Global links between gold and mantle degassing of 40Ar
plus methane: A 2.65 Ga case study.
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The processes that mobilise and transport gold through the Earth’s crust have been
widely debated [1-4]. Most workers emphasise the importance of CO2-H2O-NaCl fluids,
but the nature of fluid interaction remains controversial, with either fluid mixing or
unmixing considered possible triggers for gold deposition [1-9]. CH4 fluid inclusions are
also documented[2, 5, 8, 10, 11], and have a high abundance in some veins within the 2.65
Ga, St Ives Gold Camp, Australia[9, 12, 13].
Here we show CH4 trapped in fluid inclusions at St Ives has a probable origin
from the Earth’s mantle. A mantle source for methane is compatible with the variable
redox state of the Earth’s mantle[14] and is released during serpentinisation of
ultramafic rocks [15, 16]. Its presence in the continental crust confirms mantle
metasomatism could contribute to the variable redox state of Archaean cratons[14]. We
present a new model that links the periodicity of gold mineralisation[1, 2] to mantle
depletion events recently proposed during the same time periods at ~3.3, ~2.7, ~1.9 and
~0.4 Ga [17].
A key observation in the 2.65 Ga St Ives Gold Camp[10] is that gold mineralisation is
hosted by both oxidised and reduced sulphides and preferentially occupies the boundary
between two km-scale alteration zones with different redox state[9, 13]: i) oxidised pyritemagnetite-hematite-anhydrite bearing veins with δ34S of 0 to -8 ‰ and albite ± phengite ±
biotite ± epidote alteration are centred on intrusive complexes; flanked by ii) reduced
pyrrhotite-pyrite bearing veins with higher δ34S of up to +5 ‰, and muscovite ± paragonite ±
chlorite ± amphibole ± biotite alteration [9, 13]. Carbonate veins in both zones have δ13C
values between -3 and -9 ‰ clustering around mantle values of -5 ‰ [13].
Sampling targeted drill holes in different parts of the alteration system. The selected
samples contain mixed assemblages of CH4-CO2-H2O-NaCl fluid inclusions, that are broadly
related to the oxidation state of the veins mineralogy (Table 1). The oxidising part of the
system is dominated by CO2-H2O-NaCl fluid inclusions (Table 1), similar to those emphasised
in all previous models for gold mineralisation [1-7, 10]. Microthermometric measurements
indicate CO2 has a high purity with ice melting points in the range -56.6 to -57.8 ºC, close to
the CO2 triple point. These inclusions homogenise between +12 and +31 ºC into either the
liquid or gaseous state. The majority of aqueous fluid inclusions have salinities of 5 to <26 wt
% salt (Tm = -5 to -21.9 ºC) and some have a Ca-rich composition indicated from eutectic
points as low as -52 ºC. Mixed aqueous-carbonic fluid inclusions, with variable fractions of
CO2-fill, that indicate trapping in the two phase field, have clathrate melting temperatures of
+3.8 to +8.2 ºC equivalent to ~4-11 wt % NaCl eq.. Samples from the ‘reduced’ part of the
system are dominated by non-polar fluid inclusions that are demonstrably related to sulphide

