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Abstract 
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The Barney Creek Formation (BCF) is a 1.64 Ga marine shale deposited in the 

McArthur Basin, Northern Territory, Australia. Immature sections of the formation 

contain some of the best-preserved known Proterozoic biomarkers; hence the area 

has been extensively used in paleoenvironmental reconstructions of the middle 

Proterozoic. The BCF is host to the Here’s Your Chance (HYC) deposit, the largest 

of the sediment-hosted Pb/Zn/Ag deposits in Northern Australia. The deposit was 

formed by the action of a metal-rich hydrothermal fluid, and sedimentary organic 

matter (OM) at the deposit has been highly affected by hydrothermal alteration. It 

has also been proposed that a significant quantity of OM was carried with the 

mineralising fluid and deposited at HYC, overprinting the signal of indigenous OM.  

The precipitation of base metal sulfide deposits requires large amounts of reduced 

sulfur. It was generally believed that formation of these deposits during the middle 

Proterozoic was linked to the global development of euxinic oceans. Recent evidence 

suggests however that ferruginous conditions may have predominated during this 

period, and that euxinia may have been limited to localised areas such as restricted 

basins. The analysis of sedimentary OM is a powerful tool for the detection of ocean 

euxinia. The organic products of sulfate-reducing bacteria and phototrophic sulfur 

bacteria persist in sediments after diagenesis, providing reliable evidence for euxinic 

conditions. Such evidence has been found in unmineralised sediments from the BCF, 

but has not been detected in the mineralised zones of HYC due to the hydrothermal 

alteration that occurred during deposition.  

The aim of this PhD project is to apply novel organic geochemical techniques with 

the potential to characterise sedimentary OM impacted by hydrothermal alteration to 

the HYC deposit. The non-traditional techniques used were required to detect 

organic evidence of the microbial environment in which the deposit was formed. OM 

extracted from within the kerogen / mineral matrix (Bitumen II) was analysed for 

preserved hydrocarbons indigenous to the deposit. δ34S of elemental sulfur (S0) and 

organic sulfur were also measured as reduced sulfur species are sensitive indicators 

of depositional conditions. The effects of hydrothermal alteration on OM in mineral 

deposits were also investigated. Maturity parameters based on polycyclic aromatic 

hydrocarbons (PAHs) were used to compare the thermal histories of freely-extracted 
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and mineral-bound hydrocarbons. Micro-Scale Sealed Vessel pyrolysis (MSSVpy) 

was employed to simulate the effects of hydrothermal alteration on an immature, 

organic-rich sediment from the BCF.    

Freely-extractable organics (Bitumen I) from HYC were strongly affected by 

alteration or migration. Organics preserved within the kerogen / mineral matrix 

(Bitumen II) are believed to be resistant to these effects and may therefore more 

accurately reflect the depositional environment. If Bitumen I was not fully extracted 

before acid digestion, the remainder would contaminate Bitumen II and render the 

results invalid. In Chapter 2 a Soxhlet extraction of Bitumen I from a HYC sample 

was broken into a number of time periods, with the extract from each period 

quantified separately and compared with Bitumen II isolated from the same sample 

pit. PAH maturity parameters show a decrease with successive extractions, as the 

more stable β isomers are extracted slightly more efficiently leaving the residual with 

more α isomers. It was found that over 99.8 % of phenanthrene and 

methylphenanthrenes were extracted after 72 hours, so these compounds are not 

expected to remain after extraction to contaminate Bitumen II. Further, PAH 

maturity parameters determined for the final extraction stages were significantly 

different from Bitumen II. PAHs with four or more aromatic rings were extracted 

more slowly, but after 72 hours 90 % of coronene and 95 % of all other PAHs were 

removed. It was concluded that Bitumen II isolated from HYC contained a negligible 

amount of residual Bitumen I and can thus be reliably interpreted as originating from 

within the kerogen / mineral matrix.  

In Chapter 3 Bitumen II was analysed from five HYC sample pits as well as the 

underlying W-Fold Shale Formation. Bitumen II contained a highly distinctive 

distribution of long-chain n-alkanes up to C37 or C38, and three samples showed a 

predominance of even carbon numbers. These features were not observed in Bitumen 

I, which had a maximum range up to n-C32 and no carbon number predominance. 

The δ13C of Bitumen II n-alkanes ranged from -32 to -34 ‰, which is 4 to 7 ‰ 

depleted compared to Bitumen I n-alkanes. Comparison with δ13C of isolated 

kerogen strongly suggested that Bitumen II n-alkanes are indigenous to HYC. The 

long-chain, isotopically-light n-alkanes with even-over-odd predominance were 

interpreted as evidence for the presence of sulfate-reducing bacteria and phototrophic 

sulfur bacteria, indicating that the deposit was formed under euxinic conditions that 
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extended into the photic zone. The thermal maturities of Bitumens I and II were 

compared by evaluating PAH maturity parameters. Bitumen II contained a greatly-

reduced proportion of methylphenanthrene isomers compared to Bitumen I, so 

parameters based on both phenanthrene and methylphenanthrenes were lower in 

Bitumen II than Bitumen I. It was hypothesised that as Bitumen II is occluded within 

the kerogen / mineral matrix it may be less able to exchange methyl groups with 

other aromatic hydrocarbons. The methylphenanthrene ratio parameter, which is 

based solely on methylphenanthrene isomers, is similar for both Bitumens I and II.  

Chapter 4 details the use of MSSVpy to simulate the hydrothermal alteration 

experienced by sedimentary OM during the deposition of HYC. A low-maturity, 

unmineralised sample from the Glyde River region of the BCF was pyrolysed at 300, 

330 and 360 °C for 72 hours. The pyrolysis resulted in the destruction of aliphatic 

biomarkers and the formation of PAHs with up to six aromatic rings. The values of 

PAH maturity parameters consistently increased with higher pyrolysis temperatures. 

The MPI-1 parameter was lower than observed at HYC due to a reduced proportion 

of methylated isomers in the pyrolysate, possibly due to cracking of the alkyl-

aromatic bond during pyrolysis. High-molecular weight PAHs were formed in 

increasing abundances at higher pyrolysis temperatures, but even at 360 °C the 

amounts produced were far below those at HYC. The pyrolysis time or applied 

temperatures may not have been sufficient to simulate the full production of these 

compounds. To assess the effect of abundant sulfide minerals on organic maturation, 

the pyrolysis experiments were repeated with the addition of pure PbS or ZnS. The 

sulfide minerals had a considerable effect on the behaviour of PAH ratios, causing a 

slight increase at 300 °C and a large decrease at 360 °C. It is hypothesised that the 

sulfide mineral surfaces may cause a retardation of methylation and demethylation 

reactions, although the mechanism is currently unknown.  

In Chapter 5 the δ34S of S0 and organic sulfur in kerogen were measured to 

complement previous δ34S analyses of pyrite, sphalerite and galena from the deposit. 

Both S0 and organic sulfur were enriched by 6 to 7 ‰ compared to the first 

generation of HYC sulfide minerals. This enrichment is broadly consistent with 

measurements of co-existing S0, organic sulfur and sulfide minerals from a range of 

recent and ancient samples. It is believed that S0 and organic sulfur were formed 

contemporaneously with the first generation of sulfide minerals at HYC and share a 
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common sulfur source. A simplified model of the sulfur cycle during the deposition 

of HYC was proposed in which sulfate originating from seawater was reduced to 

sulfide with δ34S between 0 and +5 ‰. This sulfide reacted with abundant metal ions 

to form the base metal sulfides. Oxidation of the remaining sulfide produced S0, 

along with polysulfides that were incorporated into sedimentary OM.  The δ34S of 

organic sulfur increased from +5 to +8 ‰ along the flow path of the mineralising 

fluid, suggesting that the sulfate transported with the fluid was progressively 

enriched through the process of Rayleigh distillation. 

This PhD project has explored new aspects of the organic geochemistry of the HYC 

Pb/Zn/Ag deposit. Bitumen II has revealed evidence of sulfate-reducing bacteria and 

phototrophic sulfur bacteria in highly mineralised and thermally-altered samples. 

Together with δ34S measurements of kerogen and S0, this evidence suggests that the 

HYC deposit was formed under euxinic conditions. MSSVpy of an unmineralised 

BCF sample has closely simulated the effects of hydrothermal alteration, and 

revealed that sulfide minerals may significantly affect the behaviour of sedimentary 

OM during thermal maturation. This project has demonstrated that novel organic 

geochemical techniques have great potential in the study of ore deposits.  
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Introduction 

 

 

 

 

Organic geochemistry 

The carbon cycle 

Organic geochemistry studies the transformations undergone by organic matter (OM) 

in the Earth system. As such it considers the geological fate of carbon, which is an 

essential element for all life on Earth. Organic carbon is strongly linked to inorganic 

carbon, as the majority of organic carbon is produced from atmospheric CO2 by 

photosynthesis (Falkowski, 2012). 

Figure 1.1 shows a simplified representation of the biogeochemical carbon cycle. 

The major sources and sinks of carbon are: atmospheric CO2, animal and plant 

biomass, sedimentary OM (including fossil fuels), carbonate minerals, marine HCO3
- 

and carbon in deeply buried metamorphic rocks and the mantle (Des Marais, 1997; 

Killops and Killops, 2005). Major processes of carbon transfer between these pools 

have occurred since the Archean, but the relative importance of different processes 
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has been strongly influenced by changes in atmospheric and oceanic redox 

conditions and the concurrent evolution of life (Des Marais, 1997).      

 

Figure 1.1: Summary of the biogeochemical carbon cycle. Figure modified from Killops and Killops 

(2005). 

Sedimentary OM 

Sedimentary rocks are composed of particulate matter, both mineral and organic, that 

are produced by erosion and transported and deposited by water or wind. OM in 

sediments can be either autochthonous (originating from organisms that lived within 

the sediment) or allochthonous (carried to the sediment, generally by water). The 

vast majority of detrital OM in marine environments is either recycled by co-existing 

organisms or re-mineralised back to CO2. Only a small proportion (typically 0.1 %) 

of OM is preserved in oxic environments (Moodley et al., 2005). In anoxic, reducing 

environments this proportion can increase to greater than 5 % (Peters et al., 2005).  

OM that is buried in sedimentary rocks is altered over geological time by 

temperature and pressure. This process is also known as maturation. The maturation 

of OM is most commonly measured by the vitrinite reflectance parameter (R0). 

Vitrinite is a maceral derived from lignin and cellulose produced by vascular plants 

(Mukhopadhyay, 1994), and is ubiquitous in Phanerozoic sedimentary rocks. 

Vitrinite becomes increasingly reflective with increasing maturity and so R0 is a 
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reliable indicator of maturity (Dow, 1977). Ratios of the abundances of biomarker 

isomers are also used as maturity parameters and are particularly useful for oils or 

amorphous sediments where no vitrinite can be identified. For example, steranes (I) 

are converted to diasteranes (II) by a combination of maturation and acid catalysis, 

hence the ratio of diasteranes / steranes is an indicator of maturity as well as 

depositional environment (Moldowan et al., 1986). Likewise the 18α-22,29,30-

trisnorneohopane (Ts, III) is more stable during catagenesis than the 17α-22,29,30-

trisnorhopane (Tm, IV), and the ratio of Ts / (Ts + Tm) is a common maturity 

parameter (Seifert and Moldowan, 1978). A range of maturity parameters are based 

on the methylated isomers of polycyclic aromatic hydrocarbons (PAHs), as discussed 

on page 7.    

The first stage of maturation is diagenesis, which typically occurs at R0 < 0.6 % 

(Mukhopadhyay, 1994). Condensation and defunctionalisation reactions during 

diagenesis result in the formation of kerogen, macromolecular OM which is 

insoluble in organic solvents (Vandenbroucke and Largeau, 2007). Above R0 values 

of 0.6 % kerogen begins to break down to form petroleum in a process called 

catagenesis (Killops and Killops, 2005). The term bitumen is used to refer to the 

liquid hydrocarbons in petroleum which are soluble in organic solvents. Bitumen 

typically makes up 10 % or less of sedimentary OM, with the rest consisting of 

kerogen (Killops and Killops, 2005).  

Sedimentary OM may contain a significant amount of sulfur, with some sulfur-rich 

kerogens containing in excess of 10 wt. % sulfur (Orr, 1986). Organic sulfur is the 

second-largest reservoir of reduced sulfur in the environment, after pyrite (Werne et 

al., 2008). Sulfur is incorporated into living cells through assimilatory sulfate 

reduction, in which dissolved sulfate is reduced to sulfide (Canfield, 2001). This 

biogenic sulfur is essential to life, and is most abundant in the sulfur-containing 

amino acids cysteine and methionine. It is estimated that biogenic sulfur generally 

makes up 10-25 % of organic sulfur in marine sediments (Anderson and Pratt, 1995; 

Werne et al., 2003). The majority of sedimentary organic sulfur is incorporated into 

OM during diagenesis, and the diagenetic incorporation of sulfur has been identified 

as an important pathway in the preservation of OM during diagenesis (Sinninghe 

Damsté and de Leeuw, 1990; Melendez et al., 2013). The mechanisms by which 

sulfur is incorporated into OM are complex. One major pathway may involve 
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polysulfide ions (Sx
-2), which are formed by the oxidation of dissolved sulfide and 

rapidly react with organic functional groups (Sinninghe Damsté and de Leeuw, 1990; 

Amrani and Aizenshtat, 2004; Werne et al., 2008). Other reduced sulfur species may 

also be incorporated into OM, including dissolved H2S (Hebting et al., 2006; 

Melendez et al., 2013) and elemental sulfur (S0) (Asif et al., 2009). A model of the 

biogeochemical sulfur cycle is presented in Figure 1.2. 

 

Figure 1.2: Simplified model of the biogeochemical sulfur cycle illustrating the formation of 

biosynthetic and diagenetic organic sulfur, along with elemental sulfur and metal sulfides. SOB: 

sulfide-oxidising bacteria. Figure modified from Canfield (2001). 

Biomarkers 

Bitumen is derived from natural organic molecules; hence the molecular structure of 

bitumen is determined by the structure of the original OM. Diagenesis and 

catagenesis result in changes to the structure of biomolecular precursors, such as the 

removal of functional groups and unsaturation, but the carbon skeleton of some 

compounds may be preserved. In some cases this skeleton can be linked to the 

original biomolecule, and these molecules are referred to as biomarkers or molecular 

fossils (Peters et al., 2005; Brocks and Grice, 2011). For example, okenane (V) has a 
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carbon skeleton that has only been identified in the carotenoid pigment okenone 

(VI), which is produced exclusively by the purple sulfur bacteria Chromatiaceae 

(Brocks et al., 2005). Okenone is therefore a biomarker for the presence of 

Chromatiaceae. Conversely the β-carotane skeleton (VII) is common to hundreds of 

carotenoids that occur throughout all domains of life, so β-carotane is not considered 

a diagnostic biomarker and is not useful as an indicator of any specific organism 

without additional information (Brocks and Grice, 2011). Compound-specific stable 

isotope analysis (CSIA, discussed on page 10) is one technique that can assist in the 

interpretation of biomarkers.  

A wide variety of organic compounds are useful as biomarkers. Bacterial hopanoids 

(VIII) are some of the most common biomarkers in sediments. They are derived 

from bacteriohopanepolyols (IX) which are believed to act as membrane modifiers 

(Kannenberg and Poralla, 1999). Another common class are steranes (I), derived 

from sterols which are essential membrane components in eukaryotes (Volkman, 

2003). n-Alkanes are the most abundant natural products in sediments, and their 

biological precursors are long chain fatty acids found in almost all organisms 

(Brocks and Summons, 2003). The distribution of n-alkanes can indicate specific 

organisms or environmental conditions, especially when combined with CSIA. For 

example long-chain n-alkanes (C27 and higher) with an odd-number predominance 

are indicative of plant waxes (Eglinton and Hamilton, 1967), while n-alkanes with an 

even-number predominance have been attributed to phototrophic sulfur bacteria 

(Logan et al., 1999; Melendez et al., 2013). A number of molecular parameters have 

been developed to quantify the distribution of n-alkanes. The Carbon Preference 

Index (CPI) measures the ratio of odd-numbered over even-numbered n-alkanes 

(Marzi et al., 1993). A CPI greater than one results from a predominance of odd-

numbered n-alkanes which commonly indicates input from terrestrial plants, while a 

CPI approximately equal to one may suggest marine input or significant thermal 

maturation (Bray and Evans, 1961; Eglinton and Hamilton, 1967).   

Derivatives of carotenoid pigments can be highly specific indicators of photic zone 

euxinia (PZE), where anoxic and sulfidic conditions occur within the photic zone of 

the water column. Isorenieratane (X) and chlorobactane (XI) are derived from 

isorenieratene (XII), chlorobactene (XIII) and hydroxychlorobactene (XIV), 

produced by green and brown pigmented Chlorobiaceae (Overmann, 2006; Vogl et 
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al., 2006; Brocks and Grice, 2011). Chlorobiaceae are anaerobic phototrophs which 

require H2S or another reduced sulfur source as electron donors, hence their presence 

is interpreted as a marker of PZE (Grice et al., 1996; Brocks et al., 2005).  

Biomarkers are invaluable in the study of early life. For example biomarkers 

extracted from Precambrian sediments have been used as evidence for the Archean 

evolution of eukaryotes (Waldbauer et al., 2009) and for the reconstruction of 

Proterozoic marine environments (Brocks et al., 2005; Pawlowska et al., 2013). 

Interpretation of Precambrian biomarkers however must be done with caution. 

Sediments of this age have generally experienced significant degrees of thermal 

alteration and often contain very low levels of extractable OM. Care must be taken to 

ensure that the biomarkers in these sediments are not overprinted by anthropogenic 

contamination. Samples may be contaminated by petroleum-based drilling fluids 

(Brocks et al., 2008), or through storage in plastic sample bags (Grosjean and Logan, 

2007). A thorough system of procedural blanks is required to ensure the reliability of 

biomarker analyses. Removal of the outer surfaces of samples may be required if 

they have received significant contamination during drilling or sample handling 

(Brocks et al., 2008). In addition to the freely-extractable hydrocarbons that are 

traditionally analysed in organic geochemistry, a second fraction of extractable OM 

can be obtained by dissolving carbonate and silicate minerals in hydrochloric and 

hydrofluoric acids respectively. This technique liberates a fraction of bitumen that 

was occluded within the kerogen / mineral matrix, which is referred to as Bitumen II. 

The freely-extractable bitumen is likewise called Bitumen I. Due to its close 

association with the kerogen / mineral matrix Bitumen II is believed to be shielded 

from anthropogenic contamination, as well as from the migration of younger 

hydrocarbons into the sediment after deposition (Sherman et al., 2007). A recent 

study of sediments from the Permian / Triassic boundary suggested that Bitumens I 

and II show different values for common aliphatic and aromatic maturity parameters, 

suggesting that Bitumen II may be less susceptible to thermal maturation (Nabbefeld 

et al., 2010b). 

Polycyclic aromatic hydrocarbons 

Polycyclic aromatic hydrocarbons (PAHs) are highly condensed aromatic molecules 

consisting of two or more benzene rings. PAHs such as naphthalene (XV) and 
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phenanthrene (XVI) are almost ubiquitous in sediments but are not produced by 

living organisms. They are generated through diagenetic alteration of triterpenoid 

compounds (Wakeham et al., 1980b; Grice et al., 2007; Grice et al., 2009) or by 

combustion processes (Wakeham et al., 1980a; Venkatesan and Dahl, 1989; 

Nabbefeld et al., 2010c). They are also important products of hydrothermal 

alteration, and have been detected in marine hydrothermal vents (Kawka and 

Simoneit, 1990, 1994) and mineral deposits (Püttmann et al., 1989; Chen et al., 2003; 

Williford et al., 2011). PAHs in hydrothermal systems are formed by the addition of 

C2 or C2H4 units to existing aromatic molecules (Stein, 1978).  

PAHs with (poly)methyl or other alkyl groups are commonly found in sediments. 

The alkylation patterns of some compounds are traceable to biological precursors; for 

example retene (XVII) is a marker for terrestrial plants (Nabbefeld et al., 2010c). 

Biological precursors do not account for the occurrence in sediments of the full range 

of alkylated isomers. It has been proposed that methylation and demethylation 

reactions occur readily in sediments to generate all possible methylated isomers 

(Smith et al., 1995). Such reactions have been demonstrated to occur in pyrolysis 

experiments at temperatures of 100 to 400 °C (Alexander et al., 1985; Smith et al., 

1995; van Aarssen et al., 1999). Sedimentary methylation is most likely to occur at α 

positions (Alexander et al., 1995; Le Métayer et al., 2014). However PAHs that are 

methylated in β positions are more thermodynamically stable than those methylated 

in α positions (Szczerba and Rospondek, 2010). Therefore during maturation the 

proportion of β isomers increases compared to α isomers. Various ratios of β isomers 

to α isomers are commonly used to indicate the relative maturity of sedimentary OM.   

The most commonly-used PAH parameters are based on methylated naphthalenes 

(Radke et al., 1982b; Alexander et al., 1985; Radke et al., 1986) and phenanthrenes 

(Radke et al., 1982a; Radke et al., 1982b; Kvalheim et al., 1987). Two of the most 

commonly used are the methylphenanthrene ratio (MPR; Radke et al., 1982b) and 

methylphenanthrene index (MPI-1; Radke et al., 1982a). Others have been proposed 

based on higher molecular weight PAHs (Garrigues et al., 1988) and heteroatomic 

compounds such as dibenzothiophene (DBT, XVIII) (Radke et al., 1986). PAH 

maturity parameters are generally effective at higher maturities than aliphatic 

biomarker ratios, which often reach end point at R0 values between 0.7 % and 1.0 %, 

before the main part of the oil window (van Graas, 1990). In contrast MPI-1 and 
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MPR have shown strong correlations with R0 beyond 1.4 % (Radke, 1988). They are 

also useful in Precambrian systems where maturity is often high, aliphatic 

biomarkers are absent or in low abundance and vitrinite reflectance is not applicable 

(George and Ahmed, 2002).  

Organic geochemistry of mineral deposits 

It has long been recognised that several major classes of mineral deposit are closely 

associated with sedimentary OM. These include Mississippi Valley-type (MVT) 

Pb/Zn deposits (Gizė and Barnes, 1987; Spangenberg and Macko, 1998), 

hydrothermal gold deposits (Gatellier and Disnar, 1989), stratiform copper deposits 

(Ho et al., 1990; Rieger et al., 2008) and sedimentary uranium deposits (Landais, 

1996). Extensive studies have been made of several deposits including the Permian 

Kupferschiefer (Püttmann et al., 1989; Schwark and Püttmann, 1990; Grice et al., 

1996, 1997) and the Paleoproterozoic Here’s Your Chance (HYC) deposit (reviewed 

on page 19).  

One of the most significant potential roles of OM in base metal sulfide deposits is as 

a reducing agent at the site of metal deposition. Rieger et al. (2008) proposed the 

following general reaction scheme, in which toluene represents the reactant OM and 

benzoic acid is the oxidation product. Dissolved sulfate is reduced to sulfide, which 

reacts with metal cations to precipitate metal sulfides. 

3SO4
2- + 3H+ + 4C6H5CH3 → 4C6H5COOH + 3HS- + 4H2O 

HS- + M2+ → MS(s) + H+ 

A similar scheme was proposed for the HYC deposit (Logan et al., 2001), although 

there is evidence that at least some sulfide involved in base metal formation was 

bacterially generated (Ireland et al., 2004b). Oxidation of OM was noted in 

mineralised sections of the Kupferschiefer deposit in southwest Poland, and was 

attributed to the reaction of OM with an oxidising, metal-rich fluid during deposition 

(Püttmann et al., 1989). OM has been recognised as a potential reducing agent in 

sediment-hosted lead-zinc (Spangenberg and Macko, 1998), uranium (Spirakis, 

1996) and copper (Ho et al., 1990) deposits.  

