 11.12; Kendrick 
et al., 2011a).  
 Based on a salinity of 40 wt. % NaCl eq. and the measured Cl/36Ar ratio, the fluids are 
estimated to have a minimum 36Ar concentration of (9 ± 1)×10-10 mol g-1 (1σ), which is 30 
times higher than the concentration of 36Ar in 25 °C seawater (Kendrick et al., 2011a).  Note 
that the range of fluid inclusion 40Ar/36Ar and Cl/36Ar values do not favour the presence of 
any kind of modern air contaminant, because the mixing line in Fig 11.12a does not intersect 
the composition of air (cf. section 3.5).   
 The elevated salinity and 36Ar concentration of the metamorphic breakdown fluids 
could reflect any of the following: i) preferential extraction of 36Ar>Cl>H2O during partial 
breakdown of antigorite; ii) diffusive addition of 36Ar and dissolution of water soluble Cl 
during fluid migration; or iii) retrograde hydration of relic mantle minerals removing H2O 
from solution. 
 These data are relevant to the interpretation of noble gases in fluid inclusions and 
crustal fluids more generally, because they indicate: i) high concentrations of 36Ar can be 
acquired by crustal fluids with a metamorphic origin, or by fluid-rock interaction; ii) crustal 
fluids can have a range of noble gas concentrations up to values of much greater than ASW 
(Fig 11.9); and iii) the presence of atmospheric noble gases (alone) does not provide reliable 
evidence that a fluid originated at the Earth’s surface as ASW.   The data indicate noble gas 
signatures can have complex histories and can survive metamorphic hydration and 
dehydration reactions in some cases.   
 
 
11.5.5.2 Orogenic gold deposits  

Orogenic gold deposits (e.g. lode-, mesothermal- or greenstone-gold deposits) have 
formed during periods of orogenesis throughout Earth history (Goldfarb et al., 2001; Groves 
et al., 2003). They occur in metamorphic terranes and are hosted by quartz and carbonate 
veins containing low salinity (<10 wt % NaCl eq.) aqueous and CO2 fluid inclusions (e.g. 
Mernagh et al., 2007).  Low salinity CO2-bearing fluids could be mobilized by either 
metamorphic or magmatic processes during orogenesis and the origin of fluids in gold 
deposits is therefore contentious (Groves et al., 2003).  

The metamorphic model explains the global association of gold-only ore deposits with 
seawater-altered volcanic rocks that occur proximally to, or host, mineralization (Phillips and 
Powell, 1993). Phase equilibrium modeling indicates transitional greenschist-amphibolite 
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facies metamorphism of altered-volcanic rock produces low salinity H2O-CO2 fluids similar 
to gold deposit fluid inclusions (Powell et al., 1991; Phillips and Powell, 1993; Elmer et al., 
2006).  However, the high fluid flux necessary for economic gold mineralization may be 
more easily explained if externally derived fluids are focused into the mineralization zone 
(e.g. Yardley et al., 1993; Groves et al., 2003), and many gold deposits are spatially or 
temporally associated with granites or lamprophyres (e.g. Rock and Groves, 1988; Neumayer 
et al., 2009).  Furthermore, magmatic fluids are clearly involved in intrusion-related gold 
deposits that appear to form a continuum with orogenic gold deposits (section 5.4.1; Lang 
and Baker, 2001).   

Noble gases can help provide new constraints on the origin of gold-related fluids.  
Seawater-altered volcanic rocks are characterized by atmospheric Ne, Ar, Kr and Xe 
signatures (e.g. Staudacher and Allègre, 1988; Burnard and Harrison, 2005), but because 
seawater contains very little helium (Ozima and Podosek, 2002), seawater altered volcanic 
rocks can retain mantle 3He components for prolonged periods (altered-basalts of Jurassic age 
have near atmospheric 40Ar/36Ar signatures but 3He/4He ratios of up to 0.4 Ra; Staudacher 
and Allègre, 1988).   These limited data suggest fluids generated by metamorphism of altered 
volcanic rocks are likely to be characterized by low 40Ar/36Ar and variable, but generally low, 
3He/4He ratios.  In contrast, magmatic fluids are often characterized by high 40Ar/36Ar and 
high 3He/4He ratios (e.g. Fig 11.8; section 5.4.1).  Halogens can provide further information 
because they have a fairly limited range of signatures in magmatic fluids (Fig 11.11). 
 

i. Tienshan province, Uzbekistan 
The giant Muruntau, Charmitan and related gold deposits of the southern Tienshan gold 
province, are associated with quartz, scheelite and sulphide hosted fluid inclusions that have 
3He/4He of 0.02-0.4 Ra and 40Ar/36Ar of 300-1200 (Graupner et al., 2006; 2010).  The ore 
fluids from these deposits have high concentrations of atmospheric noble gas that are strongly 
enriched in 20Ne/36Ar and 3He/36Ar relative to ASW (Fig 11.13; Graupner et al., 2006; 2010).  
These data were interpreted to favour a dominant role for modified air-saturated water with 
the minor mantle component introduced by magmatic fluids sourced from lamprophyres 
close to the Muruntau and Charmitan deposits (Graupner et al., 2006; 2010), or associated 
with granitic magmatism (Morelli et al., 2007).  While we agree the data are consistent with 
this interpretation, the discussion above suggests they are equally compatible with a dominant 
role for metamorphic fluids (Fig 11.13).  Furthermore, the Muruntau ore fluids have Br/Cl 
ratios of (0.6-2.3)×10-3 (Graupner et al., 2006), that are similar to metamorphic fluids in gold 
deposits from Brussen (1.6-2.3×10-3; Yardley et al., 1993); Victoria, Australia (0.6-3.6×10-3; 
Fairmaid et al., 2011; Fu et al., 2012), Alleghany in the Sierra Nevada (1.2-2.4×10-3; Böhlke 
and Irwin, 1992c) and the Yilgarn craton of Western Australia (0.6-3.3×10-3; Kendrick et al., 
2011c).  Therefore further work is still required to establish a strong link between magmatism 
and gold mineralisation in the Tienshan province. 
 

ii. Brusson, NW Italy 
Native gold from the 32 Ma Brusson gold deposit of Italy traps fluid inclusions with 3He/4He 
of 0.2 ± 0.1 Ra (2σ) that are within error of crustal values (Table 11.2), 40Ar/36Ar of 330-5900 
(Eugster et al., 1995; Pettke et al., 1997), and 136Xe/132Xe values that are slightly enriched in 
the fission component (Eugster et al., 1995).   The fluid inclusions preserve elevated 
4He/40Ar* and 3He/36Ar ratios that together with the gas release spectra favour variable 
trapping of H2O and a CO2 vapour phase enriched in the light noble gases (Pettke et al., 
1997).  The elevated He/Ar ratios also confirm gold is retentive of helium (Eugster et al., 
1995; Pettke et al., 1997).   
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The Brusson vein gold system was further constrained by Sr and Pb isotope data that 
suggest calc-schists and intercalated meta-ophiolites, underlying the 10 km thick Monte Rosa 
Nappe, provide the closest possible fluid source (Pettke and Diamond, 1997; Pettke and Frei, 
1996).  Two samples of meta-ophiolite gave modern day 40Ar/36Ar of 330-670, whereas two 
samples of metagranite in the Monte Rosa nappe gave modern day 40Ar/36Ar of 1700-4700 
(Pettke et al., 1997).  The 40Ar/36Ar composition of the fluids (330-5900) is therefore broadly 
consistent with the metamorphic model and suggests fluids with low 40Ar/36Ar may have 
acquired additional excess 40Ar* during migration through the Monte Rosa nappe.  Pettke et 
al. (1997) suggested the fluids slightly elevated 3He content could have been acquired from 
the metaophiolites or by fluid interaction with plutonic igneous rocks.   

Ion chromatography indicates that the fluid inclusions in these deposits have Br/Cl of 
(1.6-2.3)×10-3 and I/Cl of (2-73)×10-6 (Yardley et al., 1993).  The relatively low I/Cl values 
indicate very little interaction of the fluids with organic-rich sedimentary rocks (cf. Fig 
11.14). 

 
iii. Victoria, Australia 

The ~440-360 Ma orogenic-gold deposits in Victoria are hosted by a sedimentary package 
comprising turbidites and shale, underlain by altered volcanic rocks of Cambrian age 
(Phillips et al., 2012).  Helium data are not yet available for the Victorian gold deposits; 
however, the regional scale of halogen and Ar-Kr-Xe studies provide some important insights 
(Fairmaid et al., 2011; Fu et al., 2012).   

Low salinity H2O-CO2 fluid inclusions have 40Ar/36Ar of 300-1500 in the majority of 
deposits, but higher values of up to ~5000 were observed in the regions largest deposits at 
Stawell and Ballerat (Fairmaid et al., 2011; Fu et al., 2012).  The fluid inclusions have 
elevated 36Ar concentrations of several times air-saturation levels (e.g. similar to serpentine 
breakdown fluids; Fig 11.9).  The high noble gas concentrations and range of 84Kr/36Ar and 
130Xe/36Ar values were interpreted to result from preferential desorption, or diffusive release, 
of Ar>Kr>Xe from rock units, and the range of fluid inclusion 40Ar/36Ar values was 
considered representative of altered-volcanic source rocks and the meta-sedimentary host 
rocks (Fairmaid et al., 2011; Fu et al., 2012).  