deposition and exhibit no phase change during cooling to -180 ºC (supplementary information).
Laser raman indicates as many as ~80-90 % of these fluid inclusions contain pure CH4 but
some contain up to 20 mol % N2 or 50 mol % CO2 (Table 1 [12]).
Mineral separates (30-100 mg) of six samples were irradiated and the fluid inclusions
were analysed simultaneously for Cl, Br, I and the isotopes of Ar using extended Ar-Ar
methodology[18, 19]. K and Ca were determined for Ar interference corrections and all
samples are corrected for minor (<2%) ingrowth of 40Ar since 2.65 Ga (see supplementary
information). The noble gas isotopes were extracted from fluid inclusions by sequential
stepped heating or in vacuo crushing experiments: each sample exhibits considerable variation
in age-corrected 40Ar/36Ar, Br/Cl and I/Cl, indicating that different populations of fluid
inclusion have been decrepitated at different stages of the experiment (Figs 1).
The distinct 40Ar/36Ar values determined for samples with different alteration
assemblages, and dominated by different types of fluid inclusion (Table 1), are extremely
significant. Isotopes of Ar are not fractionated during phase separation [20], meaning the
variation in 40Ar/36Ar (fig 1) cannot be explained by either unmixing, or variably reducing, a
homogenous CO2-H2O parent fluid. Instead the data are consistent with three fluid endmembers[13] (Figs 1 and 2; Table 1): i) H2O-NaCl-dominated fluid inclusions with minor CO2
have the lowest 40Ar/36Ar values of ~700-2300 and 1-10 ppb 36Ar (Table 1; fig 1). These fluids
are interpreted to represent ‘ambient’ fluids of the mid-crust that could be products of
metamorphic volatilisation [3] or mixtures of metamorphic and surface-derived fluids. ii) CO2H2O-NaCl fluid inclusions in oxidised veins spatially associated with intrusions imaged by
seismic, or oxidised-felsic porphyrys exposed in the mine area [9, 13], have 40Ar/36Ar values of
≥17,000, a mean 36Ar concentration of ~0.1-5 ppb (Figs 1; Table 1). These data are consistent
with a magmatic fluid origin [18, 19] and the presence of anhydrite suggests a high SO2
activity (Table 1). iii) CH4 fluid inclusions in reduced veins have the highest 40Ar/36Ar values
of up to ~48,000 and contain parts-per-trillion 36Ar (Table 1; fig 1). The high 40Ar/36Ar values
are similar to the modern day convecting mantle [21-23] and would not be acquired during
reduction of CO2 with lower 40Ar/36Ar and higher 36Ar content (Table 1): wall-rock interaction
would further increase the fluids 36Ar content (Fig 1). An origin from natural gases in a
sedimentary basin, or by cracking of higher hydrocarbons, is not favoured because CH4 in these
environments is typified by 40Ar/36Ar of <2000 and parts-per-million 36Ar [24]. The most
likely source of high purity CH4 that is consistent with the Ar data (Table 1), and basement
setting of gold mineralisation, is the mantle [14-16, 20]. It is now widely recognized that CH4
is released during serpentinisation of ultramafic mantle-rocks [14-16]. The high Cl/36Ar values
determined for the CH4 fluid inclusions suggests they could contain HCl gas (fig 1).
Gold has a high solubility in reduced S-bearing fluids[4] and liquid hydrocarbons [27],
suggesting CH4 dominated fluids at St Ives could have been important for transporting gold.
The following generic reaction illustrates a possible depositional mechanism:
[CH4 +AuHS + HCl(g)]mantle-fluid + [H2O + CO2 + SO2]magmatic-fluid
= [CO2 + H2O + HCl(aq)]fluids + H2S + Au ± C

(1)

Depending on the availability of reactants, the oxidation of bisulfide complexes and methane
could result in deposition of gold, sulphide and carbon [11]. The localisation of gold in both
pyrite and pyrrhotite is evidence for deposition close to the reaction front, explaining the
variation in sulphur isotope signatures, and the acid solutions generated may account for the
km-scale alteration haloes[9, 13].
Methane-bearing fluid inclusion assemblages have been reported for other gold
deposits [2, 5, 8, 10, 11]. However, the apparent rarity of CH4 could be because it is oxidised
at the point of gold deposition producing CO2-H2O dominated fluid inclusions similar to those