Another potential role of OM in ore deposition is as a transporting agent for metal 

species, in the form of soluble metal-organic complexes. This possibility was 
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considered by Giże and Barnes (1994), who noted that organic compounds involved 

in metal transport would have to be thermally stable at 200 °C or more, be able to 

support metals at a +2 or +3 oxidation state and survive for the order of 106 years. 

The authors suggested acetate as a potential ligand. The complexation of uranium 

with fulvic and humic acids has been demonstrated in laboratory experiments 

(Munier-Lamy et al., 1986). Fulvic acids, especially those with high sulfur contents, 

have also been shown to solubilise gold via the formation of gold-fulvic acid 

complexes (Bowell et al., 1993). However there has been no unequivocal evidence of 

a deposit where organic complexes have been shown to play a major role in metal 

transport. Polar organic ligands, which are the most likely to form stable complexes 

with metal cations, are also the most susceptible to destruction during burial and 

maturation (Peters et al., 2005) hence are unlikely to be detected in lithified 

sediments. Organic complexes have often been considered to play only a minor role 

in the transport of Pb and Zn (e.g. Sicree and Barnes, 1996; Giordano, 2002). It has 

been predicted that inorganic complexes (e.g. chloride) are able to transport 

sufficient lead and zinc to form large base metal deposits such as HYC (Cooke et al., 

2000). The most likely role of OM in these systems seems to be as a reducing agent 

during deposition. 

Stable isotopes 

Stable isotope ratios and measurement techniques 

The measurement of stable isotope ratios is a valuable tool in many fields of 

geochemistry. Stable isotopes do not decay; hence the ratio remains relatively 

constant over geological time.  

 

Table 1.1: The average atomic abundances (%) of stable isotopes of common elements relevant in 

organic geochemistry. Data from Berglund and Wieser (2011).  

Carbon Hydrogen Oxygen Sulfur Nitrogen 
12C (98.938) 1H (99.989) 16O (99.757) 32S (94.993) 14N (99.636) 
13C (1.078) 2H/D (0.012) 17O (0.038) 33S (0.752) 15N (0.364) 

  18O (0.205) 34S (4.252)  
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Each stable isotope of an element has different properties due to the slight difference 

in mass. Stable isotopes can fractionate due to temperature-dependent equilibrium 

effects: e.g. closed system exchange of hydrogen isotopes between liquid water and 

water vapour (Grice and Brocks, 2011): 

H2Ovap + D2Oliq ⇄ HDOvap + HDOliq ⇄ D2Ovap + H2Oliq 

Kinetic fractionation occurs during chemical reactions. Chemical bonds formed by 

light isotopes are weaker than those formed by heavier isotopes (Hoefs, 2009). 

Molecules containing light isotopes will react more readily; hence a greater 

proportion of light isotopes will be incorporated into the products. Conversely the 

remaining reactants will be depleted in light isotopes.  

Stable isotope composition is expressed in δ notation, as the ratio of the heavy 

isotope to the light isotope relative to a standard. It is generally expressed in per mil 

(‰, parts per thousand): 

𝛿 =
𝑅sample − 𝑅standard

𝑅standard
 

Where R is the abundance ratio of the heavy isotope to the light isotope (e.g. 13C/12C 

or D/H) in the sample or standard. Measurements are expressed relative to the 

isotopic composition of international standards. Stable carbon isotope measurements 

are expressed relative to the Vienna Pee Dee Belemnite (VPDB) scale, defined by 

the International Atomic Energy Agency (IAEA) based on the original Pee Dee 

Belemnite carbonate standard that is now exhausted (Werner and Brand, 2001). The 

IAEA has also defined reference scales for other elements. The Vienna Standard 

Mean Ocean Water (VSMOW) scale is used for hydrogen and oxygen measurements 

(Werner and Brand, 2001) and sulfur is reported according to the Vienna Cañon 

Diablo Troilite (VCDT) scale (Krouse and Coplen, 1997).  

Bulk analytical methods such as elemental analysis combined with isotope ratio mass 

spectrometry (irMS; Gehre and Strauch, 2003; Skrzypek and Paul, 2006) measure the 

average isotopic composition of milligram-sized samples. Elemental analysis is 

particularly suitable for solid samples that are not amenable to GC-MS, e.g. δ13C or 

δD of kerogen (Sauer et al., 2009; Nabbefeld et al., 2010a). The measurement of 

isotope ratios of individual compounds in complex mixtures (CSIA) became possible 

with the development of the GC-irMS, in which a gas chromatograph is linked to a 
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specialised mass spectrometer via a combustion interface (Matthews and Hayes, 

1978). The original instruments measured carbon isotopes (Hayes et al., 1990), and 

have been extended to hydrogen, nitrogen and oxygen (Sessions et al., 1999; Dawson 

et al., 2004; Sessions, 2006). Compound-specific sulfur isotopes have recently been 

measured by the coupling of a GC to a multi-collector ICP-MS (Amrani et al., 2009). 

The general requirements for CSIA are injection of analytes without fractionation, 

baseline separation of chromatographic peaks, conversion of analytes into a simple 

molecular form (e.g. CO2, H2) and precise measurement of isotopic abundance of the 

analytes (Sessions, 2006).     

Stable carbon and hydrogen isotopes 

The stable carbon isotopic composition of sedimentary OM is determined by three 

factors: 1) the isotopic composition of the carbon source; 2) the carbon isotope 

fractionation during biosynthesis; and 3) fractionation during secondary alteration of 

the OM. Carbon in plants and animal lipids is sourced from atmospheric CO2 that is 

fixed by plants during photosynthesis (Falkowski, 2012). Isotopic fractionation 

during photosynthesis produces organic carbon which is depleted in 13C compared to 

the carbon source. Bacteria have a wide variety of carbon sources depending on their 

environment and pathway of carbon uptake. Biolipids are formed by a range of 

pathways, and each have an associated carbon isotopic fractionation (e.g. Melzer and 

Schmidt, 1987; Hayes, 2001; Chikaraishi et al., 2004) resulting in differences in δ13C 

of up to 20 ‰ within an individual organism. The range of δ13C of common carbon 

sources is summarised in Figure 1.3.   

Secondary reworking of plant OM produces little carbon fractionation in modern 

sediments (Freeman, 2001), but in the Proterozoic the lack of faecal pellet production 

resulted in slowly sinking OM that was extensively reworked in the water column, 

with a significant isotopic depletion of kerogen compared to co-existing n-alkanes 

(Logan et al., 1995). Secondary processes during maturation of OM have been found 

to increase the δ13C of sedimentary lipids due to the loss of isotopically light bitumen 

(Clayton, 1991), however this increase is generally small (< 4 ‰). Compound-

specific δ13C measurements have shown great utility in a wide variety of organic 

geochemical studies. For instance, they have been used to reconstruct past marine 

environments (Freeman, 2001), trace the evolution of the biogeochemical carbon 
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cycle (Logan et al., 1995) and distinguish between migrated and indigenous OM 

(Williford et al., 2011).  

 

Figure 1.3: Approximate range of δ13C from a variety of carbon sources, primary producers and fossil 

fuels. SRB: sulfate-reducing bacteria. Data from Peters et al. (2005), Schidlowski (1988), Londry et 

al. (2004) and Melendez et al. (2013).  

 

Hydrogen is the other major component of biolipids. This element has the greatest 

relative mass difference between the two stable isotopes (D having double the atomic 

mass of 1H) so isotopic fractionations of hydrogen are significantly larger than other 

elements (Hoefs, 2009). The main source of hydrogen in biological systems is water, 

and thus the isotopic composition of the source water is a major control on the δD 

value of OM. Water vapour that is evaporating from a body of water is depleted in D 

due to kinetic fractionation. Meteoric water is therefore depleted in D compared to 

the oceans. The extent of fractionation depends on temperature, resulting in latitude 

and temperature fractionation effects whereby lipids from plants growing in cool, 

high-latitude environments are significantly D-depleted compared to those from low-

latitude tropical climates (Dawson et al., 2004). As for carbon, hydrogen is subject to 

fractionation during the synthesis of biolipids (Sessions et al., 1999; Hayes, 2001).   

The hydrogen isotopic composition of sedimentary OM is strongly affected by 

thermal maturity. Hydrogen atoms at certain positions within molecules are highly 

susceptible to exchange with external hydrogen atoms. Aromatic hydrogen appears 
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to exchange on a timescale of 103 to 106 years at 100 °C, while highly acidic 

hydrogen atoms in hydroxyl or carboxyl groups can exchange almost instantaneously 

(Schimmelmann et al., 2006). Hydrogen atoms bonded to tertiary carbon atoms 

within isoprenoid molecules are also susceptible to exchange, giving rise to a 

significant difference in the δD of isoprenoids and co-occurring n-alkanes which 

increases with thermal maturity (Dawson et al., 2005; Maslen et al., 2013). 

Measurement of δD has also been used to identify hydrogen exchange caused by 

interaction with enriched, evaporitic waters in the formation of mineral systems 

(Williford et al., 2011).  

Organic sulfur isotopes 

The isotopic composition of organic sulfur is fundamentally linked to the inorganic 

sulfur cycle. Large fractionations are produced by the reduction of seawater sulfate to 

sulfide by sulfate-reducing bacteria. When sulfate is abundant (> 1 mM) bacterial 

sulfate reduction (BSR) produces sulfide significantly reduced in δ34S by up to 70 ‰ 

(Wortmann et al., 2001). In low-sulfate environments (< 1 mM) the majority of 

sulfate that enters the cell may be reduced, in which case fractionations will be 

negligible (e.g. Shen et al., 2002).  

Dissolved sulfide can undergo a variety of reactions. The formation of metal sulfides 

(e.g. pyrite) from dissolved sulfide involves minimal fractionation (Böttcher et al., 

1998; Canfield, 2001), so the δ34S of sulfide minerals can be taken to match that of 

the parent dissolved sulfide. Up to 90 % of sulfide produced in some settings may be 

reoxidised back to sulfate or intermediate oxidation products (Canfield, 2001), by 

biological or non-biological means. Phototrophic oxidation by green sulfur bacteria 

produces elemental sulfur (S0), which is enriched in 34S by 1 to 3 ‰ from the parent 

sulfide (Zerkle et al., 2009). In a wide-ranging review of reported δ34S values from 

Jurassic to recent sediments, Anderson and Pratt (1995) found that organic sulfur is 

enriched in 34S compared to co-existing sulfide minerals by an average of 10 ‰. The 

recent development of compound-specific δ34S instruments has the potential to reveal 

detailed information on the processes affecting organic sulfur (Amrani et al., 2009). 

For example an enrichment in the δ34S of benzothiophene (XIX) compared to 

dibenzothiophene (XVIII) was found to be an indicator of thermochemical sulfate 
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reduction (TSR), an abiotic process in which dissolved sulfate is reduced to sulfide 

coupled with the oxidation of OM (Amrani et al., 2012).   

The Barney Creek Formation and the Here’s Your Chance deposit 

Geological setting 

The Barney Creek Formation (BCF) is located in the McArthur Basin, a 5 to 15 km-

thick carbonate, siliciclastic and volcanic succession in the Northern Territory of 

Australia, deposited between 1815 and 1450 Ma (Plumb, 1979). The deposition of 

the BCF was dated at 1639 ± 2 Ma based on zircon Pb/U geochronology (Page and 

Sweet, 1998; Page et al., 2000). The formation was previously described as a shallow 

lacustrine or sabkha setting (Jackson et al., 1988) but is now considered to represent 

deposition in a marine environment below the wave base (Bull, 1998; McGoldrick et 

al., 2010). The Barney Creek Formation contains abundant black shales which 

generally contain 0.2 to 2 % total organic carbon (TOC), with some sections 

containing greater than 7 % TOC (Powell et al., 1987).  

The Here’s Your Chance (HYC) deposit is the largest of the Proterozoic sediment-

hosted Pb/Zn/Ag deposits of Northern Australia (Large et al., 2005). The deposit 

contains a total endowment of 227 Mt, with a composition of 9.2 % Zn, 4.1 % Pb and 

40 g/t Ag (Huston et al., 2006). The HYC deposit is hosted in the McArthur Group 

within the BCF, adjacent to the Emu fault zone (Bull, 1998). Mineralised rocks are 

comprised of dark, carbonaceous siltstones and fine-grained pyrite, sphalerite and 

galena (Croxford and Jephcott, 1972). Mineralisation occurs within eight separate 

ore bodies, spread within a depth of ~ 80 m (Large et al., 1998). Figure 1.4 shows the 

location and stratigraphy of the HYC deposit. The non-mineralised W-Fold Shale 

unit lies directly underneath the HYC deposit, and is composed of tuffaceous shales 

and siltstones (Lambert and Scott, 1973). The HYC deposit is relatively 

unmetamorphosed and considered to be remarkably well-preserved for a deposit of 

Proterozoic age (Croxford and Jephcott, 1972; Large et al., 2005).  
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Figure 1.4: Map of northern Australia showing the HYC deposit and other major Pb/Zn deposits, plus 

stratigraphy of HYC showing the distribution of the eight ore bodies. Figure modified from Ireland et 

al. (2004a) and Williford et al. (2011). 

Environment and ecosystem of the Barney Creek Formation and wider McArthur 

Basin 

The McArthur Basin is one of the best-preserved Proterozoic sedimentary basins in 

the world, having experienced only low-grade metamorphism (Jackson et al., 2000; 

Rawlings et al., 2004). It has therefore become a classic location for biogeochemical 

studies of the middle Proterozoic (Johnston et al., 2008). Carbonate δ13C values from 

1.7 to 1.5 Ga are exceptionally stable (-0.6 ± 2 ‰) indicating a period of prolonged 

stability in ocean chemistry, planetary climate and tectonic activity (Brasier and 

Lindsay, 1998; Lindsay and Brasier, 2000). Samples from the McArthur Basin have 

provided evidence for anoxic and euxinic oceans from Mo isotopes (Arnold et al., 

2004; Kendall et al., 2009) and sulfur isotopes (Shen et al., 2002; Johnston et al., 

2008), supporting the prediction of Canfield (1998) for widespread ocean euxinia 
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during the middle Proterozoic. Recent evidence however demonstrates that 

ferruginous conditions may have predominated in the McArthur Basin (Planavsky et 

al., 2011), which are incompatible with widespread ocean euxinia as dissolved iron 

would have rapidly precipitated out of a sulfide-rich ocean. This suggests that 

euxinia may have been restricted to localised settings, possibly developing as a result 

of increased sulfate supply to restricted sub-basins (Poulton et al., 2010). 

Several sections of the McArthur Basin contain rocks of low maturity that have been 

investigated as potential petroleum source rocks (Crick et al., 1988; Jackson et al., 

1988). These include the Mesoproterozoic Velkerri Formation (Summons et al., 

1994; George and Ahmed, 2002). Black shales from the 1730 Ma Wollogorang 

Formation (in the underlying Tawallah Group) contain up to 6% TOC (Donnelly and 

Jackson, 1988), but intrusions related to volcanic activity have caused extensive 

alteration and likely destroyed indigenous biomarkers (Brocks et al., 2008).  

The best-preserved biomarkers from the McArthur Basin are in sediments from the 

Glyde River region of the BCF (Summons et al., 1988; Brocks et al., 2005). The 

Glyde sub-basin is located 80 km south of the HYC deposit, and is considered to be 

stratigraphically equivalent to the deposit (Davidson and Dashlooty, 1993). 

Sediments from the Glyde region contain a wide variety of intact carotenoid 

pigments and carotenoid breakdown products. These include isorenieratane (X) from 

brown-pigmented Chlorobiaceae, chlorobactane (XI) from green-pigmented 

Chlorobiaceae and okenane (V) from the purple sulfur bacteria Chromatiaceae 

(Brocks et al., 2005; Brocks and Schaeffer, 2008). These bacteria live only in 

environments where euxinic conditions extend into the photic zone (Imhoff, 2006; 

Overmann, 2006). Their presence confirms that conditions of PZE occurred during 

deposition of the BCF (e.g. Steenbergen and Korthals, 1982; Grice et al., 1996, 1997; 

Grice et al., 2005). Diagnostic eukaryotic steroids were below detection limits in 

BCF bitumen, but a high abundance of C4-methylated triaromatic steroids and 3β-

methylhopanes indicates a high abundance of type I methanotrophic bacteria (Brocks 

et al., 2005). These bacteria thrive in low sulfate conditions (less than 0.5 mM) 

where the activity of sulfate-reducing bacteria is supressed (Kristjansson et al., 

1982).  
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Formation of the HYC deposit 

Stratiform sediment-hosted Pb/Zn/Ag deposits such as HYC are commonly referred 

to as sedimentary-exhalative (SEDEX) deposits, although the exhalative origin of 

many of these deposits is disputed (see page 18 for further discussion) and the term 

clastic-dominated (CD) has been proposed as an alternative (Leach et al., 2010). The 

general characteristics of these deposits are laminated Pb/Zn/Ag sulfide 

mineralisation hosted in sedimentary basins and limited or no association with 

volcanic rocks (Leach et al., 2005). McArthur-type deposits are believed to have 

formed from oxidised (sulfide-poor) fluids (Cooke et al., 2000), hence the formation 

of these deposits has been strongly linked to the evolution of ocean chemistry and the 

development of euxinic conditions (Lyons et al., 2006). HYC was formed during the 

maximum period for CD deposit formation (1800-1600 Ma), when it is believed that 

increased oxidation of surface sulfides after the Great Oxidation Event greatly 

increased the transport of sulfate into the ocean, resulting in euxinic conditions 

caused by abundant bacterial sulfate reduction (Leach et al., 2010). However recent 

evidence that ferruginous conditions were predominant in mid-Proterozoic oceans 

(e.g. Planavsky et al., 2011) suggests that Proterozoic ocean chemistry may have 

been more varied than previously thought.  

Although there is disagreement on the timing and mechanism of deposition, it is 

generally agreed that HYC was formed by the action of a metal-rich hydrothermal 

brine (Huston et al., 2006). The mineralising fluid likely originated in volcanic 

aquifers in the Tawallah Group (Cooke et al., 1998), and rocks from this group show 

evidence of significant hydrothermal alteration (Donnelly and Jackson, 1988; 

Kendall et al., 2009). It is generally agreed that the deposit formed at low to 

moderate temperatures of up to 200 °C (Large et al., 1998; Cooke et al., 2000). 

Mathematical modelling suggests that heat flow typical of the continental crust is 

sufficient to produce these temperatures, hence an additional heat source such as a 

volcanic intrusion is not required (Garven et al., 2001). Base metal depletion in 

volcanic rocks of the Tawallah Group suggests that Pb and Zn were sourced from 

these rocks (Cooke et al., 1998). 
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Figure 1.5: Genetic model for the HYC deposit. Mineralising fluids flowed through the Tawallah 

Group and Wollogorang Formation, leaching base metals and generating PAHs. They then flowed 

upwards through the Emu fault to the BCF. The inserts depict (A) a replacement model where sulfides 

are deposited between sedimentary layers, and (B) exhalative mineralisation where sulfides precipitate 

in a euxinic ocean. Figure modified from Greenwood et al. (2013).  

 

Two models have been proposed for ore deposition at HYC (presented in Figure 

1.5): an exhalative model where the mineralising fluid was exhaled into euxinic deep 

waters, and a replacement model in which metal sulfide precipitation occurred in 

sedimentary layers below the sea floor. Early workers favoured the exhalative model 

based on the fine-grained, layered sulfide textures (Croxford and Jephcott, 1972). 

More recent studies have also favourite the exhalative model based on ore textures 

(Large et al., 1998) and the presence of ore clasts (Ireland et al., 2004a). The 

replacement model was proposed by Williams (1978) and refined by Hinman (1996), 

who noted that fine-grained ore textures can also be formed by replacement of 

sedimentary laminations. The formation of a late, isotopically distinct pyrite phase, 

and textural evidence that pyrite formation had ceased before base metal deposition 
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began, support the replacement mode (Eldridge et al., 1993). Arguments for and 

against both models are summarised by Huston et al. (2006).   

Organic geochemistry of the HYC deposit 

A number of organic geochemical studies have explored the formation of HYC. 

Logan et al. (2001) studied saturated hydrocarbons from the highly-mineralised 

upper ore body 2 and from non-mineralised host sediments. The study found 

distributions of n-alkanes, monomethyl branched alkanes and alkylcyclohexanes 

indicative of marine bacteria and branched alkanes typical of cyanobacteria. Ore 

body 2 showed a strong predominance of even-numbered n-alkanes and methyl 

alkanes which were attributed to sulfide-oxidising bacteria (Logan et al., 2001). A 

subsequent investigation Grosjean and Logan (2007) has noted the occurrence in 

these samples of branched alkanes with quaternary carbon atoms (BACQs), which 

are known anthropogenic contaminants from plastic sample bags, so the other 

hydrocarbon data from this study should be interpreted with caution.  

OM in the mineralised zones of HYC has been heavily affected by hydrothermal 

alteration from the mineralising fluid. Hydrogen isotopic analysis showed that 

n-alkanes from mineralised zones were 50 to 60 ‰ enriched in D compared to those 

from non-mineralised BCF sediments (Williford et al., 2011). This was interpreted as 

evidence that n-alkanes at HYC experienced significant hydrogen exchange with a 

D-enriched fluid, which likely originated in an evaporitic basin. Tmax and estimated 

vitrinite reflectance values are significantly higher within the deposit than is expected 

from the burial trend (Crick et al., 1988; Logan et al., 2001; Mackenzie et al., 2008). 

The mineralised zones contain high abundances of 3- to 7-ringed PAHs, believed to 

be generated by hydrothermal alteration from the hot mineralising fluid (Chen et al., 

2003; Williford et al., 2011). The distribution of high-molecular weight PAHs was 

interpreted by Chen et al. (2003) to reflect a mineralisation temperature of 250 to 

400 °C, contradicting previous studies predicting a temperature of less than 200 °C 

(e.g. Cooke et al., 2000; Garven et al., 2001). The study of Williford et al. (2011) 

attempted to resolve this discrepancy by measuring δ13C of PAHs and co-existing 

kerogen. PAHs (-29.8 ± 0.6 ‰) were enriched in 13C by 3 ‰ on average compared to 

kerogen (-33.2 ± 0.2 ‰), but similar to the δ13C of kerogen from the underlying 

Wollogorang Formation (-27.9 to -31.6 ‰). It was proposed that PAHs were not 
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indigenous to HYC, but were instead generated in the Wollogorang Formation at 

temperatures above 250 °C and transported by the mineralising fluid to HYC 

(Williford et al., 2011). 

 

 Figure 1.6: Location of the five sample pits of the HYC deposit following the estimated flow path of 

the mineralising fluid (red arrows). Figure modified from Williford et al. (2011). 

 

The samples studied by Williford et al. (2011) were collected from five sample pits 

following the estimated flow path of the mineralising fluid (shown in Figure 1.6). It 

was therefore expected that the samples would follow a gradient of decreasing 

hydrothermal alteration, with pit one being the most altered and pit five the least. The 

maturity parameters MPI-1 and MPR showed a generally decreasing trend from pits 

one to five, while the concentrations of high molecular weight PAHs decreased over 

the gradient of alteration (Williford et al., 2011).    

Aims of this thesis 

Although the HYC deposit has been extensively studied (pages 14 to 20), questions 

still remain about many aspects of its formation. Analysis of OM has the potential to 

help answer a number of these questions, such as the temperature of mineralising 

fluid, the characteristics of the depositional environment, and the relative importance 

of BSR and TSR to ore deposition. The sedimentary OM at HYC has been 

characterised by a number of studies, the findings of which are summarised on page 
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19 and 20. These studies have been limited due to the extensive hydrothermal 

alteration of the OM during ore deposition (Chen et al., 2003; Williford et al., 2011), 

as well as the potential overprinting of OM with non-indigenous hydrocarbons 

carried by the mineralising fluid (Williford et al., 2011). This PhD project attempted 

to ‘look behind’ the alteration and migration through the analyses of well-preserved 

OM indigenous to the deposit. To this end, Bitumen II (page 6) was isolated from the 

samples of Williford et al. (2011) and analysed to determine the depositional 

conditions and thermal maturity of the deposit. Artificial maturation of an immature, 

unmineralised sediment from the same region was used to assess the effect of sulfide 

minerals on organic maturation. Due to the important control of some sulfur species 

on the formation of deposits such as HYC, δ34S of organic and elemental sulfur was 

measured to investigate their behaviour during deposition and their role in the ore 

formation process.  