The Br/Cl and I/Cl ratios of gold-related fluids in Victoria encompass a similar range 
as reported for the Muruntau, Brusson and Alleghany deposits (Böhlke and Irwin, 1992c; 
Yardley et al., 1993; Graupner et al., 2006; Fairmaid et al., 2011; Fu et al., 2012).  However, 
they show systematic variation across Victoria with basalt-like Br/Cl of (0.9-1.6)×10-3 and 
I/Cl of (11-91)×10-6 in the western-most Stawell deposit, and much higher I/Cl values of up 
to (5200)×10-6 in the eastern-most deposits that are situated in the shale-rich Melbourne zone 
(Fig 11.14; Fu et al., 2012).  Similar mixing between two halogen components can be 
observed at the deposit scale, where mixing trends define Br/I ratios of ~6 (Fig 11.14b), that 
are similar to Br/I ratios of organic matter (Fairmaid et al., 2011).  As it is known iodine is 
lost to the fluid phase during metamorphism (Muramatsu and Wedepohl, 1998), these data 
were interpreted to reflect derivation of halogens from two lithologies: altered-basalts and 
shale (Fairmaid et al., 2011; Fu et al., 2012).   

The interpretation of the halogen and noble gas data in Victoria is analogous to stable 
isotope data which shows the fluids were partially rock-buffered and preserve a range of δ13C 
characteristic of both igneous and sedimentary C sources (Fu et al., 2012).  While most 
models for orogenic gold favour deep metamorphic or magmatic sources for the fluids and 
gold, it has recently been suggested that diagenetic pyrite within sedimentary rocks in 
Victoria was the most important gold source (Large et al., 2011; Thomas et al., 2011).  The 
halogen data provide strong supporting evidence for extensive fluid interaction with the 
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sediments; however, the largest gold deposits are not associated with the most I-rich fluids or 
the most shale-rich parts of the Victorian gold province (Fu et al., 2012). 

 
iv. St Ives, Western Australia 

The ~2.65 Ga St Ives gold deposits in theYilgarn craton of Western Australia formed at 
estimated depths of 5-7 km during late Archean greenschist facies metamorphism of ~2.7 Ga 
greenstones (Groves et al., 2003; Kendrick et al., 2011c).  There was abundant magmatism 
throughout the terrane overlapping the period of mineralisation and metamorphism, including 
U-rich potassic granites that were derived from anatexis of ~100-600 Myr old basement rocks 
(Champion and Sheraton, 1997).  Noble gas and halogen analyses were used to test if H2O-
CO2 and CH4 fluid inclusions associated with gold mineralisation at St Ives had similar 
origins.  This is significant because independently sourced abiogenic CH4 has been suggested 
as a trigger for gold mineralisation (Neumayr et al., 2008), but CH4 could alternatively have 
been produced by localised wall-rock reactions (Polito et al., 2001).  

In contrast to all the other gold deposits studied to date, fluid inclusions from the St 
Ives goldfield preserve a huge range in 40Ar/36Ar, with the highest values in samples 
containing CH4 fluid inclusions (Fig 11.15).  The lowest 40Ar/36Ar ratios of <2000, indicate 
that some of the fluid inclusions have relatively high abundances of atmospheric noble gas.  
These values are similar to those observed in the majority of gold deposits and were 
suggested to represent metamorphic fluids derived from seawater-altered greenstones 
(Kendrick et al., 2011c).  In contrast, the fluids with 40Ar/36Ar ratios of 20,000-50,000 were 
suggested to have had an external origin.   It was argued that 100-600 Myr old basement 
rocks underlying the greenstones at 2.65 Ga represent the most likely source of the strongly 
radiogenic noble gas isotope signature, because the basement was significantly older than the 
greenstones and had not been altered by seawater (Kendrick et al., 2011c).    

Noble gases could have been released from the basement by either crustal anatexis 
and exsolution of magmatic fluids from the potassic granites, or they could have been 
released by basement metamorphism (Kendrick et al., 2011c).  It was suggested the fluids 
were then focused into the site of mineralisation, where atmospheric noble gases derived 
from the greenstone reduced the fluids 40Ar/36Ar ratio (Fig 11.15).  This interpretation of the 
noble gas data is analogous to the interpretation of other radiogenic isotopes (Pb and Sr) that 
also indicate fluid solutes had multiple sources from both the basement and greenstones (Ho 
et al., 1992).   The noble gas data were regarded as being consistent with interaction of 
independently sourced CH4 and H2O-CO2 during mineralisation (Neumayr et al., 2008); 
however, the ultimate source of the abiogenic CH4 remains open to speculation (Kendrick et 
al., 2011c).   

Interpretation of noble gas signatures in Archean age samples needs to make 
allowance for high Archean production rates of radiogenic noble gas isotopes.  The 1.25 Gyr 
half life of 40K implies that for any given K content, the 40Ar* production rate was ~4 times 
higher at 2.65 Ga than it is today.  Therefore, the most radiogenic 40Ar/36Ar signatures 
measured for the St Ives ore fluids are comparable to those obtained for magmatic fluids in 
the Ailaoshan gold deposits (Fig 11.8a).  Highly radiogenic noble gas components in Archean 
and Proterozoic age ore fluids are discussed more fully below (section 5.6).  

 
 

11.5.5.3 Fluids in eclogites   
Eclogites have mafic composition and are defined as containing garnet and omphacite, 

but also contain accessory hydrous minerals such as phengite.  Eclogites can form by 
hydration of granulites (e.g. Boundy et al., 1997; Svensen et al., 2001), or prograde 
metamorphism of blueschists (Ernst, 1971).    Fluid inclusions are commonly trapped in 



26 

omphacite, garnet, kyanite and quartz (Svensen et al., 2001).  However, hydrous minerals like 
phengite represent an important reservoir of excess 40Ar (e.g. Arnaud and Kelley, 1995; 
Kelley, 2002; Sherlock and Kelley, 2002), and probably other (non-radiogenic) noble gases, 
reflecting the increased compatibility of noble gases in many hydrous minerals in high 
pressure environments (see Kelley (2002) for review).    

The noble gas content of eclogite fluid inclusions has not yet been systematically 
investigated. However, based on previous 40Ar/39Ar studies, the trapped argon component 
within phengite, and eclogite facies fluid inclusions, typically has 40Ar/36Ar in the range of 
300-5000 (Arnaud and Kelley, 1995; Reddy et al., 1997; Giorgis et al., 2000; Kendrick, 
2007).   Unsurprisingly noble gases enter the fluid phase when present, but are partitioned 
into phengite at low water-rock ratios as the fluid phase is consumed by hydration reactions.  
Eclogite facies minerals often show variable 40Ar-39Ar apparent ages that reflect a 
heterogenous distribution of extraneous 40Ar*. This is usually interpreted to result from 
limited fluid mobility during prograde metamorphism, or redistribution of 40Ar* between 
mineral phases during retrograde chemical exchange (e.g. Boundy et al., 1997; Giorgis et al., 
2000; Warren et al., 2011). 

The composition of Cl, Br and I was investigated in primary fluid inclusions trapped 
within omphacite and garnet from the Western Gneiss Region of Norway (Svensen et al., 
2001).  The high salinity of ~40-50 wt. % recorded by these primary fluid inclusions is 
typical of eclogite facies fluid inclusions (e.g. Fu et al., 2001; 2002).  The high salinity of 
these brines is suggested to result from preferential incorporation of H2O>Cl into hydrous 
minerals.  Svenson et al. (2001) demonstrated the high salinity brine inclusions (which are 
much more saline than can be achieved by sub-aerial evaporation), have molar Br/Cl ratios of 
between 2.2×10-3 and 14.3×10-3, and molar I/Cl of between 8×10-6 and 29×10-6.  The range of 
Br/Cl values is slightly greater than achieved on the seawater evaporation trajectory (Fig 
11.16), demonstrating strong fractionation of the halogens can occur during metamorphism at 
sufficiently low water-rock ratio (Svensen et al., 2001).     

 
 
11.5.6 Basement noble gas components 
 
In this final section of case studies, we discuss the significance of the highly radiogenic 
crustal noble gas isotope signatures (e.g. 21Ne/22Ne > 0.2, 40Ar/36Ar>30,000, and 136Xe/130Xe 
> 3) recently reported for fluid inclusions from several Proterozoic or Archean ore deposits in 
different parts of Australia and Canada (Kendrick et al., 2006c; 2007; 2008ab; 2011bc); and 
we compare the fluid inclusions with CO2 well gases from Colorado (Gilfillan et al., 2008) 
and ancient ground waters from South Africa (Lippmann et al., 2003; Lippmann-Pipke et al., 
2011).  
 These highly radiogenic noble gas signatures get special attention because: i) extra 
care must be taken to test Proterozoic and Archean age samples for the effects of post-
entrapment radiogenic ingrowth; ii) such highly radiogenic noble gas signatures had not been 
observed in shallow ground waters previously; and ii) the interpretation of strongly 
radiogenic noble gas isotope signatures requires significant geological background, which is 
illustrated through a case study of the Mt Isa Inlier. 
 
