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ABSTRACT 

Continuous flow measurement of the stable sulfur isotopic (34S) values of individual 

organic sulfur compounds was shown to be feasible about one decade ago by gas 

chromatography-inductively coupled plasma mass spectrometry (GC-ICPMS). With on-

going development compound specific sulfur isotope analysis (CSSIA) has proved to be 

a reliable analytical method used in various biogeochemical sulfur studies. 

Characterisation of sulfur rich (e.g. type IIS) petroleum samples has been one of the more 

popular applications of CSSIA, with the stable sulfur isotopic values of organic sulfur 

compounds (34SOSC) in petroleum often revealing valuable information about the organic 

sulfur sources and geochemical history of oils. 34SOSC data has helped to identify major 

sulfur contribution to oils in several petroleum provinces of the world (e.g. N. America, 

Middle East and China) and has also been shown to be sensitive to geothermal processes, 

particularly thermochemical sulfate reduction (TSR). There has been steady uptake of this 

new analytical technology by petroleum exploration and research groups investigating S-

impacted petroleum, yet there is still much to learn about the S-cycle of petroleum 

systems. The continued development, maturity and petroleum application of CSSIA will 

help to further illuminate sulfur geochemical processes.  

To this end, after a brief evaluation of the 34S integrity of several common laboratory 

pretreatment procedures to increase confidence in 34S based interpretations, the current 

study conducted CSSIA studies of selected petroleum samples from several prominent 

petroleum regions of the world. This included biodegraded petroleum from the Athabasca 
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oil Sands (Canada) and sour gas rich, type-IIS sourced or TSR impacted petroleum from 

the Bohai Bay and Tarim Basins of China.  

The sulfur isotopic integrity of phase transitions accompanying solvent evaporation and 

column chromatography separation of polarity fractions were briefly evaluated (Chapter 

2). The concentration and 34S dynamics of a mixture of four authentic OSCs (1-

dodecanethiol, C12SH; 1-octadecanethiol, C18SH; benzothiophene, BT; and 

dibenzothiophene, DBT) dissolved in dichloromethane solvent were monitored during a 

controlled solvent evaporation experiment. The susceptibility of the OSCs to evaporative 

loss on solvent volume reduction was consistent with their respective vapor pressures, i.e. 

BT > C12SH > DBT > C18SH. The relatively persistent DBT and C18SH showed no 

obvious change in their 34S values over the 10 hr timeframe of the experiment. However, 

the more volatile C12SH had shown a small 34S enrichment of up to +3‰ just prior to it 

was lost at 6.75hrs. BT completely evaporated after 25min preventing a temporal 

evaluation of its 34S value. Nevertheless, the results of the other OSCs suggest the 34S 

values of all but the most volatile petroleum OSCs are relatively stable to large volume 

solvent evaporation processes.  

The OSCs isolated in the aromatic fractions of oils (ZS1C, Qun7) separately isolated on 

Al2O3 and PdCl2 packed columns gave very similar 34S values. Higher concentrations of 

OSCs were obtained with the PdCl2 stationary phase compared to the more traditionally 

used Al2O3, which supported a greater number and precision of 34SOSC measurements. 

The 34S values of thioaromatics and caged-S compounds in the ZS1C oil separated using 

a novel methylation/demethylation method were also measured. The BTs and DBTs in 

this thioaromatic fraction had very similar 34S values to the same compounds in the 

aromatic fractions obtained with the PdCl2 or Al2O3 columns. The thiadiamondoids 
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isolated in the sulfidic fraction of ZS1C oil by the methlation/demethlation method had 

similar 34S values to the BTs of this oil (both ~40‰ due to incorporation of 34S enriched 

H2S reduced from anhydrite). The consistency of 34SOSC data measured in the different 

fractions suggests the 34S integrity of petroleum analytes is maintained by each of the 

separation methods tested. 

 

In Chapter 3, the effects of petroleum biodegradation on 34SOSC values was investigated. 

Whilst the 34SOSC dynamics associated with thermally matured or TSR impacted oils has 

been well studied, the S-isotopic behavior of biodegraded oils has not yet received serious 

attention. After an initial failed attempt to biodegrade the OSCs in the ZS1C oil in 

laboratory-controlled microcosm experiments (i.e. OSC concentrations had not 

significantly reduced by 3 months of microcosm treatment), several extracted oils from 

Peace River (PR) wells of the Athabasca oil sands (Canada) were acquired from the 

Calgary Organic Geochemistry research team (thank-you Prof. Steve Larter). The oils 

from two PR wells spanned biodegradation levels (BLs) of 3 to 4 and 5 to 6, respectively. 