Chapter 2 

Extractable OM that is occluded within the kerogen / mineral matrix (Bitumen II) is 

believed to be shielded from the migration of non-indigenous hydrocarbons 

(Sherman et al., 2007) and also possibly against thermal maturation (Nabbefeld et al., 

2010b). The freely-extractable hydrocarbons (Bitumen I) must be thoroughly 

removed before the better-preserved Bitumen II can be analysed in isolation. The aim 

of Chapter 2 was to validate the isolation of Bitumen II from the HYC samples. A 

Soxhlet extraction of Bitumen I from a highly-mineralised HYC sample was 

monitored over 144 hours to assess the time taken for various aliphatic and aromatic 

compounds to be totally extracted. PAH ratios were compared against Bitumen II 

separately isolated from the same sample pit, to ensure that Bitumen II is not 

significantly affected by residual Bitumen I. 

Chapter 3 

Sediment-hosted Pb/Zn ore deposits such as HYC have been generally thought to 

form in periods of widespread ocean euxinia (Lyons et al., 2006). Recent evidence 

that ferruginous conditions were prevalent in the middle Proterozoic (Planavsky et 

al., 2011) suggests however that euxinia may have been a localised condition. The 

analysis of immature sedimentary OM can provide strong evidence of euxinic 
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conditions, however OM at HYC has been strongly affected by hydrothermal 

alteration and possible migration of non-indigenous hydrocarbons (Williford et al., 

2011). In Chapter 3 we address these challenges by isolating Bitumen II from five 

HYC sample pits as well as from the underlying W-Fold Shale formation. Molecular 

parameters (CPI, average chain length) and δ13C of n-alkanes were measured to 

examine the microbial community present during ore deposition, and carbon isotopes 

of kerogen were measured to confirm the syngeneity of Bitumen II. To investigate 

the proposal that Bitumen II may be less affected by thermal maturation (Nabbefeld 

et al., 2010b), PAH maturity parameters were calculated to assess the relative 

maturities of Bitumen I and Bitumen II.  

Chapter 4 

OM associated with sedimentary Pb/Zn deposits has often been significantly affected 

by hydrothermal alteration. The assessment of thermal maturity is common practice 

in organic geochemistry (e.g. through the use of molecular maturity parameters), 

however the high abundance of sulfide minerals in these deposits may alter the 

behaviour of OM during maturation (Gizė, 1999). MSSV pyrolysis was used in 

Chapter 4 to simulate the hydrothermal alteration that occurred during the formation 

of the HYC deposit. A thermally well-preserved sample from the Glyde River region 

of the BCF was used as an analogue of the HYC host rocks before deposition. The 

behaviour of PAH maturity parameters and the formation of high molecular weight 

PAHs were monitored over three pyrolysis temperatures applied for the same time 

period (72 hours). The same series of thermal treatments were then applied following 

the addition of pure PbS or ZnS to assess the effect of sulfide minerals on organic 

maturation.   

Chapter 5 

The formation of sedimentary Pb/Zn deposits is significantly controlled by the 

cycling and redox state of sulfur species. Previous sulfur isotope studies of these 

deposits have revealed important information on the mechanisms of deposition (e.g. 

Ireland et al., 2004b) as well as on the broader evolution of the global sulfur cycle 

(Lyons et al., 2006). However such studies have largely neglected elemental sulfur 

and organic sulfur, which often accumulate in significant quantities. In Chapter 5 
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δ34S of elemental sulfur and organic sulfur in kerogen was measured for the five 

HYC sample pits. The measured isotopic values were combined with previously 

measurements from McArthur Basin sulfide minerals to construct a simplified model 

of the sulfur cycle during the deposition of HYC.  
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Abstract 

Demineralisation of a sedimentary rock with HF liberates a fraction of extractable 

organic matter (OM) that is not accessible by standard extraction techniques, which 

is known as Bitumen II. This fraction displays lower maturity parameters than the 

free extractable OM (Bitumen I). Studies of successive conventional extraction have 

found that the later extraction steps show a decrease in maturity similar to that 

observed in Bitumen II. We aim to investigate if Bitumen II is simply the result of 

residual Bitumen I left over from the initial extraction. 

A series of successive Soxhlet extraction steps was performed on a highly-

mineralised sample from the Paleoproterozoic Here’s Your Chance (HYC) Pb/Zn/Ag 

deposit in the Northern Territory of Australia. The study shows that the extraction 

efficiency for polycyclic aromatic hydrocarbons (PAHs) decreases with increasing 

molecular weight. Maturity parameters based on methyl phenanthrenes generally 

decrease with successive extractions. This is because the more thermodynamically 

stable β isomers are preferentially extracted over α isomers, so later extraction steps 

contain a greater proportion of α isomers.  

Bitumen II was prepared from a previously-studied sample from the same sample pit. 

It showed a decrease in maturity parameters relative to Bitumen I, but the 

distribution of PAHs did not match those of the later Bitumen I extraction steps. We 

conclude that Bitumen II did not result from incomplete extraction of Bitumen I. As 

Bitumen II is preserved within the kerogen / mineral matrix, it has great potential for 

tracing the migration and maturation history of ancient or thermally altered systems.       
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Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous in sediments. Those 

methylated at β positions are thermodynamically more stable than those methylated 

at α positions (van Aarssen et al., 1999; Szczerba and Rospondek, 2010). Ratios of β 

to α isomers are thus dependent on maturity and are commonly used as maturity 

parameters (Radke et al., 1982a; Radke, 1988). PAH-derived maturity parameters are 

especially useful for Proterozoic sediments where measurements such as vitrinite 

reflectance are not applicable and aliphatic biomarkers are often in low abundance 

(George and Ahmed, 2002). Many common aromatic maturity parameters are based 

on the methyl naphthalenes (MNs) and methyl phenanthrenes (MPs). Examples 

include the methyl naphthalene ratio (MNR, 2-MN/1-MN) (Radke et al., 1982b), 

methyl phenanthrene ratio (MPR, 2-MP/1-MP) (Radke et al., 1982b) and methyl 

phenanthrene index (MPI-1), defined by Radke et al. (1982a) as 1.5 × (2-MP + 3-

MP)/(P + 1-MP + 9-MP). 

Demineralisation of rock samples with HF is a standard technique for kerogen 

isolation (Saxby, 1970; Marshall et al., 2007) but may also liberate OM occluded in 

the kerogen / mineral matrix and thus inaccessible to conventional solvent extraction. 

Bitumen recovered through this technique is termed Bitumen II, whereas the solvent 

extract from undigested rock powder is known as Bitumen I. Bitumen II is 

considered less likely to be overprinted by migrated OM by virtue of its close 

association with, and shielding by, the kerogen / mineral matrix (Sherman et al., 

2007). Nabbefeld et al. (2010b) compared aliphatic and aromatic maturity parameters 

in Bitumen I and Bitumen II for a variety of marine sediments spanning the 

Permian / Triassic boundary. It was found that the common aromatic maturity 

parameters MPI-1 and MNR are generally lower for Bitumen II than Bitumen I, and 

that the magnitude of the difference is greater with increasing clay / total organic 

carbon (TOC) ratio.  

Several studies have explored the use of multiple extraction steps to recover 

hydrocarbons beyond those extracted with conventional methods such as Soxhlet 

extraction. Wilhelms et al. (1996) performed three extraction steps with increasingly 

polar solvent to analyse successive oil charges in reservoir rocks. Schwark et al. 

(1997) analysed oils from pore spaces in reservoir sandstones using successive 

extraction in a high pressure cell. Both observed lower maturity from final extracts of 
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some samples, which was interpreted as evidence that the final extracts came from 

oil residing in fine pores made accessible after initial extraction (Schwark et al., 

1997). Price and Clayton (1992) performed successive Soxhlet extraction steps on 

unground source rocks using the same solvent system, and observed reduced 

aromatic maturity ratios and increased proportion of high molecular weight (MW) 

aromatics with successive extraction steps. The results were attributed to 

heterogeneous distribution of hydrocarbons within the rock. Mueller and Philp 

(1998) showed that high-MW hydrocarbons (> C40) are resistant to conventional 

Soxhlet extraction, and can be recovered via subsequent ultrasonic extraction with 

p-xylene. 

Separate studies of both Bitumen II and successive conventional extraction steps 

have demonstrated a decrease in molecular maturity ratios. We aim to determine 

whether the liberation of Bitumen II merely releases the fraction of Bitumen I that is 

more strongly adsorbed to the mineral and kerogen surfaces and thus resistant to 

extraction, rather than releasing organic compounds physically trapped within the 

kerogen / mineral matrix. Bitumen II was prepared from a Paleoproterozoic basin-

hosted mineral deposit and compared with sequential Soxhlet extraction steps on 

Bitumen I from the same deposit, to investigate the effect of sequential extraction on 

PAH maturity parameters and to examine the source of Bitumen II.  

Materials and methods 

Sample description 

This study is a part of a larger investigation of the HYC Pb/Zn/Ag deposit, carried 

out under the CSIRO Organic Geochemistry of Mineral Systems Cluster project. The 

deposit is located within the Barney Creek Formation (BCF), a 1640 Myr, 

carbonaceous marine shale in the Northern Territory of Australia (Page and Sweet, 

1998). The BCF contains some of the best preserved Proterozoic biomarkers 

(Summons et al., 1988; Brocks et al., 2005). HYC is one of the world’s largest 

sediment-hosted Pb/Zn/Ag deposits. A total of eight ore bodies are hosted in the 

90 m deep ore zone (Large et al., 1998). It is generally held that HYC was formed by 

the interaction of low-temperature (100-240 °C) sulfate-rich fluids with BCF 

sediments (Huston et al., 2006) and hence the deposit has been studied as an example 
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of hydrothermal alteration of ancient OM (Logan et al., 2001; Chen et al., 2003; 

Williford et al., 2011). It has been proposed that the ore fluid carried aromatic 

hydrocarbons generated in the underlying Wollogorang Formation into HYC 

(Williford et al., 2011). It is hoped that Bitumen II has been protected from this 

migration and thus will more closely reflect the original environment prior to ore 

formation.  

Five samples of several kg each were collected from surface exposures along the 

western edge of ore body five by the McArthur River Mining Company. The samples 

were taken along a north-south line following the estimated path of the hydrothermal 

fluid (Williford et al., 2011). Approximately 1 kg of each sample was extracted and 

analysed by Williford et al. (2011), with the remainder being wrapped in aluminium 

foil and stored in reserve. A 50 g piece was broken off from the reserve of sample pit 

1 for use in this study. On visual inspection the 50 g piece was similar in appearance 

to the rest of the rock, being composed of finely laminated light-coloured mineralised 

layers throughout the darker shale. Pit 1 is the northernmost pit and was expected to 

show the highest degree of hydrothermal alteration (Williford et al., 2011). The 

sample was surface extracted (30 min) with 9:1 (v/v) dichloromethane (DCM): 

MeOH to remove external contaminants and ground to powder in a RockLabs bench 

top ring mill with a Zr head. The mill had been cleaned beforehand by grinding (×3) 

annealed sand. The final batch of sand was extracted after grinding and showed no 

significant contaminants.  

Sequential extraction 

Sequential extraction of Bitumen I followed the procedure of Williford et al. (2011). 

Powdered rock (ca. 21 g) was placed in an annealed and pre-extracted (9:1 DCM: 

MeOH v/v; 24 hours) glass fibre thimble and extracted in a Soxhlet apparatus with 

9:1 DCM: MeOH v/v. Activated Cu turnings (ca. 50 g) were added to the round 

bottomed flask to remove elemental S. The solvent was periodically removed and the 

extraction continued with fresh solvent and Cu turnings. The extraction was thus split 

into a number of time intervals: 0-4, 4-8, 8-24, 24-48, 48-96 and 94-144 hours. The 

extract from each interval was evaporated to dryness and weighed. 

The total extracts were adsorbed onto a minimum amount of activated silica and 

added to the top of a small column (5.5 cm × 0.5 cm i.d.) of activated (overnight at 
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160 °C) silica. Saturate, aromatic and polar fractions were eluted with hexane, 30 % 

DCM in hexane and 1:1 (v/v) DCM: MeOH respectively. Aromatic fractions were 

semi-quantified using an internal standard of deuterated p-terphenyl.    

Extraction of Bitumen II  

Bitumen II was isolated as part of a study of the effect of hydrothermal alteration on 

the OM from the HYC deposit. The sample used to prepare Bitumen II had been 

previously studied by Williford et al. (2011). As discussed on page 46 this sample 

was broken off from the same large piece of rock as the one used for the sequential 

extraction. To remove Bitumen I the sample was extracted in a large Soxhlet 

apparatus (9:1 DCM:MeOH v/v, 72 hours); for full details see Williford et al. (2011).  

Bitumen II was prepared using a modification of the HF-BF3 procedure (Robl and 

Davis, 1993), previously used by Nabbefeld et al. (Nabbefeld et al., 2010a; 2010b). 

Pre-extracted rock powder was decarbonated with 1 M HCl. The sample was 

digested with a mixture of concentrated HF (48 %) and an equal volume of Milli-Q 

purified water in clean 50 mL polyethylene centrifuge vials (ca. 37 g sample spread 

over six vials). The vials were left (1-2 hours) in an ice bath to minimise build-up of 

pressure from the exothermic reaction and were regularly shaken. The liquid was 

decanted and fresh acid/water mixture was added and left (3-4 hours) at room 

temperature with occasional shaking to dissolve any re-precipitated minerals. In the 

original Robl and Davis method the first acid digestion was followed by the addition 

of H3BO3 to prevent the precipitation of insoluble fluoride salts. The second acid 

digestion was found to be equally as effective as the addition of H3BO3, with the 

advantage of increased simplicity and reduction in the number of chemicals that 

could potentially introduce contamination. After acid digestion the sample was 

washed (×3) with Milli-Q water to remove any residual acid and freeze-dried. The 

mass of the sample had decreased to ca. 20 g, comprising Bitumen II, kerogen, HF-

insoluble minerals such as pyrite, and any fluoride minerals re-precipitated during 

digestion. The acid-digested rock powder was Soxhlet extracted (9:1 DCM: MeOH 

v/v, 72 hours), followed by small-column chromatography to separate the extract into 

saturate, aromatic and polar fractions as described on page 46.   
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Gas chromatography – mass spectrometry (GC-MS) 

Saturate and aromatic fractions were analysed with a Hewlett Packard (HP) 5973 

mass selective detector coupled to a HP 6890 GC instrument. Samples in n-hexane 

were injected via the HP 6890 autosampler into a split-splitless injector using pulsed-

splitless mode. A DB5-MS column (Agilent Technologies, 60 m x 0.250 mm i.d., 

0.25 μm film thickness) was used with He as carrier gas. The GC oven temperature 

was increased from 40 to 310 °C (held 30 min) at 3 °C min-1. Data were acquired in 

full scan mode (m/z 50-550). 

Results and discussion 

Saturate fractions 

The saturate fractions from the Bitumen I sequential extraction predominantly 

contained straight chain and branched alkanes. The straight chain alkanes C15 to C30 

were found in all extracts. Shorter chain alkanes C11 to C13 were only observed in the 

0-4 hours extract. There are no reports of aliphatic biomarkers such as steranes or 

hopanes in HYC saturate fractions, and none were found here. With respect to the 

total amount extracted after 144 hours, it is estimated that > 99 % of n-alkanes from 

C15 to C25 were extracted in the first 4 hours (based on comparison of peak areas). 

Only trace amounts were found in extracts from 8 hours onwards.  

Aromatic fractions 

The masses of individual PAHs extracted in each time period are shown in Table 2.1. 

Naphthalene and methyl naphthalenes were detected only in the first extraction, so 

are not included. Figure 2.1 shows the cumulative amount of individual PAHs 

extracted over time as a proportion of the total amount extracted after 144 hours. It 

can be seen that extraction proceeds more slowly with increasing MW. 

Phenanthrene, the lowest MW PAH considered, was extracted almost instantly, with 

99 % recovery in the first 4 hours. In contrast 90 % of benzo[ghi]perylene and just 

51 % of coronene were extracted in the same period. After a typical extraction period 

of 48 hours, phenanthrene and methyl phenanthrenes were extracted with > 99.8 % 

efficiency, but coronene was only extracted with 94 % efficiency. Adsorption energy  
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Table 2.1: Mass of extracted PAHs (ng g-1 extracted rock powder) and PAH ratios for sequential extracts and Bitumen II. 

 0-4 hours 4-8 hours 8-24 hours 24-48 hours 48-96 hours 96-144 hours Bitumen II 
Mass (ng g-1 rock)        
Phenanthrene 222.00 0.63 0.58 0.03 0.12 0.08 4.86 
3-Methylphenanthrene 261.54 1.28 1.50 0.07 0.18 0.24 3.35 
2-Methylphenanthrene 284.80 1.39 1.51 0.07 0.19 0.31 3.79 
9-Methylphenanthrene 167.47 0.94 1.14 0.06 0.14 0.25 2.83 
1-Methylphenanthrene 210.00 1.20 1.55 0.07 0.18 0.37 2.83 
Pyrene 53.72 0.44 0.71 0.02 0.09 0.15 3.09 
Chrysene 66.78 0.87 1.45 0.07 0.25 0.29 2.59 
Benzo[e]pyrene 75.72 1.45 2.42 0.17 0.48 0.62 6.10 
Benzo[ghi]perylene 14.09 0.46 0.73 0.06 0.14 0.12 2.83 
Coronene 0.62 0.17 0.32 0.03 0.04 0.04 0.80 
Sum 1356.73 8.83 11.91 0.66 1.81 2.47 33.05 
        

PAH ratios        
MPI-1 1.4 1.4 1.4 1.3 1.2 1.2 1.0 
MPR 1.4 1.2 1.0 1.0 1.0 0.8 1.3 
P/MPs 0.2 0.1 0.1 0.1 0.2 0.1 0.4 
Chry/Phen 0.3 1.4 2.5 2.2 2.1 3.5 0.5 
BePery/Phen 0.1 0.7 1.3 2.0 1.2 1.5 0.6 
Coro/Phen 0.0 0.3 0.5 0.8 0.3 0.4 0.2 

 

 



Chapter 2 

50 

generally rises with increased aromaticity (Carlson and Chamberlain, 1986). Heavier 

aromatics are therefore preferentially retained in the rock over lighter compounds. 

Organic facies and mineral composition have a large effect on extraction yield and 

efficiency; so the numbers reported here are not universally applicable. Nevertheless, 

any researcher investigating high MW PAHs should be aware that higher MW 

compounds are not extracted at the same rate as lower MW ones. High MW PAHs 

such as coronene are important markers of burning events (Venkatesan and Dahl, 

1989; Killops and Massoud, 1992; Grice et al., 2005; Nabbefeld et al., 2010c) and 

hydrothermal alteration (Kawka and Simoneit, 1994; Simoneit et al., 2004). Maturity 

parameters based on methylchrysene and methylpyrene isomers have also been 

proposed (Garrigues et al., 1988), although they have not come into general use. 

Short extraction times may cause the proportion of high MW PAHs to be 

underestimated. It is recommended that extraction times of 96 hours or more be used 

if such compounds are of importance to a study.  

 

Figure 2.1: Cumulative extraction efficiency of individual PAHs in Bitumen I (as % of total amount 

extracted after 144 hours). Low MW PAHs show higher extraction efficiency than high MW PAHs. 

n-Alkanes are almost 100 % extracted within the first four hours.   
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Figure 2.2: Selected PAH ratios for sequential extraction and Bitumen II. Solid lines track 

instantaneous value of the PAH ratio for each sequential extraction step. Dashed line is the value for 

Bitumen II. The ratios are: (A) MPI-1, (B) MPR, (C) phenanthrene / methylphenanthrenes, (D) 

chrysene / phenanthrene, (E) benzo[ghi]perylene / phenanthrene and (F) coronene / phenanthrene.   
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original value, as the lower MW PAH is extracted more quickly than its methylated 

counterparts. This is consistent with the relative adsorption energies of parent and 

alkylated phenanthrenes observed in adsorption experiments on shales (Brocks, 

2011). Conversely, the concentrations of higher MW PAHs increase relative to 

phenanthrene with successive extraction. 

 
Figure 2.3: Cumulative extraction efficiency of phenanthrene and methylphenanthrenes in Bitumen I 

(as % of total amount extracted after 144 hours). The parent PAH is extracted with the highest 

efficiency. The β isomers 2- and 3-methylphenanthrene are extracted with slightly higher efficiency 

than the α isomers (MP - methylphenanthrene). 
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PAHs and almost all of the phenanthrene and methylphenanthrenes. The 

methylphenanthrene ratios are identical to one decimal place, demonstrating that the 

two samples are comparable. 

Results indicate that Bitumen II cannot be attributed to biomarkers left over from 

incomplete extraction of Bitumen I. Methyl phenanthrene maturity ratios for 

Bitumen II are generally lower than those for Bitumen I, following the trend 

observed by Nabbefeld et al. (2010b). The phenanthrene / methylphenanthrenes ratio 

decreases in the final extraction steps but is significantly higher in Bitumen II, 

indicating that the more stable parent PAH is preferentially preserved in the kerogen 

/ mineral matrix. Ratios of higher MW PAHs to phenanthrene are roughly equivalent 

for Bitumen I and II but much higher in the final sequential extraction steps.  

Figure 2.4 shows the calculated aromatic maturity parameters for the residual 

Bitumen I left after extraction for various time periods. These were calculated by 

subtracting the amount of each compound extracted at each time period from the 

total amount extracted after 144 hours, and represent the composition of Bitumen I 

that would have been left over if extraction had been stopped at that time. If Bitumen 

II contained a significant contribution from un-extracted Bitumen I then the Bitumen 

II maturity parameters would be close to the residual Bitumen I values. It can be seen 

in Figure 2.4 that this is not the case; in fact for all parameters except MPI-1 the 

difference between Bitumen II and the residual Bitumen I increases with extraction 

time. It is clear that the composition of Bitumen II is highly distinct from that of the 

residual Bitumen I.  

Semi-quantification of Bitumen II (Table 2.1) shows a total of just over 33 ng parent 

PAHs and methyl phenanthrenes per gram of extracted rock powder, far greater than 

that in any of the sequential extraction steps after the initial 4 hours. This amount 

does not include methyl naphthalenes, which were not present in the sequential 

extraction but occur in moderate abundance in Bitumen II. The residual Bitumen I 

after the 72 hours extraction by Williford et al. (2011) could contribute no more than 

10 % of the total aromatics in Bitumen II. The majority of aromatic maturity 

parameters are based on methylated naphthalenes and phenanthrene (George and 

Ahmed, 2002), which are absent from, or significantly depleted in, the residual 

Bitumen I. The contribution from residual Bitumen I to these parameters will be 

minimal; hence they can be used with confidence in studies of Bitumen II. 
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Figure 2.4: Residual PAH ratios for sequential extraction and Bitumen II. Solid lines show the value 

of the PAH ratio for the bitumen remaining after the specified time. The dashed line is the value for 

Bitumen II. The ratios are: (A) MPI-1, (B) MPR, (C) phenanthrene / methylphenanthrenes, (D) 

chrysene / phenanthrene, (E) benzo[ghi]perylene / phenanthrene and (F) coronene / phenanthrene.   