11.5.6.1 Excluding radiogenic ingrowth in ancient samples 
Several arguments can be made to suggest the noble gas compositions reported for Archean 
and Proterozoic samples are fairly representative of the fluid inclusions initial composition.  
Most importantly, stepped heating irradiated quartz from the Mt Isa Inlier and Yilgarn craton 
yield apparent 40Ar-39Ar ages of up to 11 Ga, that demonstrate the samples do not contain 
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enough K either within their fluid inclusions, or within mineral impurities, to generate the 
observed 40Ar/36Ar ratios (Fig 11.17).  The low K content of these samples unequivocally 
demonstrates that the measured 40Ar/36Ar ratios of up to 50,000 are representative of the fluid 
inclusions initial composition (Kendrick, 2006c; 2007; 2008ab; 2011bc). 
 Secondly, stepped heating irradiated quartz samples gives 134XeU concentrations 
indicating <100 ppb U in the quartz matrix of all Mt Isa samples analysed, and the samples 
with the highest 21Ne/22Ne ratios have concentrations of only 2-20 ppb U (Kendrick et al., 
2007; 2008a; 2011b).  Crushing released 0.5-4.0×10-15 mol 21Ne* per gram of these samples 
(Kendrick et al., 2011b) which is <<100% of the 21Ne* in the samples (Fig 11.3a).  
Nonetheless, in situ production of the measured 21Ne* over a period of 1.55 Ga, would 
require a U concentration of 1000-8000 ppb (calculated using the equations in Ballentine and 
Burnard (2002)). As this is up to 1000 times greater than the measured U concentrations, it 
conclusively demonstrates that 21Ne* released by crushing, like 40Ar*, represents a trapped 
component.  Similar arguments indicate 21Ne* is also a trapped component in ~2 Ga fluid 
inclusions from the Kapvaal craton (Lipmann-Pipke et al., 2011), and 2.65 Ga fluid inclusion 
samples from the Yilgarn (Kendrick et al., 2011c).   

The majority of fluid inclusion samples from both the Yilgarn and Mt Isa Inlier have 
fluid inclusion 21Ne*/40Ar* and 136Xe*/40Ar* ratios close to the crustal production ratios that 
would be expected in high temperature fluids (Kendrick et al., 2011bc). However, samples 
dominated by CO2 fluid inclusions from the Mt Isa Inlier, are systematically enriched in 
21Ne*/136Xe* relative to possible production ratios (Fig 11.18a).  As both 21Ne* and 136Xe* 
are produced from U, this is impossible to explain by in situ production, but is consistent with 
fractionation of noble gases between H2O and CO2 prior to trapping (Fig 11.18a; Kendrick et 
al., 2011b).   

Helium isotope ratios are more sensitive to overprinting than Ne, Ar or Xe isotope 
ratios.  Measured 4He/40Ar* ratios indicate helium leaked out of Mt Isa quartz samples 
(Kendrick et al., 2011b); but the 4He/40Ar* ratios measured for gold-related fluid inclusions 
from St Ives are in the range of expected Archean production ratios (Fig 11.18b; Kendrick et 
al., 2011c).  Minor He leakage or in situ production of 4He in these samples is likely; 
however, the data are most easily explained if the measured 3He/4He ratios of ~0.01 Ra 
remains close to their initial values; and dominantly crustal 3He/4He ratios are expected in 
fluids with extremely radiogenic 40Ar/36Ar, 21Ne/22Ne and 136Xe/130Xe ratios (Kendrick et al., 
2011c).  Preservation of near original 3He/4He ratios requires the samples low salinity water 
and CH4- or CO2-only fluid inclusions have very high (noble gas)/(U + Th) ratios and 
negligible U and Th.   
 The range of 136Xe/132Xe reported for Proterozoic and Archean age fluid inclusions 
(Kendrick et al., 2011bc) is similar to that reported for fluid inclusions in Phanerozoic gold 
deposits (Sun et al., 2009), modern well gases (Gilfillan et al., 2008) and fracture-hosted 
waters from the Witwatersrand basin (Lippmann et al., 2003) (see Table 11.5).  Calculated 
21Ne*/22Ne* ratios for Proterozoic and Archean fluid inclusions range from unusually low 
values of 0.1, whereas high values would be expected to result from in situ production of 
21Ne*, up to maximum values that are similar to fracture hosted ground waters in the 
Witwatersrand basin (3.3 ± 0.2; Lippmann-Pipke et al., 2011).   These observations are all 
consistent with noble gases in the fluid inclusions being largely representative of their initial 
compositions. 
 
 
11.5.6.2 The Mt Isa Inlier, Australia 
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The Proterozoic Mt Isa Inlier of northeastern Australia is famous for its high heat producing 
granites (McLaren et al., 1999; Sandiford et al., 2002) and rich endowment with ore deposits 
that formed in hydrothermal systems spanning at least 170 Myr of crustal evolution (Oliver, 
1995; Oliver et al., 2008).  Noble gas and halogen data are available for a large number of ore 
deposits from two contrasting settings within the inlier (Heinrich et al., 1993; Kendrick et al., 
2006abc; 2007; 2008a; 2011a; Fisher and Kendrick, 2008).   

Iron-oxide-copper-gold (± U ± REE) deposits and related regional-scale Na-Ca 
alteration (albitisation) are found throughout the Eastern Fold Belt (Oliver et al., 2004; Mark 
et al., 2006; Kendrick et al., 2006ab; 2007; 2008a; 2011b; Fisher and Kendrick, 2008).  The 
Eastern Fold Belt comprises greenschist-amphibolite facies meta-sediments (including meta-
evaporitic calc-schists) intruded by regionally extensive 1550 to 1490 Ma Williams-Naraku 
Batholiths (Page and Sun, 1998; Foster and Rubenach, 2006).  The iron-oxide-copper-gold 
deposits are spatially associated with regional faults (Mark et al., 2006). Ernest Henry (166 
Mt of 1.1 % Cu and 0.5 ppm Au) and several other deposits overlap intrusion of the 1550 to 
1490 Ma Williams-Naraku Batholiths, whereas the Osborne and Starra deposits are suggested 
to have formed at ~1595-1570 Ma (Oliver, 1995; Page and Sun, 1998; Oliver et al., 2004; 
2008; Mark et al., 2006; Duncan et al., 2011).  Mineralisation and alteration related fluid 
inclusions include high salinity brines (e.g. 60 wt% NaCl eq.) and liquid CO2 trapped at 
estimated depths of 8-10 km (e.g. Kendrick et al., 2011b).  Carbonate veins in regional Na-Ca 
alteration have δ13C ranging from magmatic values of -6 ‰ to country rock values of -1 ‰ 
(Oliver, 1995; Oliver et al., 1993).  Sulphur, O and H isotopes are consistent with, but do not 
prove, the involvement of magmatic fluids in ore deposition (Mark et al., 2004; 2006).  Two 
major uncertainties in the genesis of these deposits are therefore the extent of magmatic fluid 
involvement and the role of evaporites in generating high salinity brines (e.g. Barton and 
Johnson, 1996; Pollard, 2000; 2001).   
 The Mt Isa copper deposit (250 Mt of 3.3 wt % Cu) of the Western Fold Belt differs 
to iron-oxide-copper-gold deposits in several important aspects.  Copper mineralization is 
superimposed on earlier Pb-Zn mineralization; it is hosted by greenschist facies shales 
(Perkins, 1984; Swager, 1985), and minor pegmatites represent the only known igneous 
activity within the Western Fold Belt during the Isan orogeny (Connors and Page, 1995). The 
deposit is associated with mine-scale silica-dolomite rather than regional Na-Ca alteration; 
copper (with minor cobalt) is the only economic commodity, and iron forms sulphides not 
oxides (Swager, 1985; Heinrich et al., 1989).  Fluid inclusions hosted by silica and dolomite 
alteration are dominantly two phase liquid-vapour with salinities of 5-25 wt. % salts 
(Heinrich et al., 1989). In contrast to the iron-oxide-copper gold systems, high salinity brine 
inclusions are lacking and CO2 is rare (Heinrich et al., 1989; Kendrick et al., 2006c). The S, 
O and H isotope data indicate the presence of locally derived sedimentary S and are 
consistent with introduction of additional S as seawater sulphate in evolved basinal brines or 
derived during metamorphism under oxidizing conditions (Andrew et al., 1989; Heinrich et 
al., 1989; Painter et al., 1999).   
 