The concentrations of alkylated thioaromatics in the oils were measured by GC-MS to 

decrease with the progression of biodegradation down both wells. The 34S values of 

several alkyl-BTs measured from one well by GC-ICPMS became more enriched (≤6‰) 

with biodegradation, consistent with a kinetic control on the preferential microbial 

utilisation of 32S. This result reveals the sensitivity of 34S values to moderate–heavy levels 

of biodegradation (i.e. BLs 5–6). A similar 34S enrichment of alkyl-DBTs was not evident, 

likely because of the higher S-isotopic stability of these higher MW compounds. The 

contrasting 34SBT and 34SDBT results demonstrates the varied isotopic sensitivity of 
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specific OSCs. Bulk 34S values, which reflect the mean behaviour of all the OSCs in the 

oils, unsuprisingly showed no evidence of the biodegradation gradient in the wells.  

In two separate case studies (Chapter 4), the CSSIA of S-rich oils and rocks from the 

Jinxian Sag and Dogpu Depression were conducted to investigate the regional S cycle and 

origins of the Type IIS sourced and gas rich petroleum reservoirs common throughout the 

Bohai Bay Basin (China). The34S values in oil and source rock samples from the 

Zhaolanzhuang (Zh) oil field of the Jinxian Sag spanned a broad range of –5 to +20‰. 

The bitumen and kerogen fractions in the rocks gave almost identical 34SOSC values 

indicating secondary fluids (e.g. via migration) had not impacted the bitumen fraction of 

the rocks. The broad range of 34S values measured in the Jinxian Sag petroleum samples 

was proposed to be due to temporal variations in the 34S of reduced S available for organic 

sulfurization in a closed system. Kinetic effects determine the H2S reduced from SO4
2- is 

slightly depleted in 34S, and in a restricted SO4
2- system the residual SO4

2- would become 

increasingly enriched and the reduced (H2S, pyrite) and organic sulfur (OS) pools may in 

turn become enriched over a similar time profile. This restricted SO4
2--34S model was 

consistent with a general trend of more depleted 34SOSC values for deeper Zh rocks, i.e. 

older OS in deeper rocks being produced from initially available reduced S whilst the 

younger more 34S enriched OS of shallower rock reflect the subsequent input of 34S 

enriched H2S which mirrors the 34S enrichment of the SO4
2- pool of a restricted system. It 

remains undetermined how much this MSR reduced H2S pool also contributes to the sour 

gas rich petroleum common to the Jinxian Sag. MSR and TSR have each been separately 

advocated in the past to be responsible for the high H2S levels of several Zh oils. Whilst 

MSR is implicit in the diagenetic mechanism put forward here, it would also seem 
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plausible that additional externally migrated TSR sourced H2S contributes to the very high 

H2S levels (i.e. ~90%) reported in some reservoirs.  

The 34S values of OSCs in a suite of 18 oils from the Dongpu Depression (Bohai Bay 

Basin) showed several differences consistent with five biomarker defined oil families, 

suggesting good potential for the use of compound specific sulfur isotopes in genetic 

classification of saline and freshwater lacustrine oil types. Separate correlations between 

some of the SOSC data and paleo-environmental (C35-/C34-hopanes), thermal maturity 

(C29 sterane and mDBT parameters) and TSR (ΔSBTs–DBTs = 6–12‰) indicators suggest 

each of these factors can also influence the S signatures of the saline oils in the Dongpu 

Depression. The over-lapping potential of these controls, therefore, encourages a cautious 

approach to S-isotopic based oil-source correlations of complex petroleum systems.  