Implications for ore formation 

This study has shown that Bitumen II prepared from the HYC samples is not 

composed of residual Bitumen I left over after extraction, and hence must contain 

OM preserved within the kerogen / mineral matrix. The potential role of OM in ore 

formation processes has received increasing attention in the past 20 years (Disnar 

and Sureau, 1990; Püttmann et al., 1991; Gizė, 1999; Logan et al., 2001; Rieger et 

al., 2008). In the case of HYC the situation is complicated by the likely presence of 

significant migrated OM from an underlying formation (Williford et al., 2011) and 
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alteration of the OM by warm hydrothermal brines (Chen et al., 2003). Bitumen II is 

closely associated with the kerogen / mineral matrix and is less likely to be 

contaminated by migrated OM (Sherman et al., 2007). Now that Bitumen II has been 

shown to be genuine, it has great potential to distinguish between indigenous and 

migrated OM in the HYC system. Further detailed studies of HYC conducted as part 

of the CSIRO Organic Geochemistry of Mineral Systems Cluster will make use of 

Bitumen II.  

Conclusions 

Sequential Soxhlet extractions were performed on a highly mineralised sample from 

the HYC lead/zinc/silver deposit of the Northern Territory of Australia. The majority 

of saturated compounds were extracted within a few hours, such that only trace 

amounts of straight chain and branched alkanes remained after 8 hours extraction. 

The low MW PAHs were also extracted quickly, with > 99 % of phenanthrene and 

methyl phenanthrenes extracted after 48 hours. Extraction efficiency decreased with 

increasing MW, such that only 94 % of coronene was extracted after 48 hours. The 

extraction rate for different samples will differ due to organic facies and mineral 

composition, but the results highlight the effect of MW on extraction efficiency. 

Insufficient extraction time may lead to underestimation of the abundance of high 

MW PAHs. Extraction times of 96 hours or more may be required if high MW PAHs 

are to be quantified accurately.  

Aromatic maturity ratios generally decrease with successive extraction steps. The 

more stable β isomers are extracted more quickly than α isomers, so later extraction 

steps yield decreased maturity parameters. Bitumen II from a sample from the same 

pit also shows lower maturity ratios, but distinct from the final Bitumen I extract in 

many molecular parameters. Bitumen II has a high phenanthrene / 

methylphenanthrenes ratio, suggesting that the parent PAH is preferentially 

incorporated in the kerogen / mineral matrix, whereas the final Bitumen I extract has 

a higher proportion of the heavier methyl phenanthrenes. The amount of extract left 

after a 72 hour Soxhlet extraction amounts to 10 % or less of Bitumen II. As the 

residual Bitumen I is depleted in low MW PAHs, the contribution to aromatic 
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maturity parameters will be minimal. It is implausible to interpret the low maturity of 

Bitumen II as a result of unextracted Bitumen I.  
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Figure A2.1: Structures referred to in the text. 
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Abstract 

The formation of sedimentary-exhalative (SEDEX) Pb/Zn deposits is linked to ocean 

euxinia, but recent evidence suggests that ferruginous conditions may have 

dominated the deep ocean during the Middle Proterozoic, a maximum period for 

SEDEX distribution. Biomarkers of sulfate-reducing and sulfide-oxidising bacteria 

are valuable indicators of euxinic conditions in such settings. Organic matter (OM) 

from SEDEX deposits is often affected by alteration or migration, but OM entrapped 

within the kerogen / mineral matrix (Bitumen II) may be less affected than the freely-

extractable OM (Bitumen I). We analysed Bitumen II from the Paleoproterozoic 

Here’s Your Chance (HYC) Pb/Zn/Ag deposit to find evidence of euxinic conditions 

in the depositional environment. n-Alkane distributions in Bitumen II are markedly 

distinct from previously-reported Bitumen I. Bitumen II contains long-chain n-

alkanes (up to C36 or C38) and a strong even-over-odd distribution in a number of 

samples, which are 4 to 7 ‰ depleted in 13C compared to n-alkanes in Bitumen I and 

verified as indigenous by comparison with δ13C of isolated kerogen. These features 

are interpreted as evidence of sulfate-reducing bacteria and phototrophic sulfur 

bacteria, confirming that HYC was deposited under euxinic conditions. Bitumen II 

has the potential to reveal information from OM that is degraded and/or overprinted 

in Bitumen I. Commonly-used methylphenanthrene maturity ratios give conflicting 

information as to the relative maturity of Bitumens I and II. Bitumen I contains a far 

higher proportion of methylated phenanthrenes than Bitumen II. As Bitumen II is 

sequestered within the kerogen / mineral matrix it may have experienced restricted 

access to the ‘methyl pool’ of organic compounds that can donate methyl groups to 

aromatic hydrocarbons. Parameters that include both phenanthrene and 

methylphenanthrenes do not appear suitable to compare maturity of Bitumen I and II; 

hence there is no clear evidence that Bitumen II is of lower thermal maturity than 

Bitumen I. 
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Introduction 

Sedimentary-exhalative (SEDEX) deposits are stratiform, sediment-hosted Pb/Zn ore 

bodies dominated by sulfide minerals. The genetic models of these deposits are 

complex and have been extensively reviewed (e.g. Large et al., 2005); the general 

aspects are deposition of Pb and Zn from a hydrothermal brine in rifted sedimentary 

basins. The occurrence of major SEDEX mineralisation from ca 1800 Ma has been 

linked to the development of widespread oceanic euxinia during the middle 

Proterozoic (Lyons et al., 2006). Recent evidence however shows that ferruginous 

conditions may have dominated in the deep ocean during this period, with euxinia 

being restricted to isolated basins and mid-depth coastal waters (Poulton et al., 2010; 

Planavsky et al., 2011). Organic biomarkers are a reliable proxy for the presence of 

euxinic conditions. For example the breakdown products of carotenoid pigments 

produced by green and purple sulfur bacteria indicate photic zone euxinia in ancient 

marine systems (Brocks et al., 2005; Grice et al., 2005). 

Organic compounds are also useful as indicators of thermal maturity, providing a 

valuable indication of fluid temperature for deposits which lack fluid inclusions (e.g. 

Large et al., 2005). SEDEX and other deposits often contain high abundances of 

polycyclic aromatic hydrocarbons (PAHs) (Püttmann et al., 1989; Williford et al., 

2011), highly condensed aromatic compounds made up of two or more benzene 

rings. Low-molecular-weight PAHs such as naphthalene and phenanthrene are 

almost ubiquitous in sediments. They can be formed through diagenetic alteration of 

natural organic precursors (e.g. Wakeham et al., 1980b; Grice et al., 2007; Grice et 

al., 2009) or by combustion of biomass (Venkatesan and Dahl, 1989; Nabbefeld et 

al., 2010b) and fossil fuels (Wakeham et al., 1980a). High-molecular-weight PAHs 

are found in high abundance in high-temperature (> 300 °C) marine hydrothermal 

vents (Kawka and Simoneit, 1990), where they are generated by the addition of C2 or 

C2H4 units to existing aromatic compounds (Stein, 1978). Methylated PAHs are 

produced by geosynthetic methylation reactions in sediments (Voigtmann et al., 

1994). PAHs methylated in β positions are more thermodynamically stable than 

those in α positions (Szczerba and Rospondek, 2010), and hence the ratios of β to α 

isomers are frequently used as indicators of thermal maturity. Ratios of 

methylphenanthrene (MP) isomers include the methylphenanthrene index (MPI-1) 
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and methylphenanthrene ratio (MPR) (Radke et al., 1982, see Appendix 3 for 

equations). 

The Mt. Isa-McArthur basin system of Northern Australia is host to five supergiant 

Proterozoic SEDEX deposits; the most significant accumulation of Pb and Zn in the 

world (Large et al., 2005). The largest of these deposits is the Here’s Your Chance 

(HYC) deposit, hosted in unmetamorphosed carbonaceous shales and siltstones of 

the Barney Creek Formation (BCF). Organic matter (OM) from HYC has been 

strongly affected by hydrothermal alteration from the mineralising fluid (see page 

66) and diagnostic biomarkers have been degraded and possibly overprinted by non-

indigenous OM. Traditional extraction techniques can therefore give only limited 

information on the depositional environment and thermal maturity. Removal of 

silicate minerals from extracted rock powder by digestion with hydrofluoric acid 

(HF) liberates a second fraction of extractable OM, which is likely to be protected 

from migration and alteration (Sherman et al., 2007; Nabbefeld et al., 2010a). This 

fraction is referred to as Bitumen II, whereas the first extract is called Bitumen I. The 

methods used in this study for the extraction of Bitumen II have been previously 

reported and validated in Chapter 2. In this study we isolate and analyse Bitumen II 

from a range of HYC samples in an attempt to distinguish between indigenous and 

migrated OM and reveal evidence that the deposit was formed in a euxinic 

environment. A previous report has found that PAH maturity ratios in Bitumen II 

show different values than those in Bitumen I (Nabbefeld et al., 2010a), so we also 

evaluate PAH ratios to determine whether Bitumen II has been protected from 

thermal alteration.  

 Materials and methods 

The Barney Creek Formation and the Here’s Your Chance deposit 

The 1640 Ma (Page and Sweet, 1998) carbonaceous, pyritic and tuffaceous shales 

and siltstones of the Barney Creek Formation (BCF) in the McArthur Basin, 

Northern Territory, Australia were originally interpreted as a deep marine succession 

deposited in a reducing environment below the wave base (Bull, 1998). More 

recently, it has been recognised that these sediments are part of a facies mosaic of 

time-equivalent shelf, slope and deep-water sediments deposited in a series of 
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tectonically controlled sub-basins (McGoldrick et al., 2010). The BCF has been 

widely studied as it contains possibly the most well-preserved Proterozoic organic 

matter (OM) (Summons et al., 1988). BCF black shales generally contain 0.2 to 2 wt. 

% total organic carbon, and locally greater than 7 wt. % (Powell et al., 1987). 

Previous studies of low-maturity shales from the Glyde River region of the BCF have 

found biomarkers of the sulfide-oxidising green and purple sulfur bacteria 

Chlorobiaceae and Chromatiaceae (Brocks et al., 2005; Brocks and Schaeffer, 2008). 

These bacteria are known to thrive in marine systems where euxinic conditions 

persist in the photic zone of the water column (e.g. Summons and Powell, 1987; 

Grice et al., 2005).   

The BCF is host to the HYC Pb/Zn/Ag deposit, one of the largest sediment-hosted 

base metal deposits in the world. The HYC deposit has a total resource of 227 Mt, at 

9.25 wt. % Zn, 4.1 wt. % Pb and 41 ppm Ag contained in eight discreet ore lenses 

(Walker et al., 1977; Large et al., 2005). The deposit is generally considered to have 

been formed by exhalation of a metal-rich hydrothermal brine into the water column 

(Croxford, 1968; Ireland et al., 2004a; Large et al., 2005). The OM at HYC has been 

strongly affected by hydrothermal alteration, but several studies have used OM to 

investigate the conditions of deposition (Logan et al., 2001; Chen et al., 2003; 

Williford et al., 2011). HYC n-alkanes are enriched in deuterium by 50 to 60 ‰ 

compared to those from the unmineralised BCF, indicating isotopic exchange with a 

D-enriched evaporitic brine (Williford et al., 2011). Williford et al. also presented 

carbon isotopic data which suggest that a significant quantity of aromatic 

hydrocarbons were generated in the underlying Wollogorang Fm and transported to 

the deposit within the mineralising fluid. 

The samples used were collected and analysed by Williford et al. (2011). Five 

samples of Pb/Zn/Ag sulfide ore were taken from the highly mineralised upper ore 

body 5 of the deposit (referred to as sample pits 1 to 5), plus one non-mineralised 

shale sample from the underlying W-Fold Shale member, a sequence of red-green 

shales and siltstones at the basal 10 to 15 meters of the BCF at and around the area of 

the mine (Walker et al., 1977).  
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Extraction and separation of Bitumen II  

The extraction of Bitumen II followed a procedure modified from Robl and Davis 

(1993) and Nabbefeld et al. (2010a), as detailed in Chapter 2 for the pit 1 sample. 

The other samples were prepared using the same method. HCl and HF were cleaned 

prior to use by shaking with dichloromethane (DCM) to remove organic 

contaminants from the acids. GC-MS analysis (page 68) revealed that saturate and 

aromatic contaminants were below the limit of detection after cleaning. 

Extracted rock powder was digested with HCl (1 M) to remove carbonates then 

placed into clean 50 mL polyethylene centrifuge tubes (5-6 g of sample per tube). 

Equal volumes of concentrated HF (48 wt. %) and Milli-Q purified water were added 

to the tubes and left to digest (1-2 hours) in an ice bath with regular shaking. The 

supernatant liquid was then decanted and a second volume of acid-water mixture was 

added. The tubes were left at room temperature (3-4 hours) with occasional shaking 

to complete the digestion. The solid residue was then washed (×3) with Milli-Q 

water and freeze dried. The samples had decreased in mass by ca. 50 %.     

After the acid digestion the samples were extracted in a Soxhlet apparatus (72 hours) 

with 9:1 (v:v) DCM: methanol (MeOH) to extract Bitumen II, replicating the 

conditions used by Williford et al. (2011) to isolate Bitumen I. Copper turnings 

(rinsed with DCM and activated with dilute HCl) were added to the flask to remove 

elemental sulfur. The extract was evaporated to dryness under a stream of warm N2, 

dissolved in a minimum amount of DCM and added to the top of a small column (5.5 

cm × 0.5 cm i.d.) of silica gel (activated at 160 °C for 24 hours). The total extract 

was separated into saturate, aromatic and polar fractions by elution with n-hexane, 30 

vol. % DCM in n-hexane and 1:1 DCM:MeOH respectively. Semi-quantitative 

analysis of aromatic fractions was done using an internal standard of deuterated 

p-terphenyl.    

Isolation of kerogen 

Following the extraction of Bitumen II a fraction of each sample was taken for the 

isolation of kerogen, following the procedure of Nabbefeld et al. (2010a). A small 

amount of sample was placed into glass centrifuge tubes (< 1 g per tube) and shaken 

with 2-3 mL of saturated aqueous zinc bromide solution (ρ ≈ 2.4 g mL-1). After 

centrifugation (2000 RPM, 5 minutes) the acid-insoluble minerals settled to the 
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bottom of the vial while the isolated kerogen remained floating on or suspended in 

the ZnBr solution. The liquid was then decanted and diluted with Milli-Q water to 

allow the kerogen to settle. The kerogen was washed with Milli-Q water (×3) and 

freeze-dried. 30-50 mg of kerogen was isolated for each sample from 3-5 g of acid-

digested rock powder.   

Gas chromatography mass spectrometry (GC-MS) 

Saturate and aromatic fractions were analysed by GC-MS using a Hewlett Packard 

(HP) 6890 gas chromatograph coupled to a HP 5973 mass selective detector, 

following the procedure described in Chapter 2. Fractions were dissolved in 

n-hexane and injected into a split-splitless injector in pulsed splitless mode. A DB5-

MS column (Agilent Technologies, 60 m length, 0.25 mm i.d., 0.25 μm film 

thickness) was used with He as the carrier gas. The GC oven temperature was 

increased from 40 to 310 °C at 3 °C min-1 then held isothermally for 30 min. Data 

were acquired in full scan mode (m/z 50–550).  

Stable carbon isotope analysis 

Compound-specific stable carbon isotope ratios (δ13C) of the saturate fractions were 

measured using a HP 6890 gas chromatograph coupled to a Micromass Isoprime 

isotope ratio monitoring mass spectrometer (irmMS). The GC oven was held at 

50 °C for 1 min, increased to 310 °C at 3 °C min-1 then held isothermally for 20 min. 

The GC column was the same as that described on page 68. δ13C values are reported 

relative to CO2 reference gas calibrated to the Vienna Pee Dee Belemnite (VPDB) 

scale. Samples were analysed 2 to 5 times each, and standard deviations for 

measured compounds ranged from 0.2 to 0.5 ‰. The instrument was calibrated daily 

with a mixture of compounds of known δ13C to monitor the precision and accuracy 

of analysis. The aromatic fractions were of insufficient quantities to perform 

compound-specific isotope analysis.    

Bulk stable carbon isotope ratios of isolated kerogens were measured using a Delta V 

Plus mass spectrometer connected to a Thermo Flush 1112 elemental analyser via a 

Conflo IV (Thermo-Finnigan/Germany).  
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Results  

Bitumen II saturated hydrocarbons 

Total ion chromatograms (TICs) of Bitumen II saturated hydrocarbon fractions from 

sample pits 1 and 3, which together exemplify the most important features of all the 

samples, are displayed in Figure 3.1. Samples from pits 1, 5 and the W-Fold Shale 

show a significant predominance of n-alkanes with even carbon numbers, while this 

pattern is less pronounced in ore from pits 2, 3 and 4. Long-chain n-alkanes up to 

n-C36 are present in all samples, with n-C37 and n-C38 present only in pits 1 and 5. 

These distributions are characterised by Average Chain Length (ACL) and Carbon 

Preference Index (CPI), which are presented in Table 3.1. The ACL in Bitumen II 

ranges from 25.4 to 26.9, which is greater than the Bitumen I ACL of roughly 18 

(Williford et al., 2011). Equations of ACL and CPI are presented in Figure A3.1.   

CPI measures the ratio of n-alkanes with odd carbon numbers over those with even 

carbon numbers, and is calculated here using the formula of Marzi et al. (1993). The 

Bitumen I n-alkanes reported by Williford et al. (2011) show no predominance of 

odd or even carbon numbers and hence the CPI will approximately equal one. The 

CPI of Bitumen II from pits 1, 5 and the W-Fold Shale samples range from 0.59 to 

0.83, showing a strong prevalence of even-numbered n-alkanes that is seen in Figure 

3.1A. The remaining samples have CPI values much closer to one and show no 

obvious carbon number preference (Figure 3.1B).     

Stable carbon isotope analysis 

Compound-specific stable carbon isotope ratios for Bitumen II n-alkanes and isolated 

kerogen are listed in Table 3.1. Values are reported in the ranges C16 and C18, and C24 

to C32, as these were the compounds that were of sufficient abundance to measure 

δ13C. The δ13C values of Bitumen II n-alkanes (-34.4 to -31.6 ‰) are 4 to 7 ‰ lower 

than those in Bitumen I (Williford et al., 2011). Within Bitumen II the long chain 

n-alkanes (C24 to C32) are generally 1 to 3 ‰ lighter than to C16 and C18, although the 

two values are within error for pit 1 and there was insufficient abundance of n-C16 

and n-C18 from pit 2 to measure their isotopic composition. Bulk kerogen δ13C ranges 

from -37.0 to -34.2 ‰, which is 1 to 4 ‰ lower than Bitumen II long-chain alkanes. 
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No consistent trend in δ13C is observed between samples for either n-alkanes or 

kerogen (Figure 3.2).     

 

Table 3.1: Average chain length (ACL) and carbon preference index (CPI) for Bitumen II n-alkanes, 

plus stable carbon isotope ratios (δ13C) of n-alkanes and isolated kerogen. δ13C is given as the average 

of repeated analyses, with one standard deviation shown in parentheses and the number of analyses in 

superscript. CPI was calculated using the generalised formula of Marzi et al. (1993), with n = 7 and m 

= 17. WFS – W-Fold Shale unit. 

 Pit 1 Pit 2 Pit 3 Pit 4 Pit 5 WFS 
Distance from 
pit 1 (m) 

0 104 372 553 710 - 

       
Molecular parameters      
ACL 26.3 26.9 26.7 25.6 25.4 25.6 
CPI 0.67 0.91 0.98 0.94 0.83 0.59 
       
δ13C       
C16+C18 -32.2 (0.3)5 - -32.5 (0.2)2 -32.1 (0.4)4 -32.4 (0.3)2 -31.6 (0.5)4 
C24-C32 -32.3 (0.3)5 -31.7 (0.2)2 -34.2 (0.2)2 -34.0 (0.3)4 -33.4 (0.5)2 -34.4 (0.5)4 
Kerogen -35.5 (0.1) -36.3 (0.1) -35.6 (0.1) -37.0 (0.1) -34.2 (0.1) -35.5 (0.1) 

Bitumen II aromatic hydrocarbons 

Quantification of selected PAHs in Bitumen II (reported in ng of compound per g of 

TOC) is presented in Table 3.2 along with selected ratios of aromatic compounds. 

Data from pit 1 have been previously reported (Chapter 2). Several 

methylphenanthrene ratios are also included from Bitumen I, calculated from data 

reported by Williford et al. (2011). The amounts of aromatic compounds measured in 

Bitumen II are commonly 5 to 15 % that of Bitumen I. As in Bitumen I there is no 

clear trend in PAH concentrations from pits 1 to 5.  

The methylphenanthrene ratios MPI-1 and MPR are plotted for Bitumens I and II in 

Figure 3.3. Both parameters are designed to be a measure of maturity (Radke et al., 

1982), however the relationships between the parameters in Bitumens I and II are 

distinct. MPI-1 for Bitumen I is consistently significantly higher than in Bitumen II 

(Figure 3.3A), whereas the MPR is generally higher in Bitumen II than Bitumen I 

(Figure 3.3B). These differences may be explained by the increased ratio of 

phenanthrene to methylphenanthrenes (P/MPs) in Bitumen I (Table 3.2), indicating 
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that Bitumen I contains a greater proportion of methylated isomers (see pages 78 to 

80 for discussion).  

 

Table 3.2: Quantification of selected PAHs present in Bitumen II aromatic fractions, plus calculated 

PAH ratios for Bitumens I and II. Bitumen I ratios were calculated from data presented by Williford et 

al. (2011). 

 

 Pit 1 Pit 2 Pit 3 Pit 4 Pit 5 WFS 

Compounds (ppb/TOC)      

Phenanthrene 615 327 379 1156 334 231 

3-Methylphenanthrene 424 190 263 754 232 249 

2-Methylphenanthrene 479 283 339 948 274 250 

9-Methylphenanthrene 358 181 247 616 243 277 

1-Methylphenanthrene 358 174 260 689 263 315 

Pyrene 391 192 156 558 160 202 

Chrysene 327 125 356 481 273 477 

Benzo[e]pyrene 772 180 830 490 658 1025 

Benzo[ghi]perylene 358 111 266 185 254 317 

Coronene 101 - 57 - 42 27 

       

Bitumen II PAH ratios      

MPI-1 1.02 1.04 1.02 1.04 0.90 0.91 

MPR 1.34 1.62 1.31 1.38 1.04 0.79 

MP/P 2.63 2.53 2.93 2.60 3.03 4.72 

BePyr/Pyr 1.97 0.94 5.33 0.88 4.11 5.08 

BePyr/Chry 2.36 1.44 2.33 1.02 2.41 2.15 

Chry/Phen 0.53 0.38 0.94 0.42 0.82 2.06 

BePery/Phen 0.58 0.34 0.70 0.16 0.76 1.37 

BePery/Pyr 0.92 0.58 1.71 0.33 1.59 1.57 

BePery/Chry 1.09 0.89 0.75 0.38 0.93 0.66 

BePery/BePyr 0.46 0.61 0.32 0.38 0.39 0.31 

       

Bitumen I PAH ratios      

MPI-1 1.38 1.41 1.26 1.49 1.34 1.25 

MPR 1.37 1.32 1.21 1.35 1.12 1.26 

MP/P 5.00 6.26 5.31 7.05 9.32 4.67 
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Discussion  

Sources of saturated compounds 

The Bitumen II n-alkanes reported in this study differ from those previously found in 

Bitumen I in three main aspects: a marked predominance of even carbon numbers in 

three out of six samples (Figure 3.1), the presence of long-chain n-alkanes up to C38, 

and reduced δ13C values of -34 to -31 ‰ (Figure 3.2). These features have not 

previously been observed together in samples from HYC. n-Alkane distributions 

previously reported from HYC Bitumen I have been limited to C32 or C33, with δ13C 

between -30 and -27 ‰ (Logan et al., 2001; Williford et al., 2011). Logan et al. 