i. Noble gases and halogens  
Despite the substantially different geological settings of the iron-oxide-copper-gold 
mineralization and Mt Isa style copper mineralization (above), the fluid inclusions from both 
styles of ore deposit have maximum 40Ar/36Ar ratios of ≥30,000 and combined Ne-Ar-Xe 
systematics that suggest mixing of noble gases from three very similar reservoirs: i) ancient 
basement rocks with highly radiogenic noble gas signatures; ii) air-saturated water; and iii) a 
third component representative of the meta-sedimentary country rocks (Fig 11.19a).  The 
mixing model in Fig 11.19 is undoubtedly an over simplification of a complex system (see 
Kendrick et al., 2011b); however, the model is consistent with both Fold Belts comprising a 
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relatively thin layer of meta-sediments underlain by much older and broadly similar pre-
Barramundi basement lithologies (MacCready et al., 1998).  The model therefore provides a 
useful starting point for interpretion of the fluid inclusion noble gas signatures (Kendrick et 
al., 2011b).   
 A highly radiogenic basement noble gas signature is expected in magmatic fluids 
derived from the Williams-Naraku Batholiths in the Eastern Fold Belt, because these 
intrusions have Nd isotope signatures that indicate a basement source with an average age of 
~650-700 Myr at 1550 Ma (Page and Sun, 1998; Mark, 2001).  Sequential analysis of iron-
oxide-copper-gold or Na-Ca alteration related samples, demonstrates the fluid inclusions 
within each sample have compositions that vary between characteristic limits (see Fig 11.19).  
The noble gas mixing trends defined for the CO2 fluid inclusions and Ernest Henry ore fluids 
are comparable to stable isotope data that show mixing of magmatic and meta-sedimentary C 
components (cf. Fig 11.19a; Oliver et al., 1993).  The distinct curvature of mixing trends 
obtained for samples dominated by CO2 fluid inclusions, probably results from fractionation 
of noble gas elemental abundance ratios during CO2-H2O interaction (e.g. Fig 11.18a; see r-
values definition in section 5.4.1).   The involvement of magmatic fluids in the Ernest Henry 
deposit is further constrained because the fluids with the most radiogenic noble gas signatures 
have the most ‘magmatic’ halogen signatures, whereas fluids with less radiogenic noble gas 
signatures are associated with ‘halite dissolution’ halogen signatures (Fig 11.20). Taken 
together, the data (Figs 19 and 20) provide strong evidence for magmatic fluids in the Ernest 
Henry iron-oxide-copper-gold deposit and regional Na-Ca alteration in the northern part of 
the Eastern Fold Belt (Kendrick et al., 2006a; 2007; 2008a).  However, basin derived 
metamorphic fluids that interacted with scapolite (or halite) were also present and dominated 
much of the Na-Ca alteration system (Kendrick et al., 2008a), as well as the southernmost 
Osborne deposit, which predated intrusion of the Williams-Naraku batholiths (Fisher and 
Kendrick, 2008).  

The strongly radiogenic noble gas isotope signature of low salinity fluid inclusions 
associated with the Mt Isa copper mineralization in the Western Fold Belt is unlikely to 
reflect the involvement of magmatic fluids but could be explained if:  i) surface-derived 
basinal fluids were advected into the >10-15 km deep basement (which was the source of the 
Williams-Naraku batholiths in the Eastern Fold Belt); or ii) basement metamorphism 
produced a metamorphic fluid that ascended to the site of mineralization (Kendrick et al., 
2006, 2011b).   Mt Isa copper related fluid inclusions have much higher Br/Cl than the iron-
oxide-copper-gold deposits (Fig 11.21a; Heinrich et al., 1993; Kendrick et al., 2006c).   If the 
Mt Isa ore fluids had a surface origin, the Br/Cl data indicate sub-aerial evaporation as the 
dominant source of salinity (Fig 11.21a; Kendrick et al., 2006c).  However, Kendrick et al. 
(2006c) argued that because fairly few lithologies have 40Ar/36Ar of >>30,000, a surface-
derived fluid could not easily acquire a 40Ar/36Ar ratio of ≥30,000 without significantly 
increasing its 36Ar concentration above air saturation levels (ground waters with air saturated 
36Ar concentrations usually have meteoric O-H isotope signatures and 40Ar/36Ar of <500; 
section 5.1; Phillips and Castro, 2003).   Furthermore, it was estimated the 36Ar concentration 
of the silica fluid inclusions with the highest 40Ar/36Ar ratios are in the range that would be 
expected in basement-derived metamorphic fluids (based on typical OH and 36Ar 
concentrations; Fig 11.21b; Kendrick et al., 2006c).   

The total variation in fluid inclusion Br/Cl, I/Cl, 36Ar concentration and 40Ar/36Ar in 
silica and dolomite fluid inclusions (Fig 11.21), was interpreted to result from mixing 
basement-derived metamorphic fluids and basinal fluids (best preserved in the dolomite fluid 
inclusions which have the highest salinity), with an additional contribution of noble gases 
(including 36Ar) derived from the meta-sedimentary country rocks (Fig 11.21; Kendrick et al., 
2006c). The viability of this model depends on the relative timing of copper mineralization 
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and fluid producing mineral breakdown reactions in the basement.  The model is broadly 
consistent with mineralization during the latter part of the Isan orogeny (Perkins et al. 1999), 
but is not consistent with the younger post-orogenic Re-Os age of ~1370 Ma (Gregory et al., 
2008).  However, this age is not defined by a statistical isochron (cf. Gregory et al., 2008), 
and is difficult to reconcile with constraints on the relative timing of copper mineralization 
(Perkins, 1984; Swager, 1985).   An Isan age is preferred here, suggesting the <1500 Ma 
South Nicholson Group sediments can be excluded as a source of basinal fluids during 
mineralization (cf. Wilde, 2011).    

 
 
11.5.6.3 Comparison of fluid inclusions and unusual geo-fluids  

 
The CO2 fluid inclusions associated with Na-Ca alteration in the Eastern Fold Belt of the Mt 
Isa Inlier (Fig 11.19) have Ne, Ar and Xe isotope signatures similar to CO2 well gases in the 
Doe Canyon and McElmo Dome gas fields of the Colorado plateau, USA (Table 11.5; 
Gilfillan et al., 2008). The CO2 well gases therefore provide a useful analogue for the CO2 
fluid inclusions and vice versa.   

Helium leaked out of the CO2 fluid inclusions; however, the McElmo Dome well 
gases have a 3He/4He ratio of ~0.13-0.17 Ra (Gilfillan et al., 2008), that demonstrate a small 
mantle helium component could potentially have been present in the CO2 fluid inclusions.    
The Williams-Naraku batholiths had an igneous basement source with a mean age of 650-700 
Myr at the time of melting (Page and Sun, 1998; Mark, 2001).   The strongly radiogenic Ne-
Ar-Xe signature of the CO2 fluid inclusions is consistent with a source from a basement 
derived magma (Kendrick et al., 2011b).  However, input of a minor mantle component has 
been suggested as a heat source, to explain the presence of mafic lithologies, and abundant 
CO2 fluid inclusions (Oliver et al., 2008).  Comparison of the CO2 fluid inclusions and well 
gases underlines that the noble gas data (Fig 11.19) do not preclude input of a minor mantle 
component in the Eastern Fold Belt mineral systems (Kendrick et al., 2011b). 

The CO2 gases in the Colorado Plateau have variable magmatic or metamorphic 
sources but have been trapped in sedimentary reservoirs for millions of years, meaning they 
are important natural analogues for testing long term CO2 sequestration and storage (Gilfillan 
et al., 2009).   The CO2 well gases have undoubtedly interacted with modern ground waters to 
a much greater extent than CO2 trapped in fluid inclusions at depths of 8-10 km (cf. Gilfillan 
et al., 2009; Kendrick et al., 2011b).  However, fluid inclusion studies could provide new 
insights on the possible origins of atmospheric noble gases in deeply sourced CO2 fluids 
(Kendrick et al., 2011b).  This could have important implications for interpreting the extent 
of CO2 well gas interaction with groundwater, and therefore quantifying the long term 
viability of CO2 storage (Gilfillan et al., 2009). 

Fracture-hosted waters in deep gold mines in South Africa with a dominantly surface 
origin have extremely radiogenic noble gas signatures similar to fluids inclusions from the Mt 
Isa Inlier and St Ives goldfield of Western Australia (Table 11.5; Lippmann et al., 2003; 
Lippmann-Pipke et al., 2011; Kendrick et al., 2011bc).  These waters contain abiogenic CH4, 

the origin of which is of great interest for determining the potential depth of the biosphere 
(e.g. Lippmann et al., 2003; Lippmann-Pipke et al., 2011).  However, interpretation of 
strongly radiogenic noble gas isotope signatures in modern fracture-hosted ground waters and 
ancient fluid inclusions is not exactly analogous.   The interpretation that strongly radiogenic 
noble gas isotope signatures in the Mt Isa Inlier and Yilgarn craton had basement origins is 
based on the premise that at the time of mineralization, both terranes comprised a layer of 
relatively young meta-sediment, or altered volcanic rocks (e.g. lithologies with significant 
atmospheric noble gas), underlain by much older igneous basement (with low abundances of 



31 

non-radiogenic noble gas; cf. Table 11.3). In contrast, the much greater age of the Kapvaal 
craton at the present day (>3 Ga), implies that highly radiogenic noble gas signatures could 
potentially be acquired by fluid interaction with a much greater range of lithologies, making 
it more difficult to infer a source.   