commonly reported (reaction 1). Although unproven, a link between mantle-derived methane
and mineralisation in other gold deposits maybe supported by: i) the similar timing of recently
recognised mantle depletion events at ~3.3, ~2.7, ~1.9 and ~0.4 Ga [17] and the periodicity of
gold mineralisation [1, 2, 28]; ii) the primitive 187Os/188Os signatures determined for
remobilised/placer gold in the Witwatersrand [28]; iii) the correlation between the largest gold
deposits and the thinnest sub-continental lithosphere [29]; iv) the presence of mantle-derived
noble gases in Asian gold deposits [5-7]; and v) the common occurrence of carbon in gold-only
ore deposits[11] (reaction 1). If gold is transported by methane, the fact that gold-rich areas
such as the Colorado Plateau host CO2 gas traps with mantle-derived noble gases [21], could
imply efficient oxidation of CH4 in the mid-lower crust, where gold mineralisation is usually
observed [1, 2] (Fig 2). Alternatively, if gold was transported by the SO2-rich magmatic fluid,
mantle-methane is suggested as a critical reductant. The global scale of the mineralisation
processes, suggested by the proposed link to mantle-methane, can explain why it has not been
possible to correlate gold-only ore deposits with a single tectonic setting [1, 2]. Furthermore,
‘igneous-related’, ‘orogenic’ and ‘carlin’ varieties could all have formed by similar
depositional processes (Fig 3).
The 40Ar/36Ar value suggested for mantle-methane related to 2.65 Ga goldmineralisation at St Ives (fig 1), is similar to the modern day mantle value of 40,000-50,000
[21-23]. This implies efficient post-Archaean subduction of Ar, which is also suggested by
non-radiogenic noble gas isotope ratios of the mantle [30]. If similar CH4-dominated samples
can be located in other gold deposits, determining the isotopic composition of all the noble
gases and halogens, in gold deposits of different age (~2.7, ~1.9, ~0.4 Ga and younger), will
provide important constraints on mantle geochemistry. These constraints will influence our
understanding of the geodynamic processes that drive planet Earth.
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Table 1: Sample description and fluid inclusion 40Ar/36Ar values

Fluid inclusions
Age-corrected
[36Ar]
40
36
No.
Mineral
H2OCO2-H2OCO2
CO2Ar/ Ar
CH4
NaCl
NaCl
CH4
Oxidised veins containing magnetite-pyrite and anhydrite
Q1
LD7113A/329m
Quartz
60-80%
~20%
5-10%
700-2300
Q2
LD7113A/136m
Quartz
0-5%
50-60%
30-40%
1000-11,000
A3
LD7113A/136m
Albite
5-10%
5-10%
~90%
4000-16,000
Oxidised carbonate, chalcopyrite bearing vein with epidote alteration
C4
CD7114/141m
Carb.
80%
20%
3000-18,000
Reduced veins containing pyrrhotite
Q5
CD2949/70m
Quartz
<2%
<10%
>30%
60%
17,000-48,000
Q6
CD2949/389m
Quartz
<2%
10%
80-90%
1500-44,000
The drill holes are located in the Revenge (LD7113A) and Conquerer (CD2949) pits in the St Ives Gold Camp in the Yilgarn Terrane of Western Australia
[9]. The age corrected 40Ar/36Ar age values are only 2% lower than the measured values (supplementary information).
Sample
Drill hole/depth

Fig 1 (Kendrick et al., 2008)

Fig 1. Fluid inclusion age-corrected 40Ar/36Ar versus Cl/36Ar for Au-related samples (Table 1;
supplementary information). The maximum Cl/36Ar values determined in samples dominated by Cl-poor
CH4 fluid inclusions (Table 1) are unlikely to be explained by Cl in low salinity H2O fluid inclusions
which are very rare (< 2%) in sample Q6 (Table 1). These data are interpreted to indicate HCl is
present in mantle-derived CH4. The 36Ar concentration of mantle-methane is unlikely to exceed the
parts-per-trillion range because saline aqueous fluid inclusions with similar Cl/36Ar values contain ppb
36
Ar [19]. The spread in 40Ar/36Ar and Cl/36Ar can be explained by the addition of crustal 36Ar during
fluid migration.

Fig 2 (Kendrick et al., 2008)

Fig 3. Schematic model through the earths crust and upper mantle illustrating how gold mineralisation
might relate to, poorly understood, but emerging mantle depletion events that operate on a global
scale[17]. Alternatively mantle CH4 could be sourced from above a subducting slab. See refs [1, 2]
for geochronology.
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