In additional case studies, CSSIA complimented by appraisal of selected biomarkers was 

applied to a suite of oils from three separate regions (i.e. Tazhong Uplift, Tabei Uplift and 

Southwest Depression) of the Tarim Basin, to help characterize S-rich oils in China’s 

largest oil- and gas-bearing basin (Chapter 5). The hydrocarbon composition of most oils 

indicated they were a mixture of Cambrian (high gammacerane) and Ordovician (V-

shaped C27–C29 sterane profile) inputs. Multiple charging was also indicated by the co-

occurrence of both biodegraded (UCM) and non-biodegraded (low MW n-alkanes) oil 

signatures. The 34SDBTs values (~17–25‰) of the Tazhong oils was inferred to reflect 

Cambrian strata, consistent with earlier 34S (and 13C) isotopic and biomarker 

characterization of Tazhong oils by other groups. The very deep (>7000m) ZS1C oil 

showed very enriched 34SOSC values (some exceeding 40‰)—also consistent with 

previous analyses—which was attributed to TSR. Interestingly, the TSR was shown to 

have a lesser (possibly negligible) impact on the 34S values of OSCs constrained within 
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the asphaltenes fraction of this oil by the novel application of CSSIA to a hydropyrolysis 

released asphaltene fraction. Inaugural CSSIA of Tabei oils revealed a relatively narrow 

range of 34S values (ave 34S = 18–23‰) which also correlated with the 34S values of 

previously analysed Cambrian source rocks. The Southwest oils were separated into two 

groups based on their 34S signatures. One group had relatively depleted 34S values (ave 

34SDBT: <11‰) inferred to represent more significant organic sulfur input from 

Ordovician rocks, whilst the other group had heavier values (ave 34SDBT: ~22‰) which 

may reflect the contribution of an additional (i.e. Cambrian) source but may alternatively 

be influenced by TSR (confirmed to have impacted one of these oils by the GC-MS 

detection of thiadiamondoids).  

 

In closing (Chapter 6) some final comments were provided for context and several 

recommendations for extending the outcomes of the research of this PhD study were 

suggested. The significance of newly identified trends of 34SOSC-biodegradation and the 

source appraisals of Bohai Bay Basin and Tarim Basin oils was briefly reiterated. The new 

findings about the organic sulfur isotopic behavior of petroleum systems will ultimately 

assist petroleum exploration endeavors. A poignant observation however, is that most of 

the outcomes from the current research should be treated cautiously, until confirmed with 

further studies of a larger range of related or similarly relevant S rich oil samples.Various 

factors conspire to limit the extent, breadth and reliability of research conducted in this 

study including (and not limited to) the short research timeframe of PhDs; difficulty 

acquiring relevant S-rich petroleum samples (Nb. Australian oils typically have a low S 

content); the technical and time consuming nature of the organic geochemical analyses 

applied; and the geochemical complexity of S-impacted petroleum systems.  
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1 CHAPTER 1  

Introduction 

1.1 Origin of Petroleum  

The origin of petroleum has been of considerable intrigue since the 19th century (e.g. Hunt, 

1863; Treibs, 1936; Eglinton and Calvin, 1976). It has attracted significant field and 

experimental attention, from basin appraisal to laboratory analysis and theoretical 

modelling (e.g. Stinnett, 1982; Tissot and Welte, 1984; Peters et al., 2005). It is now well 

accepted that petroleum originates from sediments containing organic matter from once-

living organisms.  

1.1.1 Sources of Sedimentary Organic Matter  

Photosynthesis is a key part of the carbon cycle on earth producing new organic 

compounds. It is the ultimate source of biomass in almost all living organisms and the 

major source of sedimentary organic matter (OM). Non-photosynthetic biosystems, such 

as methanotrophic communities (Michaelis et al., 2002), rely on recycling sedimentary 

carbon originally produced by photosynthetic organisms.  

Bacterial and green-plant photosynthesis can be represented by the following generalized 

reaction: 

2H2A + CO2 −→2A + CH2O + H2O  

In this reaction, A is O for green plants and cyanobacteria, and is S for sulfur oxidizing 

bacteria. CH2O represents OM in the form of carbohydrate. Energy from light is stored in 

living cells via the reaction above. Because the reaction is initiated by light, photosynthetic 
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organisms are restricted to the land, and the photic zone (less than ~100m) in lakes and 

oceans. Higher plants and phototrophic microorganisms are the predominant energy 

producers in land (e.g. gymnosperms) and aquatic (e.g. phytoplankton) environments.  

Sedimentary OM derives from the remains of once living organisms. Archaea, eubacteria 

and eukarya (eukaryotes or higher organisms) represent the domains of life on earth. All 

three domains are genomically and biochemically distinct, as a result of early cellular 

evolution involving horizontal gene transfer from a communal pool (Woese et al., 1978).  