 
 
11.5.6.4 Neon isotope systematics of basement lithologies 

Neon isotope data are conventionally presented in a three isotope diagram (Fig 11.22) and the 
ratio of nucleogenic 21Ne* to 22Ne* is obtained by correcting the data for an atmospheric 
contribution based on the non-radiogenic 20Ne isotope (implicitly assuming that there is no 
mantle Ne contribution).   Neon data for a variety of natural gases from all over the world 
have a limited range of 21Ne*/22Ne*, with a best fit value of ~0.52 (Kennedy et al., 1990; 
Ballentine and Burnard, 2002).   The 21Ne* and 22Ne* isotopes are produced by alpha 
particles interacting with 18O or 19F, respectively.  The empirically determined relationship 
between 21Ne*/22Ne* and O/F (Hünemohr, 1989), indicates the average 21Ne*/22Ne* of 0.52 
determined for fluids in sedimentary basins corresponds an average U mineral O/F ratio of 
~113 in sedimentary basins (Kennedy et al., 1990).  
 In contrast to natural gases in sedimentary basins, fluid inclusions in metamorphic 
environments have extremely variable 21Ne*/22Ne* (Fig 11.22).  The minimum 21Ne*/22Ne* 
values of ~0.1, obtained for H2O dominated fluid inclusions in samples from the Eastern Fold 
Belt of the Mt Isa Inlier (Fig 11.22), are equivalent to an O/F ratio of ~22, that may be 
representative of U minerals in halogen-rich metasediments (Kendrick et al., 2011b).  In 
contrast, much higher 21Ne*/22Ne* values of up to ~3.3, in the Witwatersrand basin 
(Lippmann-Pipke, et al., 2011), are equivalent to a U mineral O/F ratio of ~720 that is close 
to the O/F ratio of average crust (e.g. Rudnick and Gao, 2003).  Similarly high 21Ne*/22Ne* 
values are obtained for fluid inclusions suggested to contain basement-derived noble gases in 
the Mt Isa Inlier (Kendrick et al., 2011b) and Yilgarn craton (Fig 11.22; Kendrick et al., 
2011c). 
 The variable 21Ne*/22Ne* reported for metamorphic environments indicate U and F 
are unevenly distributed through the crust and that fluids in low porosity metamorphic 
environments (<<0.1 % porosity) are much more poorly mixed than fluids in sedimentary 
basins (Kendrick et al., 2011b).  

A second important consideration for interpretation of neon data is that, if the 
anomalous neon signature is representative of an igneous basement source (e.g. Fig 11.19), 
the atmosphere corrected 21Ne*/22Ne* ratio is unlikely to be representative of the 21Ne/22Ne 
production ratio (Kendrick et al., 2011bc).  This is because comparison with basalt glasses 
suggests that igneous basement lithologies, that are not exposed to seawater, would probably 
have had a prominent mantle noble gas component at time zero (basalt glasses have mixed 
mantle and atmospheric noble gas signatures; e.g. Graham, 2002).  If the igneous basement 
had an initially mantle signature, the 21Ne/22Ne production ratio would be obtained by a 
vector from the mantle composition, implying a 21Ne/22Ne production ratio of significantly 
less than the air corrected 21Ne*/22Ne* ratio (see Fig 11.22; Kendrick et al., 2011bc).  It 
should be noted that the broad mixing trend between the ‘anomalous crustal neon’ with very 
high 21Ne/22Ne and air does not indicate the basement had an initially atmospheric 
composition.  This trend probably reflects mixing of the distinct basement signature with 
atmospheric noble gases present in either ground water or meta-sediments (e.g. Fig 11.19; 
Kendrick et al., 2011bc).  Noble gas mixing trends have complicated histories that are only 
unraveled by fully understanding the ultimate origin and evolution of noble gases in the 
Earth’s deep crust (see Fig 11.19 and section 5.6.2; Kendrick et al., 2011bc).   

 



32 

 
 

11.6. Summary  
Noble gases and halogens record a range of distinct compositions in the fluid inclusions of 
different types of ore deposit (section 5).  The isotopes of helium provide a sensitive means 
for detecting the presence of mantle-derived components and the orders of magnitude 
variation in noble gas and halogen signatures means they can provide powerful constraints on 
fluid origins. Considerable advances have been made in improving the interpretation of these 
signatures over the last 5 – 10 years.   

Investigation of modern pore fluids in marine sediments (Fehn et al., 2000; 2003; 
2006; 2007; Muramatsu et al., 2001; 2007; Tomaru et al., 2007ab; 2009), and regional-scale 
studies focused on sediment-hosted ore deposits (Fairmaid et al., 2011; Fu et al., 2012), have 
conclusively demonstrated halogens (Br as well as I) are partly buffered by organic matter in 
both sedimentary and metamorphic environments (Fig 11.14).  In addition, the Br/Cl versus 
I/Cl three element diagram has been demonstrated as a powerful tool for deconvolving 
organic Br contributions (Fairmaid et al., 2011; Kendrick et al., 2011d). 

The investigation of eclogite facies fluid inclusions has provided evidence for halogen 
fractionation during metamorphism (Svensen et al., 2001; Kendrick et al., 2011a), and new 
work has started to document the halogen composition of the MORB mantle and hydrous 
mineral phases (Kendrick et al., 2011a; 2012; Kendrick, 2012).  

Investigation of noble gases in metamorphic minerals and fluid inclusions has 
demonstrated atmospheric noble gases are introduced into crustal lithologies during seawater 
alteration (Kendrick et al., 2011a).  Furthermore, fluid inclusions associated with a range of 
ore deposits in the Mt Isa Inlier have an identifiable contribution of atmospheric noble gas 
derived from wall-rock (Fig 11.19a).  In most crustal environments the 3He/4He isotope 
signature of a magmatic fluid is more conservative than the heavy noble gases (e.g. Section 
5.4.3; Fig 11.8).  However, fluid interaction with basalt is recognized as an important source 
of 3He in mid-ocean ridge vent fluids (e.g. Abrajano et al., 1988; 1990; Stuart et al., 1994); 
and igneous rocks intruded into the crust can preserve mantle 3He/4He signatures for 10’s of 
Myr (Staudacher and Allegre, 1988; Moreira et al., 2003), suggesting mobilization of 3He 
during metamorphism is possible. 

These observations indicate simplistic interpretations of noble gases in crustal fluids 
based on equating atmospheric noble gases with the presence of ASW, or diminutive mantle 
3He components with a magmatic fluid, are not applicable to high temperature fluids trapped 
in fluid inclusions.  Several examples have been highlighted in this chapter were constraints 
from noble gases have shown good agreement with other stable (O, H, C, S) or radiogenic 
(Sr, Nd, Pb) isotope systems, and it has been highlighted that the interpretation of fluid 
inclusion noble gas isotope signatures is often analogous to other isotope systems (Fig 11.19; 
Fairmaid et al., 2011; Kendrick et al., 2011bc; Fu et al., 2012). Noble gases can reveal 
features of hydrothermal systems that are overprinted in other isotopic systems because their 
signatures vary by such large amounts (e.g. orders of magnitude; Table 11.2 and 4), not 
because they behave ‘conservatively’: noble gas abundances in rocks are significant at the 
low water/rock ratios relevant to many crustal fluids (Table 11.3).   

Finally the behavior of noble gases in the crust depends on the crustal setting 
(temperature and water-rock ratio) and timescale over which the behavior is observed.  Over 
long time periods, there is a true exchange of noble gases between solid lithological and fluid 
reservoirs.  Atmospheric noble gases initially adsorbed onto sedimentary materials are 
incorporated into mineral structures during diagenesis (Podosek et al., 1980; 1981); and 
atmospheric noble gases are trapped in hydrous lithologies formed during seawater alteration 
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(Kendrick et al., 2011a).  Trapped atmospheric noble gases are then released to the fluid 
phase, along with radiogenic noble gas isotopes, during dehydration metamorphism. This 
results in most fluid inclusions (with strongly rock-buffered O and H isotope signatures), 
having greater than ASW 36Ar concentrations (Fig 11.9).  In contrast, preservation of uniform 
ASW 36Ar concentrations in all crustal fluids would imply the crust acted as a permanent sink 
for introduced atmospheric noble gases. 

 

11.6.1 Future directions 

Noble gas and halogen analysis has been demonstrated as a powerful tool for constraining 
fluid origins in ore deposits and these techniques can be applied to geological processes in 
other settings.  In particular, future work is required to better understand the long term 
exchange of noble gases between atmospheric and crustal reservoirs.  Future studies may 
therefore combine investigation of fluid inclusion and mineral phases or whole rocks to a 
much greater extent than has previously been the case (e.g. Pettke et al., 1997). 