(2001) observed n-alkanes with a strong even-over-odd distribution in highly 

mineralised samples from ore body 2, however there is evidence that these samples 

were contaminated with hydrocarbons from plastic sample bags (Grosjean and 

Logan, 2007) and thus results from this study should be treated with caution.  

The significant differences between the n-alkanes in Bitumens I and II may be due to 

a different source of OM, a difference in the response to hydrothermal alteration, or a 

combination of both. n-Alkanes from Proterozoic sediments are typically enriched 2 

to 3 ‰ in 13C compared to the source kerogen (Logan et al., 1995). Carbon isotopic 

data (Table 3.1) shows that n-alkanes in HYC Bitumen II bear this exact relationship 

with the isolated kerogens from HYC. These data strongly suggest that Bitumen II 

n-alkanes are indigenous to HYC, in accordance with the contention that Bitumen II 

is less likely to be overprinted by migrated OM (Sherman et al., 2007). It was 

proposed by Williford et al. (2011) that aromatic hydrocarbons in Bitumen I were 

transported to HYC from the underlying Wollogorang Fm. The similar δ13C of 

aromatics and n-alkanes in Bitumen I (Williford et al., 2011) suggest that saturated 

compounds may also have been transported. The migration of non-indigenous 

n-alkanes would obscure the even-over-odd distribution, resulting in the more typical 

Proterozoic distribution of Bitumen I. 

A strong even-over-odd preference of n-alkanes is uncommon in the geological 

record, but has been observed in a variety of marine sediments (e.g. Dembicki Jr et 

al., 1976; Simoneit, 1994). George et al. (1994) studied solid bitumens from the ca 

1400 Ma Roper Group in the McArthur Basin. Several of these samples displayed a  
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Figure 3.1: Total ion chromatograms of (A) pit 1 Bitumen II saturate fraction, (B) pit 3 Bitumen II 

saturate fraction and (C) pit 1 Bitumen II aromatic fraction. n-Alkanes in (A) and (B) are marked with 

red circles and even carbon numbers are labelled. Labels in (C) are a: phenanthrene, b: 

methylphenanthrenes, c: pyrene, d: chrysene + triphenylene, e: benzo[e]pyrene, f: benzo[ghi]perylene 

and g: coronene. 
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slight even-over-odd n-alkane predominance. These alkanes were also depleted in 
13C compared to those which did not show an even-over-odd distribution. It was 

concluded that solid bitumens in the Roper Group incorporate multiple sources of 

organic input, including one which is isotopically light and contains a high 

proportion of even-numbered alkanes (George et al., 1994). Possible origins of this 

input were not discussed in detail, but a number of studies have connected similar 

n-alkane distributions with the presence of sulfate-reducing and sulfide-oxidising 

bacteria. For instance, a strong predominance of isotopically light even-numbered n-

alkanes in microbial mat facies of the Neoproterozoic Centralian Super-basin was 

ascribed to the activity of purple or colourless sulfur bacteria (Logan et al., 1999). A 

recent report of a 380 Ma fossil invertebrate preserved within a carbonate concretion 

in the Canning Basin, Western Australia also showed n-alkanes with a pronounced 

even-over-odd distribution in the desulfurised fossil extract, along with 13C-depleted 

long-chain n-alkanes in the fossil nucleus and carbonate matrix (Melendez et al., 

2013). Biomarker and isotopic evidence revealed the strong activity of sulfate-

reducing bacteria and green sulfur bacteria (Chlorobi) in conditions of photic zone 

euxinia at the time the fossil was preserved.  

Analyses of lipids from microbial cultures have shown that the phototrophic sulfur 

bacterium Chlorobi produces n-alkanes with a marked even-over-odd distribution 

over the range C15 to C28, while the sulfate-reducing bacterium Desulfovibrio 

Hildenborough produces a similar but less pronounced distribution over the range 

C19 to C31 (Han and Calvin, 1969). Sulfate-reducing bacteria are known to generate 

long-chain lipids: D. desulfuricans produces n-alkanes predominantly in the range 

C25-C35 (Ladygina et al., 2006), while long chain fatty acids up to C34 were found in 

Desulfotomaculum (Řezanka et al., 1990). Both sulfate-reducing bacteria and 

phototrophic sulfur bacteria produce lipids that are significantly depleted in 13C 

compared to the biomass. Lipids from sulfate-reducing bacteria were found to be 

depleted 4 to 17 ‰ (Londry et al., 2004) and lipids from purple sulfur bacteria were 

depleted by up to 20 ‰ (Madigan et al., 1989).  
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Figure 3.2: δ13C of n-alkanes from Bitumen I (carbon number range C18 to C21), Bitumen II (ranges 

C16 + C18 and C24 to C32) and bulk δ13C of isolated kerogen from HYC sample pits. Bitumen I data 

was taken from Williford et al. (2011). Error bars are one standard deviation (often obscured by the 

markers). The box labelled WFS refers to the W-Fold Shale unit, which underlies the mineralised 

sections of the deposit.  

 

The distinctive even-over-odd distribution of n-alkanes in Bitumen II was likely 

generated by phototrophic sulfur bacteria, while the 13C-depleted long-chain 

n-alkanes in Bitumen II indicate sulfate-reducing bacteria. Their presence in Bitumen 

II, closely associated with the kerogen / mineral matrix, implies that these bacteria 

were present at the time of ore deposition. This evidence is consistent with 

deposition under euxinic conditions, as required for the formation and preservation 

of large-scale sulfide deposits (Lyons et al., 2006). The extent of euxinia into the 

photic zone is evidenced by the presence of phototrophic sulfur bacteria. The results 

fit the generally-held model in which a metal-rich hydrothermal brine was vented 

into the basin, reacting with bacterially-produced sulfide to form fine-grained base 

metal sulfides (Ireland et al., 2004b; Large et al., 2005). Recent findings of 

widespread ferruginous conditions in the McArthur Basin (Planavsky et al., 2011) 

suggest that euxinia was restricted to localised settings, such as the HYC sub-basin 

(McGoldrick et al., 2010) and the Glyde River region studied by Brocks et al. (2005). 

A increased supply of sulfate to a basin would promote euxinia over ferruginous 

conditions (Poulton et al., 2010). Sulfate carried by the oxidised hydrothermal fluid 
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(Cooke et al., 2000) may have contributed to the development of euxinic conditions 

during the deposition of HYC. It is notable that the evidence of euxinia is seen only 

in Bitumen II; the distinctive features from sulfate-reducing and sulfide-oxidising 

bacteria have been removed from Bitumen I by the actions of hydrothermal alteration 

and migration of non-indigenous OM.  

Aromatic hydrocarbons in Bitumens I and II 

The aromatic fractions of both Bitumens I and II are dominated by PAHs. The 

distribution of PAHs (Figure 3.1C) follows the most thermodynamically favourable 

pathway for the creation of condensed aromatic molecules (Stein, 1978) and is 

typical of those found in hydrothermal systems (e.g. Kawka and Simoneit, 1990). 

The high abundance of PAHs indicates that Bitumen II, like Bitumen I, has 

experienced significant hydrothermal alteration. The quantity of PAHs in Bitumen II 

(Table 3.2) is much lower than found in Bitumen I (Williford et al., 2011). This 

could indicate that Bitumen II has been partially shielded from alteration, although it 

also likely reflects the small amounts of OM available within the kerogen / mineral 

matrix.    

A variety of parameters have been developed to evaluate thermal maturity based on 

the ratios of various methylated isomers of PAHs. Ratios based on 

methylphenanthrene (MP) isomers have been found in a study of the McArthur Basin 

to be sensitive to changes in maturity throughout the oil window (George and 

Ahmed, 2002). Two common MP ratios, MPI-1 and MPR are shown in Figure 3.3 

for both Bitumens I and II. The value of MPI-1 in Bitumen I exceeds that of Bitumen 

II in every sample. If MPI-1 is taken to be a true indicator of maturity this would 

indicate that Bitumen I is of higher maturity than Bitumen II, suggesting that 

Bitumen II has been protected from thermal alteration. A different relationship 

however is observed for MPR. The values for Bitumens I and II are similar, and in 

some samples Bitumen II exceeds Bitumen I. Both parameters are expected to be 

indicative of maturity (Radke et al., 1982) but it is apparent that other factors are 

affecting the behaviour of these two ratios. Williford et al. (2011) proposed that 

PAHs in Bitumen I were generated at high temperatures (> 250 °C) in the underlying 

Wollogorang Fm, whereas Bitumen II is likely indigenous to HYC and has 

experienced temperatures of less than 200 °C (Cooke et al., 2000; Large et al., 2005).  
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Figure 3.3: Selected PAH ratios calculated for Bitumens I and II. (A) methylphenanthrene index 

(MPI-1) and (B) methylphenanthrene ratio (MPR). Equations of MPI-1 and MPR are shown in 

Appendix 3. Bitumen I data was taken from Williford et al. (2011). The boxes labelled WFS refer to 

the W-Fold Shale unit, which underlies the mineralised sections of the deposit. 

 

The different thermal histories are consistent with the increased MPI-1 values in 
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(2010a) the same relationships were found. MPI-1 is consistently greater in Bitumen 
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than only 2- and 1-MP, is frequently greater in Bitumen II. The samples analysed by 

Nabbefeld et al. are of greatly different age and thermal history to those from this 

study, hence it appears that the relationships between MPI-1 and MPR are not unique 

to HYC but rather are a result of fundamental differences between Bitumens I and II.  

The major difference between MPI-1 and the MPR or β/α MP ratio is that the 

unmethylated phenanthrene is included in the denominator of MPI-1 but does not 

appear in the other ratios. Figure 3.4 shows that Bitumen II contains far higher 

proportions of phenanthrene than Bitumen I. Phenanthrene is more abundant than the 

MPs in Bitumen II for all samples except the W-Fold Shale, but in Bitumen I it is 

less abundant than most or all of the MP isomers. The inclusion of phenanthrene in 

the denominator of MPI-1 causes this ratio to give much lower values for Bitumen II. 

Higher proportions of phenanthrene in Bitumen II were reported by Nabbefeld et al. 

(2010a), who also observed that Bitumen II contained a greater proportion of β 

methylated isomers compared to Bitumen I. The relationship between β and α 

isomers is less consistent in HYC, and the proportion of β to α isomers appears 

similar in Bitumens I and II.  

The increased proportion of phenanthrene in Bitumen II from multiple locations and 

maturities implies that the cause of the increase is unrelated to location or thermal 

history. Nabbefeld et al. (2010a) suggest that phenanthrene is preferentially 

preserved in Bitumen II as it is more stable than the MPs, just as the more stable β 

isomers are preserved over the α isomers. Comparisons of thermodynamic properties 

of both phenanthrene and MPs, either experimental or theoretical, are rare, and the 

relative stabilities are strongly dependant on redox conditions (Püttmann et al., 1989; 

Dick et al., 2013). Regardless of their relative stabilities it is not clear why 

phenanthrene should be preferentially retained in Bitumen II over the MPs. Evidence 

for the retention of the more stable β MPs is limited in HYC, but is seen to a greater 

extent in the results of Nabbefeld et al. (2010a). Previous studies have explained the 

retention of β isomers in coals not by thermodynamic stability but by a ‘molecular 

sieve’ effect whereby larger molecules are trapped by pores in the coal structure 

(Vahrman and Watts, 1972). This effect does not explain the retention of the less 

bulky unmethylated molecule. In a study of the chromatographic behaviour of 

organic compounds moving through a column of montmorillonite clay, Brothers et 

al. (1991) found that 2-MP appears to be more strongly adsorbed to the clay than 
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phenanthrene. This is the opposite effect to that seen in Bitumen II. Studies of the 

relative adsorption behaviour of phenanthrene and MP are limited, but the available 

evidence does not seem to support the preferential retention of phenanthrene within 

the kerogen / mineral matrix.   

 

Figure 3.4: Relative proportion of phenanthrene (P) and methylphenanthrenes (MP) for (A) Bitumen 

I and (B) Bitumen II. Bitumen I data was taken from Williford et al. (2011). 
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An alternative explanation for the high proportion of phenanthrene in Bitumen II is 

that the MP isomers are prevented from forming within the kerogen / mineral matrix. 

MPs in sediments are generated by geosynthetic reactions in which methyl groups 

are added to unmethylated phenanthrene (Voigtmann et al., 1994). Methylation of 

phenanthrene has been achieved in the laboratory under moderate temperature 

conditions in the presence of a clay catalyst, but requires the addition of a methyl 

donor such as methane (Voigtmann et al., 1994) or existing methylated aromatic 

compounds (Alexander et al., 1995). A hydrous pyrolysis study found that 

phenanthrene alone does not undergo methylation even with prolonged heating, but 

significant methylation occurs with the addition of formic acid (McCollom et al., 

1999). From these results it can be inferred that MPs will only form when other 

organic compounds are present that are able to donate methyl groups. This was 

recognised by van Aarssen et al. (1999) who proposed the concept of a ‘methyl pool’ 

that can be accessed by all aromatic compounds in the sediment. Compounds that are 

preserved within the kerogen / mineral matrix as part of Bitumen II may have 

experienced restricted access to the methyl pool and thus display reduced levels of 

methylation. It has been demonstrated that phenanthrene that is intercalated in clay 

minerals is significantly less available to biodegrading microorganisms (Theng et al., 

2001), and it is feasible that it would experience reduced access to the methyl pool as 

well. This mechanism can explain the increased proportion of phenanthrene in 

Bitumen II from both this study and Nabbefeld et al. (2010a). Oxidation state can 

also affect the proportions of phenanthrene and MPs. A study of the Kupferschiefer 

deposit (southwest Poland) found increased proportions of phenanthrene in zones of 

higher oxidation state (Püttmann et al., 1989). PAHs in Bitumen I are believed to 

have been transported by a fluid that was likely oxidised (Cooke et al., 2000), hence 

the low proportions of phenanthrene in Bitumen I suggest that redox is not a 

significant control at HYC.   

MPI-1 is commonly used to indicate thermal maturity, but results from this study 

have shown that the parameter can be heavily influenced by factors that affect the 

methylation of phenanthrene. Prior reports have noted that MPI-1 is also strongly 

influenced by demethylation reactions that occur at high temperatures (Garrigues et 

al., 1990). The inclusion of phenanthrene in the denominator of MPI-1 means that 

this ratio is not simply an indicator of maturity, but also reflects the source of OM 
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and the degree of methylation. As such MPI-1 is not a suitable parameter to compare 

the maturity of Bitumens I and II. Ratios such as MPR, which are based only on MP 

isomers, are perhaps better suited as indicators of maturity alone. As MPR from 

Bitumens I and II is generally similar it appears that the two extracts are of 

approximately equal maturity, and there is no conclusive evidence from MP ratios in 

this study that Bitumen II is significantly protected from thermal alteration. These 

results do not support a high-temperature origin for Bitumen I PAHs, as proposed by 

Chen et al. (2003), although the isotopic evidence for migration of hydrocarbons is 

strong (page 72).   

Conclusions 

Organic matter at HYC has experienced significant hydrothermal alteration, but 

Bitumen II may be protected from alteration and migration. Bitumen II prepared 

from HYC samples reveals highly distinct distributions of saturated and aromatic 

compounds. Bitumen II n-alkanes show a predominance of even carbon numbers, a 

preservation of long-chained n-alkanes up to C38 and a marked depletion in 13C. 

These features are indicative of strong contributions from sulfate-reducing and 

sulfide-oxidising bacteria. Comparison with δ13C of isolated kerogen confirms that 

n-alkanes in Bitumen II are indigenous to HYC, indicating that the deposit formed 

under euxinic conditions. This evidence supports the generally-held model whereby 

lead and zinc reacted in the water column with sulfide produced by bacterial sulfate 

reduction. Bitumen II appears useful in the study of environments that have 

experienced significant alteration and/or migration, where diagnostic features in 

Bitumen I have been destroyed or overprinted.     

Bitumens I and II both contain high abundances of PAHs. The common maturity 

parameters MPI-1 and MPR display inconsistent results, with MPI-1 greater in 

Bitumen I but MPR often greater in Bitumen II. This behaviour is due to the greatly 

increased proportion of phenanthrene in Bitumen II compared to Bitumen I. We 

believe that this is a fundamental property of Bitumen II resulting from restricted 

access to the ‘methyl pool’ that contributes to methylation reactions. As MPI-1 is so 

heavily affected by access to the methyl pool it is not a suitable parameter for 

comparing the thermal maturity of Bitumens I and II.  
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Figure A3.1: Structures of PAHs discussed in the text. Positions of methylation are indicated for 

naphthalene and phenanthrene. Equations of the methylphenanthrene index (MPI-1) and 

methylphenanthrene ratio (MPR) are taken from Radke et al. (1982). Equation of the carbon 

preference index (CPI) is taken from Marzi et al. (1993). Equation of the average chain length (ACL) 

is adapted from Poynter and Eglinton (1990).  
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Abstract 

Sedimentary organic matter (OM) from the Here’s Your Chance (HYC) Pb/Zn/Ag 

deposit (McArthur Basin, Northern Territory, Australia) displays increased thermal 

maturity compared to nearby non-mineralised sediments. Micro-scale sealed vessel 

pyrolysis (MSSVpy) of an immature organic-rich sediment from the host Barney 

Creek Formation (BCF) was used to simulate the thermal maturation of OM from the 

HYC deposit, and to assess the effect of sulfide minerals on organic maturation 

processes. MSSVpy at increasing temperatures (300, 330 and 360 °C) resulted in 

increased methylphenanthrene maturity ratios which were within the range reported 

for bitumen extracted from HYC sediments. The methylphenanthrene index ratio 

from MSSVpy of the BCF sample was lower than in HYC, due to a reduced 

proportion of methylated phenanthrenes. Polycyclic aromatic hydrocarbons with four 

to six rings were produced in increasing abundance as pyrolysis temperature 

increased, although they did not approach the levels reported from HYC. Addition of 

lead sulfide, zinc sulfide and pyrite to the MSSVpy experiments resulted in a reduced 

response of the methylphenanthrene maturity parameters, possibly due to retardation 

of methyl-shift and transmethylation reactions.  
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Introduction 

Organic matter (OM) is thought to play an important role in the formation of many 

commercially viable ore bodies, hence there is significant interest in the use of 

organic geochemical techniques to investigate the formation history of ore deposits 

(Greenwood et al., 2013). OM can be significantly altered by interaction with ore-

forming fluids. For example, major hydrothermal events associated with the 

formation of sedimentary-exhalative (SEDEX) ore deposits have caused a marked 

increase in the thermal maturity of associated sedimentary OM (Gizė, 1999; Logan et 

al., 2001; Williford et al., 2011). Oxidised fluids which formed the Kupferschiefer 

deposit contributed to increased pristane / phytane ratios (Large and Gizė, 1996) and 

lower abundances of methylated aromatics (Püttmann et al., 1989). The high 

abundance of sulfide minerals in such environments may be a major influence on the 

behaviour of OM during alteration, such that traditional assumptions and 

interpretations largely based on petroleum organic geochemistry may not apply 

(Gizė, 1999). Although sulfide minerals have been found to catalyse abiotic organic 

reactions important to the early origins of life (Cody et al., 2004; Cleaves et al., 

2012) their effect on the thermal maturation of OM has been largely unexplored.  

A wide range of molecular parameters have been developed to assess the thermal 

maturity of source rocks and petroleum hydrocarbons, summarised by Peters et al. 

(2005). Parameters based on polycyclic aromatic hydrocarbons (PAHs) such as 

naphthalene and phenanthrene are widely used due to the ubiquity of these 

compounds in sediments and their high thermal stability compared to aliphatic 

biomarkers (Price, 1993). Methylated PAHs readily undergo isomerisation reactions 

during maturation, with the β substituted isomers being more thermodynamically 

stable than the α isomers (Nabbefeld et al., 2010; Szczerba and Rospondek, 2010; 

Dick et al., 2013). A number of parameters have been developed based on the 

relative abundances of methylphenanthrene (MP) isomers, including the 

methylphenanthrene ratio MPR = 2-MP / 1-MP (Radke et al., 1982b) and the 

methylphenanthrene indices MPI-1 = 1.5 (2-MP + 3-MP) / (P + 9-MP + 1-MP) 

(Radke et al., 1982a) and MPI-3 = (2-MP + 3-MP) / (9-MP + 1-MP) (Garrigues et 

al., 1988). Catalysis by clay mineral surfaces has been shown in different 

circumstances to promote methylation or demethylation of PAHs in shales and crude 

oils (Alexander et al., 1995; van Aarssen et al., 1999) and thus can influence the 
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values of aromatic maturity parameters (Nabbefeld et al., 2010). Larger PAHs with 

four or more aromatic rings are not generally used in maturity parameters, although 

they may be produced by burial metamorphism (Brocks et al., 2003) and have been 

detected in high abundances in submarine hydrothermal petroleum (Kawka and 

Simoneit, 1990; Simoneit, 1994; Simoneit et al., 2004). PAHs have been detected in 

a range of ore deposits including sediment-hosted lead-zinc (Chen et al., 2003; 

Williford et al., 2011), mercury (Blumer, 1975; Wise et al., 1986), copper-silver 

(Püttmann et al., 1989; Rospondek et al., 2007; Rospondek et al., 2009) and strata-

bound copper sulfide (Rieger et al., 2008). 

Microscale sealed vessel pyrolysis (MSSVpy) is a closed-system pyrolysis technique 

in which relatively small (mg) amounts of organic material are heated in a sealed 

glass tube. MSSVpy has been widely applied to simulate the catagenetic reactions of 

hydrocarbons and study the kinetics of petroleum generation (Horsfield et al., 1989; 

Schenk and Horsfield, 1993; Ladjavardi et al., 2013), as well as to characterise 

naturally-occurring OM (Greenwood et al., 2006; Berwick et al., 2010; Lockhart et 

al., 2013) and investigate the formation of specific organic products during 

diagenesis (Sinninghe Damsté et al., 1998). Another common technique for the 

artificial maturation of OM is hydrous pyrolysis, in which crushed or powdered rock 

is heated with water in sealed vessels (Lewan et al., 1979). Compared to MSSVpy, 

hydrous pyrolysis more holistically replicates the conditions of natural organic 

maturation due to the presence of water and the control of pressure, fluid 

composition and redox state (e.g. Landais et al., 1994; Lewan, 1997; Seewald, 2001). 

However the high pressures generated during hydrous pyrolysis require specialised 

laboratory equipment, while MSSVpy is easier to employ and generates similar 

products to natural organic maturation (Horsfield et al., 1989). Here we employ 

MSSVpy to simulate the thermal maturation of OM from the Here’s Your Chance 

(HYC) Pb/Zn/Ag deposit, and to assess the effect of high abundances of sulfide 

minerals on aromatic maturity parameters.  
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Materials and methods 

Sample site and description 

The Barney Creek Formation (BCF) is a 1640 ± 3 Ma (Page and Sweet, 1998) 

marine shale deposited in the McArthur Basin (Northern Territory, Australia) under 

reduced, deep-water conditions (Bull, 1998). Detailed descriptions are presented by 

Brocks and Schaeffer (2008) and Greenwood et al. (2013). The BCF is host to the 

Here’s Your Chance (HYC) Pb/Zn/Ag deposit, the largest of the Proterozoic deposits 

of the North Australian craton which is the world’s richest Pb/Zn mineral province 

(Huston et al., 2006). The base metals in HYC are widely believed to have been 

deposited by a hydrothermal brine with a temperature of 100 to 200 °C (Huston et 

al., 2006; Williford et al., 2011), in a tectonically-controlled sub-basin (McGoldrick 

et al., 2010). A number of studies have investigated the organic geochemistry of 

HYC (Logan et al., 2001; Chen et al., 2003; Williford et al., 2011) and have found 

evidence of significant hydrothermal alteration of OM in mineralised sections. 

Mineralised sections of the deposit contain abundant fine-grained pyrite, sphalerite 

and galena (e.g. Large et al., 1998; Ireland et al., 2004). 