Archaeal and eubacterial species are both representative of prokaryotic organisms which 

are difficult to fully classify/distinguish (cf. eukaryotes) due to their simple morphological 

structures. They are all simple, single cell organism lacking a cell nucleus. The most 

significant difference between archaea and eubacteria is that eubacteria (e.g. cyanophyta 

and some others) are colonial with specialized cells, while none of archaea has this feature.  

Eukaryotic microorganisms include algae, protozoa, and fungi (molds and yeasts) as well 

as higher multicellular organisms. The eukaryotes have a membrane-bound nucleus and 

complex organelles such as mitochondria and chloroplasts which play important roles in 

energy generation and photosynthesis, respectively.  

Organic matter is typically a minor but important fraction of sediments. The organic 

composition or type of sediment formed is dependent on the morphological and 

biochemical make-up of the major source inputs. Common biochemical constituents of 

organisms include proteins, cellulose, carbohydrates, lipids (i.e. fats, waxes) and lignin. 

Certain biochemical compounds indicative of specific biological inputs can be directly 

recognised in sediments (or fossil fuels). For example, steranes in petroleum source rocks 

or oils originate from the cell membrane sterols of eukaryotes, while hopanoids, which are 
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precursors of hopane biomarkers of petroleum, originate from the cell membranes of 

prokaryotes.  

1.1.2 Preservation of Organic matter  

Sedimentation  

After plants and photosynthetic microorganisms die, much of their remains are rapidly 

mineralized (i.e. the organic components are converted to CO2). More recalcitrant 

compounds may survive such diagenetic processes and be preserved as primary or 

secondary sedimentary products. The amount of organic material surviving diagenesis is 

influenced by the depositional environment, with oxygen-depleted (anoxic) environments 

representing the best depositional environments for OM preservation and is typical of the 

paleo-environments that produced organic-rich, oil-prone petroleum source rocks (Peters 

et al., 2005). Through earth history, almost all the organic source material of fossil fuels is 

preserved in marine sediments under oxygenated water along continental coasts. 

Biological remains can be hydrologically transported to water reservoirs (e.g. the sea or 

lakes) and eventually sink to the floor of the water body. During this process, numerous 

microbial alterations (e.g. degradation and mineralization) of OM occur in the water 

column or upon deposition at the sediment water interface (i.e. on the sea/lake floor).  

Diagenesis, Catagenesis and Metagenesis 

“Diagenesis” describes the biological, physical, and chemical alteration (such as microbial 

degradation, polymerization and condensation) of OM and minerals following deposition, 

and prior to significant burial or other thermal exposure which can act on the OM over 

long geological time. Diagenetic temperatures typically don’t exceed 50 °C, but can lead 

to the initial formation of sedimentary rocks. The next stage of source rock or kerogen 
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formation is “catagenesis” which involves thermally mediated reactions, often over long 

timeframes, such as induced by deep burial. The organic composition of sediments can be 

thermally altered at subsurface temperatures of 50–150°C producing a large 

macromolecular fraction referred to by petroleum geochemists as kerogen. With 

increasing thermal maturity, the kerogen fraction can release hydrocarbons into a 

relatively free mobile petroleum phase. Subtle structural changes of some biomolecules 

have been correlated with increasing thermal maturity, such as the partial isomerisation of 

5,14,17 (H)-20R steranes (the isomeric form in living organisms) to 5,14,17 (H)-

20S isomers (Seifert and Moldowan, 1981). Such reactions can be useful for assessing 

thermal maturity level of sedimentary OM. For example, the C29  20S/(20R+20S) 

sterane ratio (Peters and Moldowan, 1991) is now an established thermal maturity 

parameter, increasing in value with increasing thermal maturity to a peak value of ~0.55 

at high thermal maturities, corelating with vitrinite reflectance (R0) values of 

approximately 1.35%. Numerous other molecular (predominantly hydrocarbon) based 

thermal maturity parameters have been established from many petroleum geochemical 

studies to help define thermal maturity of source rocks and oils across the maturity gradient 

(or oil maturity window) relevant to petroleum formation. At very high geological 

temperatures, kerogen released petroleum hydrocarbons may undergo cracking to smaller 

gas phase products in a process termed “metagenesis”. Over-mature OM or metagenesis 

of residual oil in petroleum source rocks and reservoir rocks can lead to the formation of 

deep gas reservoirs, or more shallow ones through vertical migration. Whereas, 

structurally significant organic compounds can survive catagenetic conditions (i.e. in deep 

buried strata for many millions of years) with only minimal structural alteration, the last 

remaining source diagnostic biomarkers are typically destroyed during metagenesis.  
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1.1.3 Kerogen and oils types 

The organic matter in sedimentary rocks typically consist of kerogen, bitumen and small 

amounts of hydrocarbon gases. Kerogen is defined as the insoluble fraction in organic 

solvents (Durand and Monin, 1980) and four separate types have been distinguished based 

on differences in basic elemental composition and petroleum formation potential (Error! 