The available data indicate most geological fluids have elevated noble gas 
concentrations (Fig 11.9), and changes in concentration have been suggested as a means to 
infer the way in which noble gas isotope signatures are altered during fluid-rock interaction 
(Fig 11.21b; Kendrick et al., 2006c).  Provided steps are taken to minimise the adsorption of 
water, manometric determination of total gas (CO2, CH4, H2O) pressures during fluid 
inclusion analysis would allow wider determination of noble gas concentrations, enabling 
these ideas to be more widely evaluated. 

Further improvements in fluid inclusion analysis are possible.  The work of 
Scheidegger et al. (2010) has demonstrated that simple variations in sample preparation 
procedure can help eliminate undesirable modern air contaminants.  Laser ablation of 
individual fluid inclusions is unlikely to be widely applicable; however, 213 and 193 nm 
lasers could be used for controlled ablation of unusually large fluid inclusions or groups of 
related fluid inclusion.  Opaque sulphide minerals have been demonstrated as robust 
containers of helium, suggesting routine application of near infra-red microscopy techniques 
to characterise the fluid inclusions trapped in these minerals is desirable.   

Analysis of neon isotopes can be used to test for mantle components in quartz samples 
that do not always retain helium.  Furthermore, rigorous investigation of quartz samples with 
variable helium retentivities, using transmission electron microscopy, may enable the 
properties that cause helium leakage to be identified.  The potential for helium (and other 
noble gases) to diffuse into, or out of, fluid inclusions should be studied systematically. 
Experimental studies establishing a thermodynamic basis for noble gas retention in fluid 
inclusions hosted by different minerals over a range of temperatures and pressures is 
desirable. 

The combined behaviour of halogens and noble gases during groundwater-
hydrocarbon interaction is poorly constrained (Kendrick et al., 2011d). Significant advances 
could be made by combined investigation of ground waters and fully characterised fluid 
inclusions (Ballentine et al., 1994; Lippmann-Pipke et al., 2011). These areas provide 
exciting avenues for further research.   
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Table 11.1. Noble gas proxy isotopes produced by irradiation 
Parent 
element 

Nuclear reaction Proxy 
isotope 

Cl 37Cl(n,)38Cl()38Ar 38ArCl 
Br 79Br(n,)80Br()80Kr 80KrBr 
I 127I(n,)128I()128Xe 128XeI 
K 39K(n,p)39Ar 39ArK 
Ca 40Ca(n,)37Ar 37ArCa 
U Fission 134XeU 
Extended 40Ar-39Ar methodology enables simultaneous measurement of the halogens, K and U with 
naturally occurring noble gas isotopes (36Ar, 40Ar, 84Kr, 129Xe, 130Xe) in irradiated samples (Kendrick, 
2012). 
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Table 11.2. Diagnostic noble gas isotope ratios 
 3He/4He 

(R/Ra) 

20Ne/22Ne 21Ne/22Ne 40Ar/36Ar 

Atmosphere 1 9.8 0.029 299 
Crust <0.1 <9.8 >0.029 298-100,000 
Mantle (MORB) 8 12.5 0.058 30,000-40,000 
The 3He/4He ratio (R/Ra) is given relative to the atmospheric ratio (Ra) of 1.4×10-6 (Mamyrin et al., 
1970).  Recent determinations of  40Ar/36Ar in modern air are  299 (Lee et al., 2006; Valkiers et al. 
2010), compared to the lower value of 296 that is still widely used in the literature (Nier, 1950).  
Atmospheric and representative mantle values from various sources  (Graham, 2002; Ozima and 
Podosek, 2002; Holland and Ballentine, 2006). 
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Table 11.3. Non-radiogenic noble gases in selected fluid and rock reservoirs 
 36Ar mol g-1 

(×10-12) 

20Ne/36Ar 84Kr/36Ar 130Xe/36Ar notes 

Air  0.524 0.0207 0.000113 1. 
      
Air Saturated Water      
Meteroic water (0 °C) 75 0.122 0.0428 0.000474 2. 
Seawater (25 °C) 34 0.175 0.0359 0.000348 3. 
Bittern Brine (29 °C) 7 0.249 0.0341 0.000285 4. 
      
Lithologies     
Dry marine sediments (n = 16) 0.2-12 0.003-0.77 0.04-0.29 0.0007-0.004 5. 
Carbonate rock (n =3) 0.1-200 0.05-19 0.02-0.05 nd. 6. 
Shale (n = 12) 0.04-6 0.05-6 0.02-0.4 0.0007-0.15 7. 
Meta-sediments (n = 5) 0.01-0.4 0.2-1.1 nd. nd. 8. 
Altered-basalt  0.06-0.3 0.01-0.07 0.03-0.07 0.001-0.004 9. 
Antigorite-serpentinites (n = 5) 0.09-5 0.06-0.1 0.03-0.06 0.0004-0.002 10. 
Crystalline basement 0.01-0.7 0.2-6.5 0.01-0.11 0.0001-0.009 11. 
Notes: 1-3) data from Ozima and Podosek (2002).  4) Based on 29 °C NaCl brines (Smith and Kennedy, 1983). 5) Unconsolidated sediments or mud (Matsuda 
and Nagao, 1986; Amari and Ozima, 1988; Staudacher and Allègre, 1988; Schwarz et al., 2005).  6) (Zhou and Ye, 2002) 7) (Podosek et al., 1980;1981)  8) 
metamorphosed pelagic sediments (Schwarz et al., 2005). 9) (Staudacher and Allègre, 1988). 10)(Kendrick et al., 2011a). 11) Includes metamorphic rocks, 
granites and gneisses, range of relative abundance ratios estimated from Fig 2 of Drescher et al. (1998).  
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Table 11.4. Halogens in selected fluid and rock reservoirs 
 Halogen concentrations 

 
Br/Cl 

(×10-3) 
I/Cl 

(×10-6) 
notes 

  molar ratios  
Seawater 3.5 wt % salt 1.54 ± 0.02 0.84 ± 0.04 1. 
Bittern brine ~30 wt % salt 1.5-12 0.8-7 2. 
Halite 100 wt % NaCl 0.05 0.002 3. 
Rock salt (halite) 100 wt % NaCl 0.04-0.15 0.2 4. 
Sylvite 100 wt % KCl 0.3 0.07 5. 
Carnallite 100 wt. % KMgCl3.6(H2O) 0.45 1-2 6. 
Organic matter 100’s of ppm Br + I (Br/I ~ 1-10) 7. 
Mica/amphibole 0 to ~1wt.% Cl or F 0.05-0.2 1-12 8. 
Metm. devol. fluids <5 to 20 wt % salt variable variable 9. 
Metm. desicc. fluids <100 wt % salt <40 variable 10. 
Magmatic fluids 2-60 wt % salt 0.6-1.8 10-70 11. 
MORB 10-1000 ppm Cl 1.6 ± 0.2 40 ± 30 12. 
Notes: 1) Seawater Br/Cl (McCaffrey et al., 1986); 19,350 ppm Cl, 67.3 ppm Br (Drever, 1997), 58 
ppb I (Fuge and Johnson, 1986). 2) Bittern brines produced by evaporation of seawater (Zherebtsova 
and Volkova, 1966; Nissenbaum, 1977; McCaffrey et al., 1986). 3) Based on precipitation from 
seawater and partition coefficients of DBr/Cl ~ 0.03 and DI/Cl ~ 0.003 (where DBr/Cl = 
Br/Clhalite/Br/Clseawater; Holser, 1979; Hermann, 1980; Siemann and Schramm, 2000). 4) Rock salt I/Cl 
inferred from fluid data of (Bohlke and Irwin, 1992a).  Br/Cl based on measure values (McCaffrey et 
al., 1986) and measured Br abundances of 40-200 ppm (Fontes and Matray, 1993; Siemann, 2003). 
5) Based on precipitation from seawater and partition coefficients of DBr/Cl ~ 0.2 and DI/Cl ~ 0.09 
(Holser, 1979). 6) Based on precipitation from seawater and partition coefficients of DBr/Cl ~ 0.3 and 
DI/Cl ~2-3 (Holser, 1979).  7) Concentrations in organic-rich sediments and Br/I estimated from 
sedimentary marine pore fluids (Fuge and Johnson, 1986; Martin et al., 1993; Muramatsu et al., 
2007; Kendrick et al., 2011d).  8) Very limited data (n = 2; Kendrick, 2012).  9) The salinity range 
estimated for fluids produced by breakdown of hydrous minerals does not include halogen rich 
lithologies such as serpentinites or meta-evaporites (Kendrick et al., 2006c).  10) Fluid produced by 
metamorphic desication e.g. partitioning of H2O>Cl>Br into mica or amphibole (Markl and Bucher, 
1998; Svensen et al., 2001; Kendrick et al., 2006c).  11) Variable salinities are expected in magmatic 
fluids (Cline and Bodnar, 1991), reported Br/Cl and I/Cl (Irwin and Roedder, 1995; Kendrick et al., 
2001; Nahnybida et al., 2009).  12) Composition of Maquarie Island basalt glasses (Kendrick et al., 
2012), see also Schilling et al. (1978) and Jambon et al. (1995).
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Table 11.5. Crustal fluids with radiogenic noble gas isotope signatures 
  Trapping age 3He/4He 21Ne/22Ne 20Ne/22Ne 40Ar/36Ar 136Xe/132Xe notes 
 Fluid inclusions    
Mt Isa  H2O-CO2 1.55-1.5 Ga ? 0.36 9.2 40,000 0.71 1. 
St Ives  CH4-rich  2.65 Ga <0.01 0.56 8.3 50,000 0.4 2. 
Wernecke  H2O 1.6 Ga <0.02 0.35 6.6 40,000  3. 
Ailaoshan H2O-CO2 50 Ma 1.3 0.47 11.5 >9000 0.45 4. 
Witwatersrand ? 2 Ga ? 0.01 0.59 8.2 >100,000 0.35 5. 
 Geo-fluids   6. 
McElmo Dome well 
gases  

CO2 0 0.17 0.11 8.9 25,000  7. 