The sample used in this study (referred to as the BCF sample) was taken from the 

Glyde Sub-basin, from drill core GR-7 at depth 94.69 to 94.81 m. The Glyde Sub-

basin is located 80 km south of HYC, and is stratigraphically equivalent and 

morphologically similar to the deposit (Davidson and Dashlooty, 1993; McGoldrick 

et al., 2010). Sediments from the Glyde region often have low thermal maturity for 

samples of Paleoproterozoic age, with equivalent vitrinite reflectance of 0.6 to 0.8 % 

calculated from MPI-1 (Crick, 1992), and contain abundance biomarkers of 

phototrophic sulfur bacteria including intact carotenoid pigments (Brocks et al., 

2005; Brocks and Schaeffer, 2008). Organic matter preserved within the kerogen-

mineral matrix of HYC samples has shown evidence for the presence of these 

bacteria during ore formation (Chapter 3). The BCF sample was deposited in a 

similar environment to HYC and displays relatively low thermal maturity. While the 

sample is not an exact match of the HYC sediments prior to mineralisation, it is a 

suitable analogue to evaluate the effect of sulfide minerals on the organic maturation 

processes that occurred during the formation of the deposit.  
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Sample preparation  

The BCF sample had been stored long-term in a Whirl-Pak plastic sample bag. Such 

plastic bags are potential sources of hydrocarbon contamination including branched 

alkanes with quaternary carbons (BAQCs; e.g. Grosjean and Logan, 2007; 

Greenwood et al., 2009). Before the sample was powdered, rock pieces were 

ultrasonically extracted (30 min) with a small amount of Milli-Q purified water to 

ablate the surfaces of the sample. The water and fine suspended particles were twice 

shaken with DCM in a separating funnel. The organic layer was reduced with a 

rotary evaporator and passed through a Pasteur pipette packed with MgSO4 (Fisher 

Scientific, pre-rinsed with DCM). Three small pieces (1 × 1 cm) were cut from the 

sample bag with scissors (rinsed with DCM) and ultrasonically extracted for 15 

minutes in DCM. Both extracts were analysed by GC-MS (instrumental conditions 

detailed in Chapter 2). Analysis of the m/z 99-85 extracted ion chromatogram from 

the sample bag extract revealed a series of 3,3-diethylalkanes with 21 to 35 carbon 

atoms, which are known contaminants from Whirl-Pak sample bags (Grosjean and 

Logan, 2007). These compounds were not detected in the surface washings from the 

BCF sample. 

The sample was ground to a fine powder in a Rock Labs ring mill with a zirconia 

head. The mill was cleaned before use by repeated grinding of acid-washed, annealed 

sand. The final batch of ground sand was extracted with DCM, and GC-MS analysis 

showed no significant contamination.    

Pure metal sulfides 

Zinc sulfide (Purum, Riedel-de Haën, Sigma Aldrich) was received as a fine white 

powder. Lead sulfide (99.9 %, Aldrich) was in the form of aggregates that were 

crushed to a fine powder with a mortar and pestle. Pyrite (Alfa Aesar) was received 

as grains approximately 1.5 to 5 mm in length, which were powdered in a Rock-Labs 

ring mill with a zirconia head. Sulfides were cleaned by ultrasonic extraction (×3) 

with DCM. Analysis of the final extract by GC-MS showed no significant 

contaminants. 

To examine the size distribution of the sulfides, particles were suspended in 

deionised water, transferred to microscope slides and imaged on an optical 

microscope under transmitted light. The sulfides consisted of fine particles, often 
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sub-micrometre in size, commonly aggregated into clusters ranging from ten to 

several hundred micrometres. Previous investigations of sulfide mineral textures in 

the HYC deposit have found that sulfide minerals occur in grains of one to ten 

micrometres, aggregated into clusters of twenty to two hundred micrometres 

(Eldridge et al., 1993; Ireland et al., 2004). The pure sulfides used in this study are 

therefore an adequate approximation of the sulfide minerals occurring in HYC.   

Mixtures of BCF sample with approximately 5 wt. % and 20 wt. % metal sulfides 

were prepared and homogenised with a mortar and pestle. Precise weights for all 

mixtures are listed in Table 4.1.    

 
Table 4.1: Precise weights of BCF sample and metal sulfides for the mixtures sub-sampled for 

MSSVpy experiments.  

Sample name BCF sample (mg) Metal sulfide (mg) Sulfide (wt. %) 

5 % PbS 961.45 54.04 5.32 % 

20 % PbS 865.98 216.57 20.01 % 

5 % ZnS 968.86 50.96 5.00 % 

20 % ZnS 783.12 196.76 20.08 % 

5 % pyrite 945.88 49.26 4.91 % 

20 % pyrite 796.24 196.90 19.83 % 

Micro-scale sealed vessel pyrolysis and GC-MS analysis 

MSSVpy followed a previously described procedure (Greenwood et al., 2006; 

Berwick et al., 2010). Extractable organic matter was not removed from the sample 

prior to pyrolysis. Glass tubes (5 cm × 5 mm i.d.) and glass beads (Alltech 60/80) 

were cleaned by heating overnight at 300 °C before use. Typically 6 to 10 mg of 

sample was loaded into the centre of the tube, and the void space above and below 

the sample was filled with glass beads. The tubes were flame sealed before heating in 

an oven for 72 hours at either 300, 330 or 360 °C. The tubes were then placed in a 

series II MSSV injector (held at 300 °C) mounted on a GC-MS (Agilent 6890 GC 

coupled to an Agilent 5973 MSD) and cracked with a plunger. Volatile products 

were transferred to the GC column (Agilent J&W DB5-MS, 60 m × 0.25 mm i.d., 

0.25 μm film thickness) with He carrier gas at a constant pressure of 9 psi, and a split 

ratio of 20:1. The oven was held at 40 °C for 2 minutes while the column was 

immersed in liquid nitrogen to cryogenically focus the products. The oven 
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temperature was then increased from 40 to 320 °C at 4 °C per minute and held at 320 

°C for 35 minutes. Mass spectra were acquired in full scan mode (m/z 25 to 550) 

with an ionisation energy of 70 eV. All samples were prepared and analysed in 

duplicate. Product assignments were based on GC retention time and mass spectral 

comparison with standards or library data.  

Correction factors  

Due to the online nature of MSSVpy the pyrolysates cannot be separated into 

saturate and aromatic fractions prior to GC-MS analysis. The GC chromatograms 

produced in this study contain products which fully or partially co-elute, and accurate 

integration of the total ion chromatogram (TIC) was often difficult for compounds of 

low abundance (see Figure 4.1 for a representative chromatogram). For this reason 

aromatic compounds were integrated from extracted ion chromatograms (EIC) of 

diagnostic ions. The selected ion makes up a different proportion of the total mass 

spectrum for each compound; hence ratios calculated from EIC cannot be directly 

compared to those from TIC. Correction factors were thus determined for each 

aromatic compound of interest by calculating the ratio of peak area from EIC to TIC 

from previous samples run on the GC-MS instrument. Only compounds free from co-

elution were included in the calculations, and a range of peak areas were chosen to 

ensure linearity of the calibration. Calculated correction factors are listed in Table 

4.2.   

 

Table 4.2: Diagnostic ions and mass spectral correction factors for major PAH products. Data used in 

calculation of correction factors are shown in Table A4.1.  

Compound Diagnostic ion Correction factor 

Phenanthrene 178 0.45 

Methylphenanthrenes 192 0.34 

Pyrene 202 0.37 

Chrysene + triphenylene 228 0.37 

Benzo[e]pyrene 252 0.30 

Benzo[ghi]perylene 276 0.46 
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Simulated maturation of Barney Creek sediment by MSSVpy 

Overall product distribution 

A representative chromatogram from MSSVpy of the BCF sample (300 °C) is shown 

in Figure 4.1. The most abundant products are listed in Table 4.3. Aliphatic products 

from MSSVpy were predominantly normal and methylated alkanes (marked with 

closed and open circles respectively). Low molecular weight alkanes (C4 to C9) 

displayed a higher proportion of methylation. n-Alkanes > C10 displayed a unimodal 

distribution with a maximum at C13, a long tail extending to C31 and a reduced 

proportion of methylated isomers. Low-MW alkenes, cycloalkanes and ketones were 

present in relatively low abundances. The major aromatic products were benzenes 

and naphthalenes with one to five methyl groups. Phenanthrenes and high-MW 

PAHs with 4 to 7 aromatic rings were present in much lower abundance (see pages 

100 to 103). Pyrolysis at higher temperatures gave similar results, with the most 

significant difference being an increase in the abundance of high-MW PAHs, 

consistent with the increase in PAH abundance observed across a thermal gradient at 

HYC (Chen et al., 2003) (see Figure 4.2 and page 102 for discussion). 

Solvent-extracted bitumens from the BCF contain abundant aryl isoprenoids (Brocks 

et al., 2005; Brocks and Schaeffer, 2008), which are formed from the breakdown of 

microbial carotenoids (Summons and Powell, 1987; Grice et al., 1996; Koopmans et 

al., 1996; Grice et al., 1997). These were not detected in the MSSVpy experiments. 

Pyrolysis of long-chain alkylbenzenes has been shown to produce methylbenzene 

through cleavage of the alkyl C-C bond in the β position to the aromatic ring, a 

mechanism favoured by the high stability of the benzyl radical intermediate (Safarik 

and Strausz, 1997). Cleavage of the alkyl chain from the aryl isoprenoids present in 

the BCF bitumen would produce tetramethylbenzenes with a predominant 1,2,3,4 

substitution pattern. Abundant 1,2,3,4-tetramethylbenzene was noted from flash 

pyrolysis of sedimentary organics from the Duverney Fm (Western Canada Basin), 

and was attributed to the breakdown of diaromatic carotenoids (Hartgers et al., 1994; 

Maslen et al., 2009). In the MSSVpy products from this study the mono-, di- and 

trimethylbenzenes were more abundant than the tetramethylbenzenes. It is likely they 

were produced by demethylation and methyl shift reactions (e.g. Szczerba and 
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Rospondek, 2010; Le Métayer et al., 2014) resulting in a larger suite of 

polymethylated products.         

 

Figure 4.1: Total ion chromatogram from MSSVpy of the BCF sample, pyrolysed at 300 °C for 72 

hours, with no added metal sulfides. Labelled peaks are listed in Table 4.3.   

Methylated phenanthrene ratios 

The average values for three commonly used methylphenanthrene (MP) maturity 

parameters (MPI-1, MPR and MPI-3) from the replicate MSSVpy experiments are 

listed in Table 4.4, with the range of replicate measurements in parentheses. The 

reproducibility was in most cases within 5 %. For the pure BCF sample, the maturity 

parameters increased with pyrolysis temperature, consistent with their behaviour 

during natural maturation (Radke et al., 1982a). The average MPI-1 values 

correspond to equivalent vitrinite reflectance values of 0.89 % at 300 °C to 1.16 % at 

360 °C, using the calibration of Boreham et al. (1988).  
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 The calculated MP ratios were compared to those from HYC bitumens reported by 

Williford et al. (2011), which are shown by the shaded areas in Figure 4.3A to 4.3C. 

The ratios using only MP isomers (MPR and MPI-3) display similar behaviours in 

comparison to HYC bitumen. The BCF sample pyrolysed at 300 °C gave values 

slightly below the minimum reported from HYC. At 330 °C the values lie towards 

the middle of the HYC range, while at 360 °C values significantly exceed the 

maximums reported for HYC.   

 

Table 4.3: Major products from MSSVpy of the BCF sample at 300 °C for 72 hours, with no added 

metal sulfides.  

Label Compound Label Compound 

1 CO2 B4 C4 benzenes 

2 propene B5 C5 benzenes 

3 2-methylpropane N naphthalene 

4 3-methylbut-1-ene N1 methylnaphthalenes 

5 methylpent-2-ene N2 C2 naphthalenes 

6 methylcyclopentane N3 C3 naphthalenes 

7 methylcyclohexane N4 C4-naphthalenes 

● n-alkanes N5 C5 naphthalenes 

○ methyl alkanes P phenanthrene 

B benzene P1 methylphenanthrenes 

B1 toluene P2 C2 phenanthrenes 

B2 C2 benzenes P3 C3 phenanthrenes 

B3 C3 benzenes P4 C4 phenanthrenes 

 

Unlike MPR and MPI-3, the MPI-1 ratio includes unmethylated phenanthrene as 

well as MP isomers. Whilst MPI-1 values similarly increased with higher pyrolysis 

temperatures they differed from the range reported for HYC (Figure 4.3A). MSSVpy 

at 300 and 330 °C gave MPI-1 values that were significantly lower than the 

minimum observed from HYC, and only the value at 360 °C was within the range of 

HYC. The MPI-1 values from MSSVpy were effectively lower than MPR and MPI-3 

in comparison to the reported values from HYC.    

The total abundances of the MP isomers relative to phenanthrene (referred to in this 

study as MP / P) is between 2.7 and 3.9 for all MSSVpy experiments, and generally 

decreased slightly from 300 °C to 360 °C pyrolysis temperature. For HYC the MP / P 
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ratio is between 5.0 and 9.3 (Williford et al., 2011). An increased proportion of 

phenanthrene in the MSSVpy experiments is responsible for a lowering of MPI-1 

values. Pyrolysis can promote the cleavage of alkyl groups from aromatic molecules 

(Safarik and Strausz, 1997), which may account for the low abundances of MPs 

observed from MSSVpy experiments. Additionally, oxidation of OM during 

pyrolysis may result in a lowering of the MPI-1 and MP / P ratios. Phenanthrene has 

a higher average oxidation state of carbon than the MP isomers (-0.71 compared 

to -0.8). The values of MPI-1 and MP / P are therefore sensitive to changes in redox 

conditions as well as temperature, and oxidation of OM would be expected to 

decrease the MP / P ratio and lower the value of MPI-1 (Szczerba and Rospondek, 

2010; Dick et al., 2013). A reduction in MPI-1 corresponding to a shift from 

reducing to oxidising conditions has been observed in the Kupferschiefer deposit 

(Püttmann et al., 1989; Sun, 1998). However, the use of glass beads to fill the 

majority of void space within the tube essentially renders the MSSVpy technique 

free of oxidation artefacts (Horsfield et al., 2015). Indeed the observed increase of 

MPI-1 with pyrolysis temperature (Figure 4.3A) shows that temperature is the major 

control on MPI-1 in these experiments.  

Alternatively an additional mechanism that was not present in the MSSVpy 

experiments may have produced MPs at HYC. One potential explanation is the 

migration of aromatic hydrocarbons to HYC with the mineralising fluid. Williford et 

al. (2011) found that PAHs from HYC have similar δ13C to kerogen from the 

underlying Wollogorang Formation, and proposed that PAHs were generated in the 

Wollogorang Formation by hydrothermal alteration and deposited in the BCF by the 

mineralising fluid. It is unclear however if these PAHs would have a greater ratio of 

MP / P than those produced by MSSVpy in this study. The Wollogorang Formation 

has experienced extensive metamorphism from volcanic intrusions (Donnelly and 

Jackson, 1988), which has likely resulted in the destruction of all indigenous OM 

(Brocks et al., 2008). The composition of indigenous OM from this formation 

therefore remains uncertain, and the likelihood of this explanation cannot presently 

be evaluated.  
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High MW PAHs 

PAHs with four to six aromatic rings (hereby collectively referred to as high-MW 

PAHs) were detected at low abundance in all MSSVpy experiments. Summed m/z 

202 + 228 + 252 + 276 chromatograms for the three pyrolysis temperatures are 

shown in Figure 4.2. At 300 °C the four-ring PAHs fluoranthene and pyrene have 

lower abundance than other peaks in the m/z 202 chromatogram (mainly dimethyl- 

and trimethylphenanthrenes), while the five and six-ring PAHs are present only in 

trace amounts. At 330 and 360 °C the PAHs become far more prominent, implying 

increased production of high-MW PAHs at higher pyrolysis temperature. This is 

consistent with observations across a thermal gradient at HYC (Chen et al., 2003; 

Williford et al., 2011).  

The summed abundance of the high-MW PAHs fluoranthene, pyrene, 

benzo[a]anthracene, chrysene, triphenylene, benzo[e]pyrene, benzo[a]pyrene and 

benzo[ghi]perylene relative to the abundance of phenanthrene is defined here as 

PAH / P. This ratio increases with pyrolysis temperature, approximately doubling 

from 300 to 360 °C (see Table 4.4 and Figure 4.3D). Phenanthrene was reported to 

be totally stable during hydrous pyrolysis at 330 °C for up to 17 days (McCollom et 

al., 1999) and even persisted after pyrolysis at 400 °C for 30 days (Price, 1993), 

therefore destruction of the phenanthrene ring system is not expected to occur at the 

conditions used in this study. The increased PAH / P ratio is attributed to the 

increased production of high-MW PAHs at higher pyrolysis temperatures.  

Bitumen isolated from the HYC deposit contains a high proportion of high-MW 

PAHs, with the samples from Williford et al. (2011) displaying PAH / P ratios from 

2.2 to 7.9. In contrast all MSSVpy experiments showed PAH / P ratios of less than 

1.0 (Figure 4.3D), due to the greatly reduced abundances of high-MW PAHs. It has 

been proposed that high-MW PAHs in hydrothermal systems are formed by the 

condensation of low-MW organic precursors (Kawka and Simoneit, 1990; Fetzer et 

al., 1996) through the addition of C2 or C4H2 units to existing aromatic structures 

(Stein, 1978). There would likely be sufficient organic precursors present in the BCF 

sediment to form significant amounts of high-MW PAHs, suggesting that the low 

abundances of these compounds were due to the thermal conditions used during 

MSSVpy treatments. Higher temperatures or longer-term experiments may be 

required to generate large abundances of high-MW PAHs. Chen et al. (2003)  
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Figure 4.2: Summed m/z 202 + 228 + 252 + 276 chromatograms from MSSVpy of the BCF sample at 

each pyrolysis temperature, with no added metal sulfides. Pyrolysis temperatures are (A): 300 °C, (B): 

330 °C, (C): 360 °C. Fla: fluoranthene, Pyr: pyrene, BaAn: benzo[a]anthracene, Chry: chrysene, Tpn: 

triphenylene, BePy: benzo[e]pyrene, BaPy: benzo[a]pyrene, BPery: benzo[ghi]perylene. 
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proposed that high-MW PAHs were concentrated at HYC by precipitation from 

hydrothermal fluid, due to the lower aqueous solubility of heavy aromatics compared 

to two- and three-ringed PAHs (Kawka and Simoneit, 1990). Such a mechanism may 

contribute to the increased abundances of high-MW PAHs at HYC compared to the 

MSSVpy experiments. 

Effects of metal sulfides on simulated thermal maturation 

Methylated phenanthrene ratios 

The addition of PbS, ZnS and pyrite had a marked effect on all MP ratios (Figure 

4.3A to 4.3C). At 300 °C pyrolysis temperature all ratios were higher than the pure 

BCF sample. At 330 °C the ratios were roughly equal with and without added metal 

sulfides, while at 360 °C the ratios were notably lower with added metal sulfides. 

Some samples also displayed a slight decrease in MP ratios from 300 to 330 °C, 

suggesting an inversion of the maturity parameters in this temperature range. MP 

maturity ratios from experiments with each sulfide mineral, and with 5 wt. % and 20 

wt. % sulfide addition, were all generally within uncertainty.  

 

Table 4.4: PAH ratios measured from MSSVpy analyses. Values are reported as the average of 

duplicate measurements, with the range of measurement in parentheses.  

 300 °C 330 °C 360 °C 

BCF    

MPI-1 0.96 (0.02) 1.07 (0.05) 1.34 (0.01) 

MPR 1.07 (0.06) 1.24 (0.04) 1.69 (0.06) 

MPI-3 1.05 (0.03) 1.15 (0.07) 1.58 (0.01) 

MP / P 3.21 (0.01) 3.51 (0.04) 3.39 (0.02) 

PAH / P 0.45 (0.01) 0.77 (0.04) 0.91 (0.02) 

    

BCF + 5 % PbS    

MPI-1 1.04 (0.01) 0.98 (0.08) 1.17 (0.03) 

MPR 1.15 (0.03) 1.23 (0.03) 1.52 (0.04) 

MPI-3 1.11 (0.04) 1.08 (0.06) 1.34 (0.01) 

MP / P 3.47 (0.13) 3.24 (1.07) 3.24 (0.16) 

PAH / P 0.37 (0.05) 0.57 (0.29) 0.51 (0.31) 
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Table 4.4 (continued): PAH ratios measured from MSSVpy analyses. Values are reported as the 

average of duplicate measurements, with the range of measurement in parentheses. 

 300 °C 330 °C 360 °C 

BCF + 20 % PbS    

MPI-1 1.14 (0.06) 1.02 (0.04) 1.15 (0.01) 

MPR 1.25 (0.05) 1.26 (0.03) 1.42 (0.04) 

MPI-3 1.21 (0.03) 1.09 (0.08) 1.28 (0.01) 

MP / P 3.75 (0.31) 3.47 (0.18) 3.42 (0.05) 

PAH / P 0.24 (0.29) 0.43 (0.03) 0.69 (0.03) 

    

BCF + 5 % ZnS    

MPI-1 1.06 (0.12) 1.06 (0.01) 1.16 (0.01) 

MPR 1.21 (0.11) 1.24 (0.05) 1.49 (0.13) 

MPI-3 1.2 (0.03) 1.13 (0.01) 1.38 (0.11) 

MP / P 3.22 (0.72) 3.55 (0.09) 3.08 (0.42) 

PAH / P 0.29 (0.24) 0.7 (0.16) 0.53 (0.19) 

    

BCF + 20 % ZnS    

MPI-1 1.03 (0.12) 1.03 (0.01) 1.15 (0.01) 

MPR 1.12 (0.03) 1.2 (0.01) 1.43 (0.01) 

MPI-3 1.16 (0.01) 1.17 (0.01) 1.36 (0.01) 

MP / P 3.19 (0.92) 3.09 (0.09) 3.07 (0.01) 

PAH / P 0.3 (0.3) 0.35 (0.08) 0.57 (0.01) 

    

BCF + 5 % pyrite    

MPI-1 1.21 (0.08) 1.14 (0.02) 1.3 (0.01) 

MPR 1.31 (0.03) 1.22 (0.01) 1.51 (0.01) 

MPI-3 1.29 (0.02) 1.21 (0.04) 1.47 (0.01) 

MP / P 3.85 (0.85) 3.78 (0.13) 3.57 (0.01) 

PAH / P 0.34 (0.19) 0.78 (0.13) 0.57 (0.01) 

    

BCF + 20 % pyrite   

MPI-1 1.17 (0.04) 1.02 (0.08) 1.26 (0.01) 

MPR 1.3 (0.08) 1.15 (0.01) 1.52 (0.01) 

MPI-3 1.31 (0.15) 1.13 (0.08) 1.49 (0.01) 

MP / P 3.45 (1.01) 3.17 (0.2) 3.21 (0.01) 

PAH / P 0.36 (0.36) 0.73 (0.2) 0.54 (0.01) 
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MP maturity ratios may be influenced by the preferential adsorption of certain 

isomers onto the sulfide mineral surfaces. In Chapter 2 it was found that the β MP 

isomers are more readily extracted with organic solvent than the α isomers. 

Preferential retention of α MP isomers by mineral surfaces would result in a decrease 

in apparent maturity. It is likely however that adsorption effects played only a minor 

role in the observed behaviour of the MP ratios in this study. Strong organic 

adsorption is generally observed on clay minerals (Lahav and Chang, 1976; Cleaves 

et al., 2012), not metal sulfides. Adsorption effects are expected to be proportional to 

mineral surface area (Cleaves et al., 2012), so it would be expected that experiments 

with 20 wt. % sulfide minerals added would display stronger effects than those with 

5 wt. % sulfides. Figure 4.3 shows that this is not the case, with little difference 

being observed between 5 wt. % and 20 wt. % sulfides in most cases. This argues 

against the strong influence of adsorption effects.  