Reference source not found.). 

Table 1.1 Kerogen types (modified after Peters and Cassa, 1994).  

Kerogen 

Type 

Hydrogen index 

(mg HC/g TOC) 

Atomic 

O/C 

Atomic H/C Main product 

at peak 

maturity 

I >600 0.03–0.1 >1.5 oil 

II 300–600 <0.15 1.2–1.5 oil 

III 50–200 <0.3 0.7–1.0 gas 

IV <50 <0.3 <0.7 none 

 

Type I kerogen (very oil-prone) is immature and has high oil generation potential, with 

very high atomic H/C (>1.5) and very low atomic O/C (0.03–0.1) values. This kerogen 

type comprises hydrogen-rich amorphous alginate and have relatively uniform chemical 

properties. Aliphatic compounds are the main component, suggesting great contributions 

from lipids during diagenesis. Sulfur content is generally low.  

Type II kerogen (oil prone) has good petroleum generation potential with high atomic 

H/C (1.2–1.5) and low atomic O/C (~0.15) values. Biological inputs include marine flora 

(e.g. phytoplankton, zooplankton, bacteria; Peters et al., 2005) which can interact to give 

the morphological appearance of liptinite macerals. Sulfur content is typically higher than 

other kerogen types. Exceptionally high organic sulfur (8–14 wt.%, atomic S/C ≥ 0.04) 

contents have been referred to as Type IIS kerogen (Orr, 1986). They can form when OM 

and metals diagenetically react with hydrogen sulfide (H2S) or other reduced sulfur 
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species (e.g. Sx
2-, S0) produced by sulfate-reducing bacteria in anoxic marine 

sediments. However, in clay-poor carbonate muds, there is insufficient iron or other 

metals to react with sulfide, resulting in the incorporation of excess sulfide in kerogen. 

Type IIS kerogens are the most common sulfur-rich kerogens, which usually occur in 

euxinic marine source rocks and release sulfur-rich oil.  

Type III kerogen (gas prone) at high maturity has a propensity for generation of 

hydrocarbon gases with low H/C (0.7–1.0) and high O/C (up to 0.3) values. It typically 

derives from terrigenous OM (e.g. plant terpenoids) deposited in deltaic settings. 

Morphologically it is rich in inertinite macerals formed from higher plant input (e.g. 

terpenoids, lignin rich woody tissues) and fungal hyphae (Tissort and Welte, 1984; Peters 

et al., 2005).  

Type IV kerogen (inert) is over-mature carbon rich material with negligible hydrocarbon 

generation potential. It typically has an amorphous carbon morphology.  

Three different crude oil types have been distinguished based on the American Petroleum 

Institute (API) gravity (Table 1.2). This physical distinction is also linked to differences 

in sulfur content and oil types of different geographical locations can be quite varied.  

Table 1.2 Classification of oil types by API gravity.  

Oil types API gravity Content of sulfur  

Light oil > 31.1 °API < 0.7% sulfur 

Medium oil 22.3 – 31.1 °API  > 0.7% sulfur 

Heavy oil < 22.3 °API  > 0.7% sulfur 
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1.1.4 Petroleum system  

Together with the source rock and a cap rock or seal, the sedimentary rock represents a 

fundamental element of all petroleum systems. The source rock or kerogen is the origin of 

the oil or gas as described in the previous section. The reservoir rock is the porous, 

permeable rock layer or layers in which hydrocarbons are accumulated and transmitted. 

Common sedimentary reservoir rocks are sandstone, carbonate and shale (Peters et al., 

2005). The cap rock seals the top and sides so that the hydrocarbons are trapped in the 

reservoir, while water often seals the bottom part of the reservoir. Anticlines are the most 

typical formation shape for a reservoir, because its “A” shape help to trap the hydrocarbons 

in the top of the reservoir (Marshak, 2015). Effective seals are typically formed from 

impermeable rocks (e.g. some shales, anhydrite, salt).  