Witwatersrand 
fracture-hosted 

H2O with 
CH4 

0 <0.04 0.16 8.9 9000 0.55 8. 

         
Air   1 0.029 9.8 299 0.33 9. 
Notes: 1) Radiogenic signatures in samples dominated by CO2-only fluid inclusions and H2O-CO2 fluid inclusions (Kendrick et al., 2011a). 2) 
Samples containing CH4 fluid inclusions (Kendrick et al., 2011b). 3) (Kendrick et al., 2008). 4) (Sun et al., 2009). 5) (Lippmann-Pipke et al., 
2011). 6) Fluid inclusions are expected to have the most radiogenic noble gas isotope signatures because geo-fluids sampled from depths of 1-3 
km are more likely to mix with surface derived groundwater or other atmospheric components than fluid inclusions trapped at depths of 6-10 
km.  7) (Gilfillan et al., 2008). 8) (Lippmann et al., 2003; Lippmann-Pipke et al., 2011). 9) Table 11.2 and Ozima and Podosek (2002). 
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Figure captions 
 

Fig 11.1. Fluid inclusions observed in transmitted light during microthermometry. a) low 
temperature monophase water inclusions in birefringent calcite. b) two-phase liquid-vapour 
fluid inclusions. c) high salinity fluid inclusions with multiple daughter minerals. d) Liquid 
CO2 fluid inclusions.  e) mixed liquid CO2 and H2O fluid inclusion containing daughter 
minerals. f) Large decrepitated fluid inclusions, medium sized CH4-N2 fluid inclusions (see j), 
and a trail of small secondary inclusions. g) A single daughter bearing fluid inclusion during 
microthermometry, note homogenisation by halite dissolution and then leakage.  h) multi-
solid fluid inclusion.  i) mixed CO2-H2O fluid inclusion above and below CO2 
homogenisation temperature. j) Liquid CH4 fluid inclusion showing critical homogenistion at 
-102 °C, thus indicating the presence of ~30 vol. % N2.  Abbreviations: v = vapour, l = 
liquid, H = halite. 

 
Fig 11.2: Contours of 3He/4He production ratios for fluid inclusions with variable Li/U and 
different host rock U concentrations (which controls the neutron flux). The neutron flux in the 
rock is calculated following Ballentine and Burnard (2002) for a typical rhyolite composition 
assuming that U +Th are hosted in silicate phases. Elevated 3He/4He production ratios are 
possible in Li-rich fluid inclusions, but 3He production rates are low (see text).   
 
 
Fig 11.3. Noble gas release by: a) in vacuo crushing in a modified Nupro® valve, note the 
resulting skewed grain size distribution. b) Degassing during stepped heating irradiated 
quartz.  The low temperature peak is attributed to noble gas release during decrepitation of 
>3-4 µm sized fluid inclusions. The high temperature release is attributed to decrepitation of 
very small fluid inclusions (<1-2 µm), or gases trapped within fluid inclusions that have 
already leaked and then re-annealed (Fig 11.1g; Kendrick et al., 2006b).  The relative size of 
these peaks varies between samples (Kendrick et al., 2006a; Fairmaid et al., 2011). 
 
 
Fig 11.4. The 3He/4He versus 4He/40Ar* systematics of selected magmatic and formation 
water derived ore fluids (Stuart and Turner, 1992; Stuart et al., 1995; Burnard and Polya, 
2004; Hu et al., 1998; 2004; Kendrick et al., 2002b;2005).  The stars represent the mean 
MORB mantle and crustal production ratios, the grey box represents the range of 
compositions expected in crust with variable K:U:Li compositions.  Low temperature fluids 
are typically enriched in 4He relative to 40Ar* (Ballentine and Burnard, 2002).  Analyses 
obtained by in vacuo crushing. 
 
 
Fig 11.5.  Noble gas systematics of MVT fluid inclusions. a) The 130Xe/36Ar versus 84Kr/36Ar 
values are expressed as fractionation values such that Air has F = 1 [e.g. F(Ng/36Ar)air = 
(Ng/36Ar)sample/(Ng/36Ar)air; Ng = 130Xe or 84Kr].  Air and air-saturated water (ASW) are 
shown as stars, note that the best fit regression through the South Pennine data does not 
intersect air.  b) 40Ar/36Ar is not correlated with 129Xe/36Ar indicating the data are not simply 
explained by the presence of modern air contamination.   c) Noble gas abundance ratios are 
fractionated by increasing salinity (triangle shows bittern brine) or dissolution of (noble gas 
rich) hydrocarbons [stars = oil equilibrated with ASW; circles = gas equilibrated with ASW; 
square = gas equilibrated with oil; fractionation factors calculated for different volume 
ratios (Bosch and Mazor, 1988; Ballentine et al., 2002)]. d) Noble gas abundance ratios are 
also fractionated during interaction with sedimentary rocks.  Data obtained by laser ablation 
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(Böhlke and Irwin, 1992a) and sequential crushing of multiple samples (see Fig 11.6; 
Kendrick et al., 2002ab; 2005; 2011d).  Sedimentary rock data in (d) are from Matsuda and 
Nagoa (1986) and Podosek et al. (1980).  
    

 
Fig 11.6. Halogen systematics of MVT ore fluids, showing individual laser analyses for 
Hansonburg and sample averages from other locations (Bohlke and Irwin, 1992; Kendrick et 
al., 2002ab; 2005; 2011d). Reference fields include seawater, the seawater evaporation 
trajectory (S.E.T.; Zherebtsova and Volkova, 1966), evaporites (Table 11.4; Holser, 1979; 
Fontes and Matray, 1993), sedimentary marine pore fluids with seawater-corrected Br*/I of 
0.5-1.5 (dark grey envelope) and organic matter with Br*/I<10 (light grey envelope).  The 
pore fluid trend is defined with data from Fehn et al. (2000; 2003; 2006; 2007); Muramatsu 
et al. (2001; 2007) and Tomaru et al. (2007ab; 2009); see Kendrick et al. (2011d).  
 
 
Fig 11.7. Noble gas relative abundance patterns for fluid inclusions in VMS deposits from 
mid-ocean ridge spreading centres and back arc rifts (Turner and Stuart, 1992; Stuart and 
Turner, 1998; Zeng et al., 2001;  Lueders and Niedermann, 2010).  Abundance ratios are 
normalised to air: F(Ng/36Ar)air = (Ng/36Ar)sample/(Ng/36Ar)air; such that Air = 1; Ng = 4He, 
20Ne, 84Kr or 130Xe.   
 
 
Fig 11.8. The He-Ar systematics of fluid inclusions with a magmatic origin in various 
hydrothermal ore deposits. a) The Ailaoshan data obtained by 1-3 crushes of 15 sulphide 
samples exemplify the parabolic shape expected for binary mixing in He-Ar four isotope 
diagrams (Burnard et al., 1999).  However, in this case, a third end-member is revealed by 
the 4He/40Ar versus 3He/40Ar plot (b).   c) Porphyry-style ore fluids from Arizonan Porphyry 
copper deposits (9 samples; Kendrick et al., 2001) and porphyry-related copper and gold 
deposits of the Red River–Jinshajiang fault belt in SW China (24 samples; Hu et al., 1998; 
2004). d) Fluid inclusion data for granite-associated Panasqueria tin-tungsten deposit, 
Portugal (12 samples; Burnard and Polya, 2004). 
 
 
Fig  11.9. Apparent 36Ar concentrations determined from fluid inclusion salinity and the 
maximum Cl/36Ar measured during sequential crushing.  Note, analyses shown for Laisvall 
fluid inclusions have 84Kr/36Ar of 0.04-0.07 and Cl/36Ar is not correlated with 40Ar/36Ar in the 
Erro Tobbio fluid inclusions, conclusively demonstrating these analyses have not been 
influenced by modern air contaminants (see text).  The range of ASW encompasses 0 °C 
meteoric water and 25 °C seawater.  Data from various sources (Kelley et al., 1986; Turner 
and Bannon, 1992; Irwin and Roedder, 1995; Kendrick et al., 2001a; 2002ab; 2005;2011ac; 
Fairmaid et al., 2011; Fu et al., 2012).  Abbreviations: N.Am. = North American mid-
continent; Pen. = Pennine; Len.S. = Lennard Shelf; Alm = Almirez (serpentines final 
breakdown); Vic = Victorian Gold deposits; St.I. = St. Ives. 