 Alternatively the metal sulfides may be acting to catalyse or retard the isomerisation 

of MPs. Transition metal sulfides are known to act as surface catalysts for a number 

of sedimentary organic reactions (Wächtershäuser, 1988; Cody et al., 2004). During 

thermal maturation MPs undergo a range of methyl-shift and transmethylation 

reactions (Szczerba and Rospondek, 2010) which may be retarded by the presence of 

metal sulfides. The overall effect on the MP maturity parameters will be determined 

by the kinetics of each individual isomerisation reaction, and will require more 

detailed studies to fully elucidate.  

High-MW PAHs 

The addition of sulfide minerals caused a decrease in the production of high-MW 

PAHs (Figure 4.3D). This is especially apparent at higher pyrolysis temperatures, 

where the average PAH / P ratio decreased from 0.91 for the pure BCF sample to 

between 0.51 and 0.69 when sulfide minerals were added. Further interpretation of 

this relationship is limited by the high degree of uncertainty in the analysis of several 

samples, with the PAH / P ratio of some replicates varying by greater than 50 %. 

Fluoranthene and chrysene / triphenylene are both significantly affected by co-

eluting peaks even when integrated using the m/z 202 and 228 chromatograms, while 

five and six-ring PAHs were of such low abundance, especially at 300 °C pyrolysis 

temperature (Figure 4.2A), that they were difficult to integrate above the background 
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noise. Nevertheless the ratio of PAH / P for all MSSVpy experiments with added 

sulfide minerals were lower than those for the pure BCF sample. The reason for this 

reduction is currently unclear. The metal sulfide surfaces may inhibit the addition 

reactions by which high-MW PAHs are assembled from smaller aromatic units. As 

discussed on page 101, the MPI-1 and PAH / P ratios are sensitive to changes in 

redox conditions. Sulfide minerals are redox active and thus may influence the redox 

conditions of the MSSVpy experiments, however oxidation during pyrolysis is 

negligible due to the very low void space within the MSSV tubes (Horsfield et al., 

2015).   

 

 

Figure 4.3: Selected PAH ratios from MSSVpy. (A) methylphenanthrene index 1 (MPI-1), (B) 

methylphenanthrene ratio (MPR), (C) methylphenanthrene index 3 (MPI-3) and (D) ratio of four to 

six ring PAHs over phenanthrene (PAH / P). Data points are the average of duplicate measurements, 

error bars show the range of measurement. Shaded areas in A to C represent the range from the HYC 

deposit, reported by Williford et al. (2011). The range of PAH / P reported by Williford et al. (2011) is 

2.2 to 7.9.  
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Conclusions 

MSSVpy has been successfully used to simulate thermal maturation of OM from the 

BCF. MSSVpy of thermally immature sediment produced a distribution of 

hydrocarbon products including n-alkanes, two and three-ringed PAHs and their 

methylated isomers, typical of thermally mature organic sediments associated with 

mineralised regions of HYC. Methylphenanthrene maturity parameters measured 

from MSSVpy of BCF OM fell within the range previously reported from HYC, 

although the MPI-1 ratio was comparatively lower due to a greater proportion of 

unmethylated phenanthrene. PAHs with four to six aromatic rings were produced in 

increasing amounts at higher pyrolysis temperatures, but their relative abundance did 

not approach the levels reported at HYC. The temperature and time conditions used 

in this study may have been insufficient to form these compounds in high 

abundances. The increased maturity parameters and the production of high-MW 

PAHs were similar to those attributed to the hydrothermal alteration of sedimentary 

OM. The addition of metal sulfides consistently affected the values of MP maturity 

ratios, with an increase at 300 °C pyrolysis temperature and a decrease at 360 °C. It 

is hypothesised that MP isomerisation reactions may be moderated by the sulfide 

minerals.  
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Appendix 4 

 

Figure A4.1: Structures referred to in the text. 
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Table A4.1: Data used in the calculation of mass spectral correction factors for major PAH products. Correction factors were determined by calculating the correlation 

between abundances from total ion chromatograms (TIC) and extracted ion chromatograms (EIC) for each compound.    

Phenanthrene  Methylphenanthrenes  Pyrene  Chrysene  Benzo[e]pyrene  Benzo[ghi]perylene 

TIC EIC  TIC EIC  TIC EIC  TIC EIC  TIC EIC  TIC EIC 

157922728 72851747  260393237 86811919  61756968 22181203  152443448 55532067  126537997 37307112  26611119 11939894 

79150696 37123330  164693639 56923729  39719281 14630685  103362737 38568883  94315320 27414019  19063819 8345964 

127894862 58734255  205403166 70564284  46095862 15162869  106025145 40555415  94125710 26800569  16174085 7150011 

72553982 33859363  161853935 55727434  50924025 18557111  120733710 45478852  96033305 29258177  20034448 8110235 

9049579 4056567  27747306 9589296  8482701 2459384  27361120 9875071  29361933 8658134  7222902 2669661 

171954794 77073974  219190295 74564231  41837591 13526401  72578427 25310592  55138029 15177254  9413665 4206452 

                 

Slope 0.452  Slope 0.335  Slope 0.368  Slope 0.374  Slope 0.299  Slope 0.455 

r2 0.999  r2 0.999  r2 0.985  r2 0.996  r2 0.995  r2 0.989 
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Abstract 

Sulfur isotope studies of base metal sulfide deposits have mostly focussed on sulfide 

minerals, but elemental sulfur (S0) and organic sulfur are also potentially significant 

components of the sulfur cycle during ore deposition. The δ34S of S0 and organic 

sulfur isolated from the Paleoproterozoic Here’s Your Chance (HYC) Pb/Zn/Ag 

deposit (McArthur Basin, northern Australia) were measured to be between +5 and 

+8 ‰, approximately 6 to 7 ‰ heavier than the median values of first-generation 

HYC sulfides. S0 and organic sulfur are thought to have been formed 

contemporaneously with the first generation of metal sulfides. The δ34S of organic 

sulfur showed an increasing trend along the path of the mineralising fluid, as sulfate 

was progressively 34S-enriched due to Rayleigh distillation. The δ34S data support a 

model in which bacterial sulfate reduction produced dissolved sulfide with δ34S of 0 

to +5 ‰. The subsequent oxidation of sulfide produced reactive sulfur species such 

as polysulfide ions, which were then incorporated into organic matter.  
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Introduction 

Base metal sulfide deposits are some of the largest and most economically significant 

mineral accumulations in the world (Huston et al., 2006). Stable sulfur isotopic 

studies on these deposits have revealed important information on the transport of 

metal-bearing fluids and precipitation mechanisms (e.g. Broadbent et al., 1998; 

Ireland et al., 2004). In addition, sulfur isotopes may reflect the evolution of the 

sulfur cycle and ocean chemistry (Canfield and Teske, 1996; Farquhar et al., 2010; 

Nabbefeld et al., 2010a; Nabbefeld et al., 2010c; Böttcher, 2011). Most sulfur isotope 

studies have however focussed on metal sulfides, and have often neglected elemental 

sulfur (S0) and organic sulfur. The pool of elemental sulfur can be significant in 

anoxic sediments (Zhang and Millero, 1993; Zopfi et al., 2004; Zopfi et al., 2008; 

Yücel et al., 2010) and organic sulfur can also be a major sink of reduced sulfur in 

sediments (Sinninghe Damsté and de Leeuw, 1990; Anderson and Pratt, 1995; 

Brüchert and Pratt, 1996; Passier et al., 1999; Werne et al., 2003), yet the isotopic 

composition of S0 and organic sulfur in ore deposits remains largely unexplored.  

S0 is one of the products of the oxidation of dissolved sulfide. It is produced by both 

phototrophic and non-phototrophic sulfur bacteria (Fossing et al., 1995; Zopfi et al., 

2004; Zopfi et al., 2008) as well as by non-biological oxidation processes (Steger and 

Desjardins, 1980; Fry et al., 1988; Zhang and Millero, 1993). S0 is considered a 

partially oxidised intermediate product in the sulfur cycle as it can undergo further 

oxidation, reduction and disproportionation processes in sediments (Canfield and 

Thamdrup, 1994; Böttcher et al., 2001; Jørgensen and Nelson, 2004) and can also 

form polysulfide ions (Sx
-2) through reaction with dissolved sulfide (Chen and 

Morris, 1972; Kamyshny and Ferdelman, 2010).  

Organic sulfur is considered to be formed through two main pathways. Assimilatory 

sulfate reduction is the process by which microorganisms incorporate sulfate into the 

cell, where it is reduced to form essential sulfur-containing compounds such as 

amino acids (Canfield, 2001). This ‘biosynthetic sulfur’ is estimated to contribute up 

to 25 % of the organic sulfur in marine sediments (Anderson and Pratt, 1995; Passier 

et al., 1999; Werne et al., 2003). The second, more important pathway for the 

formation of organic sulfur is the incorporation of reduced sulfur during diagenesis. 

Reduced sulfur is produced from dissolved sulfate through dissimilatory sulfate 

reduction, also referred to as bacterial sulfate reduction (BSR) (Jørgensen, 1982; 
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Canfield, 2001). The mechanisms by which reduced sulfur is incorporated into 

organic matter (OM) are complex and not fully understood, but the reaction of 

polysulfide ions with functionalised organic moieties is thought to be a significant 

pathway in sediments (e.g. Sinninghe Damsté and de Leeuw, 1990; Aizenshtat et al., 

1995; Werne et al., 2008). Other reduced sulfur species such as H2S may also be 

incorporated into OM (Sinninghe Damsté and de Leeuw, 1990; Hebting et al., 2006; 

Asif et al., 2009), and have been linked to the preservation of soft tissue associated 

with fossilised organisms within carbonate concretions (Melendez et al., 2013).  

The isotopic composition of organic sulfur is primarily controlled by the isotopic 

composition of the source sulfur, most commonly dissolved seawater sulfate, as well 

as the isotopic fractionations associated with sulfate reduction and incorporation into 

OM. Assimilatory sulfate reduction produces minor fractionations of generally less 

than 2 ‰ (e.g. Kaplan and Rittenberg, 1964; Brüchert and Pratt, 1996), hence the 

δ34S of biosynthetic sulfur will be close to that of the source sulfate. Diagenetic 

organic sulfur is derived from isotopically light dissolved sulfide produced by 

dissimilatory sulfate reduction, with δ34S values up to 70 ‰ lower than the source 

sulfate under open system conditions (Wortmann et al., 2001; Sim et al., 2011). The 

magnitude of isotopic fractionation in sediments may be smaller than 70 ‰ due to 

reservoir effects (Brunner and Bernasconi, 2005; Böttcher, 2011). Conditions of 

severe sulfate depletion (< 200 μM dissolved sulfate) can reduce the isotopic 

fractionation to near zero, as almost all sulfates entering the cell are reduced (Habicht 

et al., 2002). The isotopic fractionations associated with the incorporation of sulfur 

into OM have not been extensively studied, however laboratory experiments 

performed on pure organic compounds have shown evidence of a 34S-enrichment in 

the product (Amrani and Aizenshtat, 2004). In a review of marine sediments from 

recent to Jurassic age, Anderson and Pratt (1995) found that organic sulfur and S0 

were enriched in 34S by an average of 10 ‰ compared to co-existing pyrite.  

Here we present δ34S measurements of S0 and organic sulfur from a Paleoproterozoic 

massive sulfide deposit, to explore the mechanisms of formation of these sulfur 

species and the biogeochemistry and role of sulfur during ore deposition.  
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Materials and methods 

Geologic setting 

The field site of this study is the Paleoproterozoic Here’s Your Chance (HYC) 

sediment-hosted Pb/Zn/Ag deposit located in the Barney Creek Formation (BCF), a 

1.64 Ga black shale in the McArthur Basin, northern Australia (Page and Sweet, 

1998). The geologic setting of HYC has been extensively described, and several 

models of formation have been proposed (e.g. Large et al., 1998; Logan et al., 2001; 

Williford et al., 2011). The deposit is hosted in a restricted sub-basin of the BCF 

(McGoldrick et al., 2010). Recent evidence has suggested that ferruginous conditions 

were widespread in the Paleoproterozoic McArthur Basin (Planavsky et al., 2011), 

however preserved n-alkane distributions from the deposit indicate the presence of 

sulfate-reducing and sulfide-oxidising bacteria, implying that the deposit was formed 

under euxinic conditions (detailed in Chapter 3). It is generally agreed that the 

formation of the deposit involved a hydrothermal fluid which leached base metals 

from underlying formations and transported them to the BCF (Cooke et al., 1998).  

Sample storage and preparation 

The samples used in this study were made available from the previous study of 

Williford et al. (2011). Samples were taken from five surface exposures of ore body 

five, and were labelled as pits 1 to 5. The samples follow the estimated flow path of 

the mineralising fluid from north-east to south-west, with pit 1 being the first 

deposited. At the conclusion of the Williford study the rock samples were wrapped in 

aluminium foil and stored in the dark at room temperature (for ca three years). Rock 

fragments were ground using a RockLabs ring will with a zirconium head, and the 

powdered rock was stored in sealed glass jars in the dark at room temperature. 

Sulfide minerals that are exposed to atmosphere may be oxidised to produce a range 

of species including elemental sulfur (Chandra and Gerson, 2011). To mitigate this 

possibility, Soxhlet extractions for the analysis of elemental sulfur commenced no 

later than one week after the rock was powdered.   
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Quantification of S0 

S0 was quantified using a method modified from Zopfi et al. (2004). 20 to 30 g of 

powdered rock sample was extracted with pure methanol (approximately 200 mL, 48 

hours) in a Soxhlet apparatus. Each extract was made up to 250 mL with methanol 

and analysed by reverse-phase chromatography using an Agilent 1200 series HPLC 

with an Agilent pump (1260), a diode array detector and a Spherisorb S10 ODS2 

column. Methanol (Mallinckrodt Chemicals, UltimAR grade) was used as the mobile 

phase at a flow rate of 1 mL/min. S0 was detected after 5.5 min at a wavelength of 

265 nm. Standards of S0 (Chem Supply ‘sulfur powder’, minimum 99.6 %) were 

prepared at concentrations of 1 to 1000 μM and analysed to create an external 

calibration curve.   

Isolation of kerogen and S0 for isotopic measurements 

The isolation of kerogen from HYC samples was a modification of the procedure 

described by Nabbefeld et al. (2010b), as detailed in Chapter 3. Briefly, removal of 

carbonates with 1 M HCl was followed by a two-stage digestion in 24 % 

hydrofluoric acid to remove silicate minerals. Kerogen was separated from acid-

insoluble sulfide minerals by heavy liquid separation using a saturated zinc bromide 

solution.   

S0 for δ34S analysis was obtained from Soxhlet extractions following the procedure 

described in Chapter 2. Powdered rock was extracted in a Soxhlet apparatus using 

dichloromethane / methanol (9:1 v/v, 96 hours). Activated copper turnings (VWR 

Chemicals, 1 hour sonication in 4 M HCl) were added to the collection flask to 

remove S0 from the organic extract. Dissolved S0 reacts with the activated copper to 

form solid copper sulfide, visible as a black layer on the surface of the copper. 

Additional copper was added to the collection flask after 24 hours, and the extraction 

continued for another 24 hours to ensure all S0 was collected. Copper added after 48 

hours showed no black colouration.      

Measurement of sulfur isotopic composition 

Copper sulfide was scraped from the surfaces of the activated copper for stable 

isotope measurements. Sulfur isotope measurements were carried out on both copper 

sulfide and kerogen by combustion-isotope monitoring ratio monitoring mass 
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spectrometry (C-irmMS). Samples were combusted with V2O5 added as a catalyst in 

Sn cups in a Thermo Flash elemental analyser coupled via a Thermo Conflo split 

interface to a Thermo Finnigan Mat 253 gas mass spectrometer. Sulfur isotope ratios 

(34S/32S) are reported in conventional δ-notation with a precision of approximately 

± 0.3 ‰, and were calibrated versus the Vienna Cañon Diablo Troilite (VCDT) scale 

according to Mann et al. (2009) using the international reference materials IAEA-S-

1, -2 and -3.  

Results and discussion 

Distribution of sulfur species in HYC sediments  

Table 5.1 shows the masses (μg per g sediment) of S0 and kerogen sulfur isolated 

from the five HYC samples. Also listed are comparative amounts of sulfur in 

sphalerite, galena and pyrite, separately calculated from total endowments reported 

by Lambert and Scott (1973) and Huston et al. (2006). Over 98 % of total sulfur at 

HYC exists as sulfide minerals, reflecting the rapid and efficient scavenging of 

dissolved sulfide by highly abundant metal species (e.g. Canfield, 1989; Druschel et 

al., 2002). Organic sulfur incorporated into kerogen is the next most abundant 

fraction, and only minor amounts of S0 are present. The amount of sulfur in HYC 

kerogens is higher than previous reports of non-mineralised McArthur Basin samples 

(Powell et al., 1987). A noticeable increase in organic sulfur appears to have 

accompanied mineralisation, indicating that whilst the majority of reduced sulfur is 

consumed by metal cations, some is also incorporated into OM.  

Quantification of S0 has not been reported for non-mineralised sediments from the 

McArthur Basin, but the amounts at HYC (2.5 to 11.8 μg/g) appear comparable to 

modern euxinic sediments (Henneke et al., 1997; Yücel et al., 2010). S0 is known to 

be produced by phototrophic sulfur bacteria (Zerkle et al., 2009), which have been 

identified in the mineralised zones of HYC (Chapter 3) and also in unmineralised 

sections of the BCF (Brocks et al., 2005). These bacteria not only produce S0 through 

the oxidation of dissolved sulfide, but also consume S0 when the supply of sulfide is 

limited (Zerkle et al., 2009). During mineralisation the rapid reaction of sulfide with 

metal ions would have greatly reduced the availability of sulfide for phototrophic 

oxidation and may have forced the bacteria to consume S0. S0 may also be consumed 
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by bacterial disproportionation reactions (Canfield and Thamdrup, 1994; Böttcher et 

al., 2001) or mobilised by reaction with dissolved sulfide to form polysulfide ions 

(Aizenshtat et al., 1995).  

 

Table 5.1: δ34S of kerogen and S0 for the five HYC sample pits (error is ± 0.3 ‰), plus masses of 

sulfur contained in kerogen and S0 in the five HYC sample pits, reported in μg of sulfur per g of rock. 

Average masses of sulfur in sulfide minerals were calculated from data reported by Huston et al. 

(2006) for ZnS and PbS, and Lambert and Scott (1973) for FeS2. 

 Pit 1 Pit 2 Pit 3 Pit 4 Pit 5 

Distance from pit 1 (m) 0 104 372 553 710 

      

δ34S (‰)      

Kerogen 4.9 8.5 6.2 6.5 8.0 

S0 7.3 7.9 6.0 7.1 7.0 

      

Kerogen sulfur (% dry wt.) 26 8 23 28 25 

      

Mass (μg S / g rock)      

Kerogen sulfur 2054 384 1104 1344 1400 

S0 2.9 8.4 2.5 11.8 10.7 

      

 PbS ZnS FeS2   

Average mass (μg S / g rock) 6345.9 45127.6 80390.3   

 

Extractable organic sulfur compounds such as dibenzothiophenes (DBTs) have been 

detected in only trace amounts in HYC sediments (Chen et al., 2003), hence are not 

considered significant to the sulfur cycle of the HYC mineral system (presented on 

page 131). DBTs may form through either the breakdown of sulfur-containing 

kerogen during thermal maturation (Aizenshtat et al., 1995) or the incorporation of 

sulfur into existing aromatic compounds (Fenton et al., 2007; Asif et al., 2009). The 

low abundance of DBTs in HYC bitumen suggests that these processes did not occur 

to a significant extent during mineralisation. It may also reflect the thermal cracking 

of DBTs to H2, H2S and biphenyls, as has been demonstrated in pyrolysis 

experiments (Dartiguelongue et al., 2006).  
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Figure 5.1: δ34S of kerogen and S0 from the five HYC sample pits. Error bars indicate uncertainty of 

0.3 ‰.  

δ34S of kerogen and S0 

The δ34S values of kerogen and S0 from the five HYC sample pits are shown in Table 

5.1. These were consistently between +6 and +8 ‰ except for pit 1 kerogen 

(+4.9 ‰). The δ34S of kerogen and S0 from each sample pit were within 1 ‰ apart 

from pit 1, where the kerogen was 2.4 ‰ lighter. This close equivalence matches 

previous observations of co-existing kerogen and S0 (summarised by Anderson and 

Pratt, 1995) and has been attributed to a common sulfur source for the two species.  

The δ34S values of all kerogen samples, with the exception of pit 2, show a steady 

increase from +5 ‰ to +8 ‰ along the path of hydrothermal fluid flow (Figure 5.1). 

Such an increase is consistent with a genetic model in which base metal sulfides and 

organic sulfur are formed from sulfate carried by the mineralising fluid, likely 

sourced from evaporitic units that are present throughout the McArthur Basin (e.g. 

Cooke et al., 2000). Sulfate reduction (bacterial or thermochemical) produces sulfide 

with a significant depletion in 34S, hence the residual sulfate is progressively 

enriched through Rayleigh distillation (e.g. Seal, 2006; Hartmann and Nielsen, 

2012). The pit 2 kerogen value of +8.5 ‰ is an exception to this otherwise consistent 

trend. This sample also exhibits an anomalously low weight percentage of sulfur (8 

wt. % of kerogen, compared to > 23 wt. % for the other samples), suggesting that it 
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may have been affected by localised processes that have removed a large fraction of 

organic sulfur, with the remainder being enriched in 34S. 

 

Figure 5.2: δ34S of kerogen from the five HYC sample pits (error bars indicate uncertainty of 0.3 ‰), 

plotted against average δ13C of PAHs (reported by Williford et al., 2011). The input of 13C-enriched, 

non-indigenous PAHs decreases from pits 1 to 5 (page 129).       

 

The large input of sulfate with the mineralising fluid also fits with the recent 

evidence for euxinic conditions during the formation of HYC whilst the wider 

McArthur Basin was predominantly ferruginous (Chapter 3). Such an influx of 

sulfate into the restricted HYC sub-basin could have caused the development of 

euxinic conditions via the increased production of sulfide by sulfate-reducing 

bacteria (Poulton et al., 2010). Temperature estimates for the mineralising fluids at 

HYC, which generally range between 150 and 200 °C (e.g. Large et al., 1998; 

Williford et al., 2011) are above the range at which microbes can survive. When the 

fluid reached the HYC sub-basin dissolved sulfate in the fluid would have been 

consumed by sulfate-reducing bacteria existing within the water column and 

sediments. The mixing of the hot mineralising fluid with the basin water would likely 

have lowered the temperature to within the viable range of sulfate reducing bacteria, 

which have been shown to be active at temperatures up to 85 °C (Canfield et al., 

2000). 
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The increase in kerogen δ34S along the path of fluid flow is further illustrated in 

Figure 5.2, in which δ34S of kerogen is plotted against the average δ13C of PAHs 

from the same sample pits reported by Williford et al. (2011). The δ13C of PAHs 

decreases from pits 1 to 5 along the flow path of the mineralising fluid, due to the 

decreasing input of migrated PAHs that are relatively enriched in 13C (Williford et 

al., 2011). The concurrent increase of kerogen δ34S may be explained by a Rayleigh 

distillation process as discussed above. The δ34S of elemental sulfur does not reflect a 

similar trend and shows no clear pattern along the flow path of the hydrothermal 

fluid. Elemental sulfur is a highly reactive species which can be consumed by 

oxidation and/or disproportionation reactions (see page 125) and can also be 

generated after deposition by the oxidation of sulfide minerals or aqueous sulfide 

(Steger and Desjardins, 1980; Zhang and Millero, 1993). Any trend in the δ34S of 

elemental sulfur along the fluid flow path is likely to have been overprinted by such 

local effects.  

A possible alternative explanation for the increase in kerogen δ34S along the flow 

path of the mineralising fluid is a temperature control effect. The flow of the 

mineralising fluid is believed to have produced a gradient of decreasing temperature 

from pits 1 to 5 as the fluid cooled during deposition (Williford et al., 2011). The 

isotopic fractionation associated with BSR has been shown to be influenced by 

temperature, with increased temperatures generally producing higher rates of sulfate 

reduction and reduced fractionation (Kaplan and Rittenberg, 1964). If temperature 

was an important control, the highest temperature pit (pit 1) would have experienced 

the least fractionation during sulfate reduction and would thus be the most enriched 

in δ34S. This is the opposite of the observed trend, as seen in Figure 5.1, hence the 

temperature of the mineralising fluid does not appear to have significantly affected 

the δ34S of organic sulfur at HYC. This finding fits with previous observations that 

the isotopic fractionation of BSR remains relatively constant at temperatures of 60 

°C and above (Böttcher et al., 1999; Canfield et al., 2000). 

Figure 5.3 shows a comparison of the measured δ34S of kerogen and S0 with previous 

sulfur isotopic studies of sulfide minerals from HYC and other McArthur Basin 

sediments. Detailed isotopic measurements have revealed two main phases of sulfide 

precipitation at HYC. Eldridge et al. (1993) proposed that first-generation pyrite 

(with δ34S -13 to +15 ‰) was formed during early diagenesis from sulfide produced 
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by BSR, whilst a later second-generation pyrite (-5 to +45 ‰) was formed in a 

closed system from residual sulfide that was relatively more enriched in δ34S. A 

subsequent investigation by Ireland et al. (2004) identified two phases of sphalerite: 

an early sphalerite with δ34S of 0 to +12 ‰ which precipitated prior to first-

generation pyrite, and a later, heavier phase (+3 to +19 ‰). First-generation 

mineralisation comprises over 80 % of all pyrite and sphalerite at HYC (Ireland et 

al., 2004).  

 

Figure 5.3: Box-and-whisker plots of δ34S data for kerogen and S0 from HYC (this study) and 

previously-reported δ34S of sulfide minerals from HYC and the McArthur Basin. Whiskers show the 

full range of reported δ34S, boxes represent the middle 50 % of the data (first to third quartiles). 

Estimated isotopic composition of Paleoproterozoic seawater sulfate (+20 to +25 ‰: Strauss, 1993) is 

indicated by the lightly shaded area. 1 Eldridge et al. (1993), 2 Ireland et al. (2004), 3 Johnston et al. 

(2008), 4 Shen et al. (2002).  

 

Kerogen and S0 measured in this study are 3 to 7 ‰ heavier than the average δ34S of 

first-generation HYC sulfides. This broadly fits with the findings of Anderson and 

Pratt (1995), who showed that kerogen and S0 are 34S-enriched from co-existing 

pyrite in marine sediments by an average of 10 ‰. S0 and organic sulfur at HYC 

likely formed contemporaneously with the first-generation sulfides. The second 

generation of sulfides at HYC is relatively enriched in 34S, which was attributed to 

the formation from 34S-heavy pore-water sulfate in a closed system (Eldridge et al., 
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1993). This limited supply of sulfur would have been efficiently scavenged by metal 

cations. The lower δ34S of S0 and organic sulfur indicates that these species were 

formed from the more freely available and relatively lighter sulfide responsible for 

the first-generation metal sulfides.  

It is notable that the δ34S of S0 and kerogen show a greatly reduced range of values 

compared to base metal sulfides at HYC (Figure 5.3). S0 and kerogen were analysed 

by bulk techniques using > 20 g of rock from each sample pit (page 124). 

Conversely, the ion probe and laser ablation measurements of Eldridge et al. (1993) 

and Ireland et al. (2004) measured δ34S of base metal sulfides at high resolution, 

revealing extreme isotopic heterogeneity on a fine scale. Microscale in situ 

measurements of organic δ34S, such as those demonstrated by Bontognali et al. 

(2012), may reveal similar heterogeneity of organic sulfur isotopes.  

Model of sulfur transformations at HYC 

The measured δ34S of S0 and organic sulfur fit well with the simplified model of 

sulfur transformations during the deposition of HYC presented in Figure 5.4. The 

model is based on a middle Proterozoic seawater sulfate isotopic composition of +20 

to +25 ‰ (Strauss, 1993). Sulfate reduction was assumed to be accompanied by an 

estimated 34S-depletion of 20 ‰, which was proposed by Shen et al. (2002) as being 

typical for BSR in euxinic sections of the McArthur Basin with limited supply of 

sulfate. The HYC deposit was formed in a tectonically-controlled sub-basin in which 

local conditions were conducive to BSR and exchange with the main basin was 

partially restricted (McGoldrick et al., 2010). 

This degree of fractionation is also within the range reported for thermochemical 

sulfate reduction (TSR; Machel et al., 1995). The respective contributions of BSR 

and TSR during the deposition of HYC have been difficult to resolve (Logan et al., 

2001). Ireland et al. (2004) concluded that whilst both BSR and TSR likely 

contributed to the formation of the deposit, BSR was the dominant process. n-Alkane 

distributions indicative of sulfate-reducing bacteria have recently been detected in 

highly-mineralised regions of HYC (Chapter 3). The 34S-enrichment of 

benzothiophenes compared to dibenzothiophenes has been proposed as a proxy for 

TSR (Amrani et al., 2012), however dibenzothiophenes have been detected only in 

trace amounts at HYC (page 126) whilst benzothiophenes have not been reported. 
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For the purposes of this simplified model it was considered that the sulfide was 

formed solely by BSR.  

The assumed fractionation of 20 ‰ during BSR would produce sulfide with δ34S of 0 

to +5 ‰. Only minor fractionation occurs during the precipitation of sulfide minerals 

from dissolved sulfide (Price and Shieh, 1979; Böttcher et al., 1998; Butler et al., 

2004), therefore the δ34S of sulfide minerals is also expected to be close to 0 to 

+5 ‰. This is consistent with the sulfur isotopic composition of first-generation 

HYC sulfides measured by Eldridge et al. (1993) and Ireland et al. (2004), and also 

with the δ34S of pyrite from the Wollogorang Formation (-2 to +6 ‰), which 

underlies the BCF and through which the mineralising fluid is believed to have 

flowed (Donnelly and Jackson, 1988; Shen et al., 2002).  

Dissolved sulfide that does not react to form sulfide minerals may be oxidised by a 

range of microorganisms and also by abiotic reactions (Canfield, 2001). The δ34S of 

S0 at HYC (+6 to +8 ‰) is slightly higher than the sulfide minerals (Figure 5.3), 

consistent with production by phototrophic sulfur bacteria. Biomarker evidence for 

the presence of phototrophic sulfur bacteria has been detected at HYC (Chapter 3), 

as well as non-mineralised sections of the BCF (Brocks et al., 2005). S0 produced by 

phototrophic sulfur bacteria in bacterial culture experiments was reported to be 1 to 

3 ‰ enriched in 34S compared to the source sulfide (Zerkle et al., 2009). Conversely, 

a depletion of 4 to 5 ‰ is typical for the abiotic oxidation of sulfide to S0 (Fry et al., 

1988), which does not fit the available data. The δ34S of S0 at HYC must be 

interpreted with caution as a significant proportion has likely been consumed by 

oxidation and/or disproportionation reactions, and some may also have been 

generated by non-biological oxidation reactions after deposition (page 125). The 

isotopic composition of the remaining S0 will have been modified by these post-

depositional processes, so firm conclusions on its formation cannot be drawn based 

on this data. Nevertheless, the available isotopic and biomarker evidence supports the 

oxidation of sulfide by phototrophic sulfur bacteria.   
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Figure 5.4: Proposed scheme for the formation of organic sulfur, S0 and sulfide minerals at HYC. Details of the scheme are discussed on pages 131-134. Boxes represent the 

δ34S of the various sulfur species (vertical axis is not to scale), and arrows represent predicted fractionations during transformation processes. δ34S values in bold were 

measured either in this study (S0 and organic sulfur) or by previous researchers. δ34S values in italics are predictions calculated from the measured values and fractionations 

reported in previous studies. 1 Strauss (1993), 2 Canfield (2001), 3 Shen et al. (2002), 4 Machel et al. (1995), 5 Eldridge et al. (1993), 6 Ireland et al. (2004), 7 Zerkle et al. 

(2009), 8 Amrani et al. (2006), 9 Amrani and Aizenshtat (2004), 10 Anderson and Pratt (1995). 
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Polysulfide ions exist in equilibrium with S0 and dissolved sulfide, and have been 

show in laboratory experiments to be 2 to 4 ‰ enriched in 34S compared to sulfide 

(Amrani et al., 2006). The incorporation of polysulfides into OM may result in 

further enrichment. This process has not been widely studied, but Amrani and 

Aizenshtat (2004) reported that the reaction of model polysulfide solutions with pure 

carbonyl compounds produced organic sulfur compounds (primarily alkyl chains 

connected by polysulfide bridges) that were 34S-enriched by 4 to 5 ‰. 

Sedimentary organic sulfur is thought to derive from a combination of diagenetic and 

biosynthetic pathways, with biosynthetic sulfur being relatively enriched in 34S as it 

is formed with similar δ34S to the seawater sulfate source (Kaplan and Rittenberg, 

1964; Brüchert and Pratt, 1996). Biosynthetic sulfur has been estimated to contribute 

up to 25 % of organic sulfur in marine sediments (Anderson and Pratt, 1995; 

Brüchert and Pratt, 1996; Passier et al., 1999), although this proportion may be 

reduced with thermal maturation as the highly labile biosynthetic sulfur compounds 

are expected to be rapidly remineralised (Werne et al., 2003). Assuming a 

contribution from biosynthetic sulfur of 10 %, the model predicts organic sulfur with 

δ34S between +7 and +15 ‰. The measured δ34S of HYC kerogen (+5 to + 8 ‰) is at 

the lower end of this range. This may suggest a lower degree of 34S-enrichment 

during incorporation of sulfur into OM than was reported from the laboratory 

experiments of Amrani and Aizenshtat (2004). Recently reported compound-specific 

δ34S measurements of diagenetic organic sulfur compounds from the Cariaco Basin 

showed that some compounds were significantly 34S-depleted compared to co-

existing sulfide (Raven et al., 2013), suggesting that diagenetic sulfurisation may 

result in a wider range of fractionations than previously reported. Alternatively the 

contribution from biosynthetic sulfur at HYC may have been lower than the assumed 

10 %.  

The model shown in Figure 5.4 presents only a simplified view of the chemical 

transformations of sulfur during the deposition of HYC, but matches well with the 

measured δ34S of S0 and kerogen. It should be noted that the simplified model 

presented here is based on a system that is open for all relevant processes. A natural 

environment with closed or semi-closed precipitation conditions, and the potential 

for changes in conditions during the evolution of the system, may alter the predicted 
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trends and further complicate interpretations of the genetic relationships of the 

different sulfur-bearing phases.       

Conclusions 

The sulfur isotopic composition of S0 and organic sulfur at HYC reveals information 

on sulfur cycling during the formation of the base metal sulfide deposit. These 

species are 3 to 7 ‰ enriched in 34S compared to first-generation sulfide minerals. 

The measured δ34S values strongly support a genetic model in which S0 and organic 

sulfur were formed simultaneously with base metal sulfides from dissolved sulfide 

that was produced by BSR. Organic sulfur is believed to have been formed through 

the incorporation of polysulfide ions into OM. Whilst the five pit samples represent a 

modest sample set, the organic sulfur displayed a trend of increasing δ34S along the 

path of the mineralising fluid which may result from Rayleigh distillation, suggesting 

that δ34S of organic sulfur may be useful for the targeted exploration of minerals. The 

enrichment in 34S of S0 compared to HYC sulfide minerals suggests that phototrophic 

sulfur oxidation may have been an important process, but the likely alteration of the 

isotopic signal by post-depositional processes renders this conclusion uncertain.  

Although organic sulfur and S0 are quantitatively minor components of the total 

sulfur inventory at HYC, this study has shown that they reveal important aspects of 

the sulfur cycle during the formation of the deposit, complementing and extending 

the more traditional studies of mineral sulfides. These species should not be 

neglected in isotopic investigations of base metal deposits, or of any sedimentary 

system in which the sulfur cycle plays an important role. 
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This PhD project has explored novel aspects of the organic geochemistry of the 1.64 

Ga Here’s Your Chance (HYC) Pb/Zn/Ag deposit. The HYC deposit is the largest of 

the Paleoproterozoic sediment-hosted Pb/Zn/Ag deposits in northern Australia. OM 

from the deposit has experienced extensive hydrothermal alteration through the 

action of the mineralising fluid. The aims of this project were to detect organic 

evidence of the depositional environment of HYC, to relate this evidence to the 

processes of mineral deposition, and to further investigate the effects of 

hydrothermal alteration on OM at the deposit.   

The HYC samples used in this project were taken along the estimated flow path of 

the mineralising fluid. A fraction of extractable OM occluded within the kerogen / 

mineral matrix (Bitumen II) from these samples was isolated and analysed by 

GC-MS and stable carbon compound-specific isotope analysis (CSIA), and 

compared with the freely-extractable OM (Bitumen I) and isolated kerogen. 

Pyrolysis experiments were performed on an immature, unmineralised sample from 

the host Barney Creek Formation (BCF) to assess the ability of laboratory 

simulations to replicate the effects of hydrothermal alteration on sedimentary OM, 

and to investigate the effect of base metal sulfides on the maturation of OM. Reduced 
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sulfur species are sensitive indicators of redox and other environmental conditions 

and are highly abundant in the deposit, so the δ34S of elemental sulfur (S0) and 

organic sulfur (kerogen) from the deposit were measured. The application of these 

novel organic geochemical techniques can reveal important information on the 

formation of mineral deposits that cannot be obtained by traditional techniques.   

Depositional environment and sulfur biogeochemistry of HYC 

Sediment-hosted Pb/Zn/Ag deposits such as HYC are believed to form in euxinic 

basins. In Chapters 2 and 3 Bitumen II was isolated from five highly-mineralised 

samples. In several samples a distinctive distribution of long chain n-alkanes (C22 to 

C38) was detected with an even-numbered predominance and δ13C of -32 to -34 ‰. 

These features were attributed to the presence of sulfate-reducing bacteria (SRB) and 

phototrophic sulfur bacteria (PSB). Their presence in Bitumen II strongly suggests 

they are indigenous to HYC, and this was further supported by the close correlation 

of δ13C with that of kerogen isolated from the deposit. The δ34S of kerogen and S0 

(Chapter 5) was consistent with their formation from sulfide produced by bacterial 

sulfate reduction. S0 and organic sulfur were enriched in 34S compared to base metal 

sulfides, which may be the result of phototrophic sulfide oxidation. The above 

evidence for the presence of SRB and PSB suggests that the HYC deposit was 

formed under euxinic conditions which may have extended into the photic zone. 

Micro-Scale Sealed Vessel pyrolysis (MSSVpy) of an unmineralised sample from 

the BCF (Chapter 4) produced all of the general characteristics observed at HYC, 

such as the destruction of aliphatic biomarkers and the formation of PAHs, implying 

that sedimentary OM at the deposit was impacted by hydrothermal alteration.  

There is evidence that the influx of mineralising fluid that carried base metals to 

HYC may also have resulted in significant changes to environmental conditions. The 

δ34S values of kerogen and S0 (Chapter 5) range from +5 to +8 ‰. These values are 

significantly depleted compared to pyrite from the unmineralised BCF, but close to 

the δ34S of base metal sulfides from mineralised zones in the deposit. The δ34S of 

organic sulfur increased from +5 to +8 ‰ along the flow path of the mineralising 

fluid. This increase is consistent with Rayleigh distillation, with continuous sulfate 

reduction causing the sulfate carried with the fluid to become progressively more 
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enriched in 34S. The sulfur isotopic evidence is consistent with the transport of 

sulfate by the mineralising fluid, which was reduced to sulfide by sulfate-reducing 

bacteria. This sulfide rapidly reacted with abundant metal ions carried by the fluid to 

precipitate base metal sulfides, with the remaining sulfide being oxidised to generate 

S0 and organic sulfur.  

Effects of hydrothermal alteration on HYC OM 

Bitumen I at HYC was strongly affected by hydrothermal alteration, and may also 

have been overprinted by non-indigenous hydrocarbons carried by the mineralising 

fluid. Bitumen II is closely associated with the kerogen / mineral matrix and is hence 

believed to be protected against alteration and overprinting. n-Alkane distributions 

that showed evidence for the presence of SRB and PSB (Chapter 3) were detected in 

Bitumen II, but not in Bitumen I. PAH maturity parameters gave conflicting 

information as to the relative maturities of Bitumens I and II. The MPI-1 parameter 

was much lower in Bitumen II than Bitumen I, but this appears to be primarily due to 

the reduced proportions of methylated phenanthrene isomers in Bitumen II compared 

to unmethylated phenanthrene. The MPR parameter is approximately equal in 

Bitumens I and II (within 0.1 for four samples), which suggests that they may have 

experienced similar levels of thermal maturity. The differences in n-alkane 

distribution between the two fractions may primarily be a result of migration, rather 

than thermal maturity. There is strong evidence that Bitumen II n-alkanes are 

indigenous to HYC, based on the close correlation of δ13C with isolated kerogen. 

Conversely Bitumen I n-alkanes are 4 to 6 ‰ enriched in 13C, suggesting they are not 

indigenous, and may have been transported to HYC with the mineralising fluid.      

Laboratory simulation of hydrothermal alteration was achieved with the application 

of MSSVpy to an immature, unmineralised sample from the BCF (Chapter 4). The 

pyrolysis experiments approximately replicated the characteristic PAH distributions 

and maturity profiles of the HYC deposit. However, methylated phenanthrenes were 

detected in much lower abundances than seen at HYC, possibly due to demethylation 

reactions during pyrolysis. MSSVpy in the presence of abundant metal sulfides (PbS 

or ZnS) showed that these minerals can have a significant effect on PAH maturity 

ratios, likely due to surface catalytic effects on methylation and demethylation 
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reactions. These effects are complex and more research will be required to 

understand their influence on the maturity of natural systems such as HYC.  

Application of novel organic geochemical techniques to ore deposit 

studies 

This PhD project used contemporary organic geochemical techniques that have not 

previously been applied to the characterisation of ore deposits. The isolation and 

analysis of Bitumen II is a recent development and has been demonstrated for only a 

limited number of samples. Here, Bitumen II was extracted from HYC sediments, 

and subsequent analyses showed that it was not contaminated with residual 

Bitumen I (Chapter 2). This implies that it is composed entirely of OM that was 

occluded within the kerogen / mineral matrix. Analysis of Bitumen II revealed 

evidence of SRB and PSB present during the formation of the deposit (Chapter 3). 

The diagnostic molecular features of these bacteria were not observed in Bitumen I, 

highlighting the value of analysing Bitumen II from ancient, heavily altered 

environments. It was also found that high-MW PAHs are less efficiently Soxhlet 

extracted than alkanes and low-MW PAHs (Chapter 2). High-MW PAHs are 

important products of hydrothermal alteration and often present in OM of ore 

deposits; hence this result has important implications for organic studies of these 

systems. Extraction times greater than 72 hours may be required if high-MW PAHs 

are to be accurately quantified.  

MSSVpy, a method previously used to study the kinetics of oil formation, was able 

to successfully simulate the effects of hydrothermal alteration on sedimentary OM 

(Chapter 4). Pyrolysis of an unmineralised BCF sample spiked with PbS or ZnS 

showed that sulfide minerals can affect the behaviour of PAHs during thermal 

maturation. The effects of base metal sulfides on organic maturation had not 

previously been explored in detail. MSSVpy is a relatively simple analytical method 

requiring only mg quantities of sample. The present study suggests it would be a 

potentially useful screening tool for ore deposit exploration.  

Reduced sulfur species are abundant in sedimentary Pb/Zn ore deposits, but organic 

sulfur and S0 have traditionally been neglected in sulfur isotopic studies of these 

systems. It was shown in Chapter 5 that while these species are not quantitatively 
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abundant, their δ34S values can reveal valuable information about the transformation 

processes of sulfur during ore formation, and hence about the depositional 

environment. Therefore, isotopic measurements of organic sulfur and S0 can provide 

additional information that is not captured by the traditional analysis of sulfide 

minerals, and these species should be considered in future sulfur isotopic studies.     

Limitations and future work 

Given the novel nature of the main analytical techniques used in this PhD project, 

more work will be required to fully realise their potential and to give a greater 

understanding of the results obtained. The analysis of Bitumen II (Chapters 2 and 3) 

will be greatly valuable in systems that have experienced extensive alteration or 

migration, but the use of high volumes of hydrofluoric acid renders the preparation 

dangerous and difficult to implement in most laboratories. The technique is currently 

limited to small volumes (less than 5 g) of sample; hence the amount of Bitumen II 

obtained is small. Stable carbon CSIA of Bitumen II PAHs would have been 

invaluable to demonstrate their syngeneity, but was not possible due to the low 

amounts of PAHs obtained. Likewise it was not possible to measure the hydrogen 

isotopic composition of Bitumen II, as hydrogen CSIA is less sensitive than carbon 

CSIA. An isolation process that allows for greater sample sizes should be developed, 

although dedicated laboratories may be required for the handling of hydrofluoric acid 

in high volumes. A wider investigation of Bitumen II from a range of sample sites is 

also necessary to more robustly determine the behaviour of aromatic hydrocarbons. 

Bitumen II from HYC contained a far reduced proportion of methylated 

phenanthrenes compared to Bitumen I (Chapter 3), but the reasons for this reduction 

are unclear. It was hypothesised that OM in Bitumen II experiences restricted access 

to the ‘methyl pool’ from which methyl groups are donated, but further studies are 

necessary to confirm this.    

MSSVpy was shown to simulate the hydrothermal alteration of sedimentary OM and 

to reveal the influence of metal sulfides on organic maturation (Chapter 4). The 

present study was however limited to one sample, three pyrolysis temperatures (300, 

330 and 360 °C) and two mineral additives (PbS and ZnS). A wider range of 

temperatures, both above and below the range applied here, would expand the 
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analysis and confirm observed trends. Preliminary attempts to heat samples at 400 °C 

caused frequent rupturing of the pyrolysis tubes, so it may be necessary to 

manufacture tubes from a more heat-resistant material or to place the tubes in 

pressurised autoclaves to balance the high internal pressure. The MSSVpy study 

showed that metal sulfides influenced the behaviour of PAH maturity parameters 

during maturation, but a thorough understanding of the associated reaction 

mechanism will require more detailed study. 

The integration of these analyses with several other recently-developed analytical 

techniques would provide a natural extension of the present study. MSSVpy is an 

online pyrolysis technique; therefore the pyrolysate cannot be fractionated before 

GC-MS analysis. The resulting pyrograms are ‘busy’ and analytes often co-elute 

(Chapter 4). Coupling of MSSVpy to a GC×GC-TOFMS instrument would vastly 

increase the separation of analytes and allow for accurate quantification of low-

abundance components.    

The δ34S measurements of S0 and organic sulfur presented in Chapter 5 were 

average values of sulfur isolated from 20 g or more of rock. They do not reflect the 

high degree of isotopic heterogeneity observed from previous measurements of 

sulfide minerals, which were obtained through ion-probe and laser-ablation 

techniques at resolutions of 100 μm or less. High-resolution δ34S measurements of 

organic sulfur have recently been reported, and would give greater understanding of 

the formation of organic sulfur at HYC. The kerogen analyses provided only a bulk 

δ34S measurement of organic sulfur. Attempts were made to measure the δ34S of 

DBTs using the newly-developed gas chromatography – inductively-coupled plasma 

mass spectrometry (GC-ICPMS) facility at the University of Western Australia, but 

the abundance of DBTs was too low for accurate measurement. Improving the 

sensitivity of this technology may allow for compound-specific sulfur isotope 

measurements to be made, opening another powerful avenue of research into the 

sulfur cycle at HYC.  
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