 
Fig 11.10. Noble gas fractionation during hydrothermal boiling of porphyry copper deposit 
ore fluids (19 samples; Kendrick et al., 2001a).  Hydrothermal boiling refers to separation of 
liquid and vapour H2O phases.  a) Cl/36Ar versus 40Ar/36Ar, the residual liquid phase has 
higher Cl/36Ar and lower 40Ar*/Cl ratios than the parent fluid. b) F(84Kr/36Ar)air versus 
F(130Xe/36Ar)air, the residual liquid phase acquires higher 130Xe/36Ar and 84Kr/36Ar ratios than 
the parent fluid.   Noble gas abundance ratios are written as F-values [F(Ng/36Ar)air = 
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[(Ng/36Ar)sample/(Ng/36Ar)air]; Air = 1; Ng = 130Xe or 84Kr].  Data obtained by sequential 
crushing. 
 
 
 
Fig 11.11. The halogen systematics of fluid inclusions in magmatic-hydrothermal ore 
deposits (showing sample means). a) Fluid inclusions from Ascension granite xenoliths, 
porphyry-style deposits and St. Austell Sn-W mineralisation, Cornwall (Irwin and Roedder, 
1995; Kendrick et al., 2001a), are relatively close to MORB composition (Kendrick et al., 
2012).  Interpreted magmatic fluids involved in iron-oxide copper gold mineralisation 
(Wernecke, Canada and Ernest Henry, Australia), and igneous mica and amphibole 
(Kendrick et al., 2007; 2008b; Kendrick, 2012) are also shown. Possible causes of 
compositional variation are shown inset.   b) Fluid inclusions from Panasqueria deposit are 
strongly enriched in Br and I derived from organic sources (Polya et al., 2000).  Note Br*/I 
indicates the seawater-corrected Br/I ratio (see Fig 11.6).   
 
 
Fig 11.12 Serpentinite breakdown fluids from Erro Tobbio, Italy. a) Fluid inclusion Cl/36Ar 
versus 40Ar/36Ar and b) 130Xe/36Ar versus 84Kr/36Ar compositions measured by in vacuo 
crushing olivine and Ti-clinohumite (F = fractionation value normalised to air; Air = 1).  
The fluids released by crushing do not define a mixing line with air (a) and the fluid 
inclusions faithfully record the Ar-Kr-Xe isotope signature of the antigorite-schist (modified 
after Kendrick et al. 2011a). c) Transmitted light photomicrograph showing a ~1cm wide 
olivine-Ti-clinohumite-dioside vein in antigorite schist; and d) a primary fluid inclusion with 
visible halite daughter crystal and vapour bubble (photographs courtesy of M. Scambelluri).  
 
 
Fig 11.13. Noble gas relative abundance ratios for gold-related fluid inclusions from 
Tienshan gold deposits (Graupner et al., 2006; 2010).  Note quartz fluid inclusions are 
strongly depleted in He relative Ar in sulphide or scheelite fluid inclusions, but all minerals 
are strongly enriched in light noble gases relative to ASW.  Yellow boxes show the range of 
noble gas abundance ratios in altered oceanic basalts and serpentinites (Staudacher and 
Allegre, 1988; Kendrick et al., 2011a). 
 
 
Fig 11.14. Fluid inclusion Br/Cl and I/Cl for Victorian gold deposits, Australia. a) Sample 
mean and standard deviation, distinguished on the basis of tectonic zone (modified after Fu 
et al. (2012)).  The Melbourne Zone is shale rich compared to the Bendigo and Stawell 
Zones. b) Sequential analyses for 13 samples obtained by stepped heating and in vacuo 
crushing.  The best fit slope gives a Br/I ratio of 5.6, that is within the range of organic 
matter.  The intercept is interpreted as altered-volcanic rocks (modified after Fairmaid et al. 
2011).  The MORB field is after Kendrick et al. (2012) and the composition of altered-
volcanics (alt. voc.) is based on adding Cl-rich mica and amphibole to MORB (cf. Fig. 
11.11).  
 
 
Fig 11.15. Fluid inclusion 40Ar/36Ar versus Cl/36Ar for quartz and carbonate samples from 
the St Ives goldfield, Western Australia.  The data are corrected for post-entrapment 
production of 40Ar*, based on a mineralisation age of 2.65 Ga. Slopes with constant 40Ar*/Cl  
are shown for reference.  CH4 fluid inclusions associated with reduced alteration 
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assemblages have higher 40Ar/36Ar than H2O-CO2 fluid inclusion associated with oxidised 
alteration assemblages (modified after Kendrick et al., 2011c). Data obtained by sequential 
crushing and stepped heating of six samples. 
 
 
Fig 11.16.  Halogens in omphacite and garnet hosted primary fluid inclusions showing 
fractionation during eclogite facies metamorphism (Svensen et al., 2001).  The compositions 
of igneous mica, amphibole (Kendrick, 2012) and MORB (Kendrick et al., 2012) are also 
shown. 

 
Fig 11.17. K-Ar isochron diagram showing data for stepped heating quartz samples from the 
Proterozoic Mt Isa Inlier and Archean Yilgran Terranes of Australia (see Kendrick et al., 
2006c; 2007; 2011c).  For clarity, only the samples with very high 40Ar/36Ar are shown and 
uncertainty is not indicated. The highest K/36Ar ratios were obtained for low gas volume 
steps between 700 and 1100 °C (cf. Fig 11.3b).  Sample Q5 from the 2.65 Ga St Ives goldfield 
had a total correction for in situ production of radiogenic 40Ar* of only 1.8% (Kendrick et 
al., 2011c).  The fluid inclusions have apparent ages of up to 11 Ga that reflect the presence 
of excess 40Ar*. 

 
  
Fig 11.18.  Fluid inclusion abundance ratios for radiogenic noble gas isotopes. a) Samples 
from the Mt Isa Inlier, sequential crushing shows Ne/Xe enrichment in two samples that are 
dominated by CO2 –only fluid inclusions (Kendrick et al., 2011b). b) Fluid inclusions from 
the St Ives goldfield of Western Australia (hosted by 10 quartz and sulphide samples), record 
4He/40Ar* ratios similar to expected production ratios (Kendrick et al., 2011c).  
 
 
Fig 11.19. Noble gas mixing model for fluid inclusions related to ore deposition and regional 
alteration in the Mt Isa Inlier (Kendrick et al., 2011b).  The r-values in each plot describe the 
mixing trends curvature, where r is related to the relative abundance of the denominator 
isotopes (e.g. equation 11.1; section 5.4.1; Langmuir et al., 1978).  The indicated range of 
‘estimated basement compositions’ is based on typical noble gas abundances in sedimentary 
and basement rocks (Table 11.2), realistic K, Th and U concentrations and 600 Myr of 
radiogenic ingrowth (see Kendrick et al. (2011b) for a full discussion of the model and 
uncertainties).  Data obtained by sequential crushing of 13 samples. 
 
Fig 11.20. Fluid inclusion halogen and 40Ar/36Ar data obtained by stepped heating Ernest 
Henry quartz.  Individual steps are shown as small symbols, large symbols with drop lines 
represent weighted means for each sample (modified after Kendrick et al. 2007). 
 
 
Fig 11.21. Noble gas and halogen data for fluid inclusions related to Mt Isa copper 
mineralisation. a) sequential Br/Cl and I/Cl analyses of silica-dolomite alteration showing 
the seawater evaporation trajectory (Zherebtsova and Volkova, 1966), the composition of 
igneous mica and amphibole (Kendrick, 2012) and organic Br*/I ratios of 0.5-8.  b) The 
sample maximum 40Ar/36Ar ratio and calculated 36Ar concentration.  Bittern brines with 
0.07×10-10 mol 36Ar g-1 and the estimated compositional range of basement-derived 
metamorphic fluids (Fig 11.19; Kendrick et al., 2006c) are shown for reference. 
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Fig 11.22.  Neon isotope data for fluids in three Precambrian terranes (Kendrick et al., 
2011bc; Lippmann-Pipke et al., 2011).  The average 21Ne*/22Ne* of ~0.5 determined for the 
majority of fluids in sedimentary basins is shown for reference (Kennedy et al., 1990; 
Ballentine and Burnard, 2002).  Fluid inclusions show much greater variation in neon 
isotope composition than basinal fluids, with 21Ne*/22Ne* varying from 0.1 up to 3.3 ± 0.2 
(Lippmann-Pipke et al., 2011).   The red star indicates the estimated composition of Mt Isa’s 
basement the symbols follow Fig 11.19. 
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