1.1.5 Secondary alterations of petroleum  

Several sedimentary and reservoir processes can cause secondary alteration of the 

hydrocarbon composition of oils and source rocks. The most significant of these include 

biodegradation, water washing, thermal alterations (e.g. oil window maturity reactions, 

metamorphism and thermochemical sulfate reduction) and mixing of different oil charges.  

Biodegradation 

Biodegradation is a common petroleum alteration occurrence which can degrade 

petroleum quality and its commercial value. It is limited to reservoirs cooler than 

approximately 80 °C as most active microbes cannot survive higher temperatures. During 

biodegradation hydrocarbons are transformed into other chemical products. The effects of 

biodegradation on the hydrocarbon composition of oils is not only of interest to petroleum 

explorationists, but has also been studied, optimised and harnessed by ecologists aiming 
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to limit the impact of petroleum pollution on the environment (Kennicutt, 1988). 

Petroleum biodegradation is a progressive process in which hydrocarbons are sequentially 

removed on the basis of varying vulnerabilities to biodegradation. Many dedicated studies 

of petroleum biodegradation have identified the relative susceptibilities of different 

hydrocarbon compounds, with several general trends including the preferential removal 

of lower MW compounds over higher MW compounds, and alkanes over aromatics and 

moreso asphaltenes and resins. More detailed biodegradation scales (Table 1.3) have been 

proposed on consideration of a large body of research on this topic (e.g. Volkman et al., 

1984; Wenger et al., 2002; Greenwood et al., 2008; Larter et al., 2012). Additionally, 

various molecular based parameters based on the relative abundances or ratios of saturated 

or aromatic hydrocarbon compounds displaying a different vulnerability to biodegradation 

have been used to assess the extent to which crude oils have been biodegraded. (e.g. 

Volkman et al., 1984; Peters and Moldowan 1991; Trolio et al., 1999; Grice et al., 2000; 

Wenger et al., 2002; Larter et al., 2012).  

Table 1.3 Biodegradation scale. Modified from Larter et al. (2012). 
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Water Washing 

Water washing can preferentially remove hydrocarbons of higher aqueous solubility. The 

moving formation waters can strip more water-soluble aromatic hydrocarbons, light 

alkanes and other non-hydrocarbons from oils, and can also impact the bulk physical 

properties of petroleum accumulations. Water washing can impact hydrocarbons during 

migration, reservoir storage and potentially during production (Palmer et al., 1984; Peters 

et al., 2005; Wang et al., 2016). It is a natural in-situ alteration process often co-occurring 

with biodegradation as formation water also serves to transport microbes to the sediment-

water interface where biodegradation functions. It is often difficult to distinguish these two 

alteration processes (Wang et al., 2016).  

Thermal Maturity  

Increased thermal exposure during catagenesis can promote a number of reactions which 

can alter the hydrocarbon composition of petroleum. Thermally controlled petroleum 

dynamics have been related to the varied generation rate of different kerogen products 

(e.g. triaromatic steroids; Peters et al., 2005); the varied degradation rate of products (e.g. 

methyl phenathrene isomers — methylphenathrene index (MPI); Radke and Welte, 1981) 

and the secondary generation of new hydrocarbon products (e.g. 20S to 20R sterane 

isomerisations, Peters and Moldowan, 1991). Many dedicated studies of petroleum 

samples at different thermal maturity levels have led to the identification of a number of 

such hydrocarbon compound based thermal maturity parameters sensitive to different 

regions of the oil maturity window.  

At very high temperature (high/over oil window maturity) or metamorphic conditions the 

residual kerogen typically forms a highly ordered graphitic like structure, though some 
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amorphic morphology is also possible from some C-precursors (Jehlička et al., 2003; 

Kouketsu et al., 2014; Mirasol-Robert et al., 2017).  

Thermochemical Sulfate Reduction  

Thermochemical sulfate reduction (TSR) involves the thermally initiated reaction of 

petroleum hydrocarbons with mineral sulfates (i.e. anhydrite) which can occur in hot 

carbonate petroleum reservoirs (typically >80 °C). Sedimentary gypsum (CaSO4·2H2O) 

and anhydrite (CaSO4) are thermodynamically unstable when hydrocarbons are present 

(Worden et al., 1996), and TSR can commence at even lower temperature if MgSO4 is 

present (Gillaizeau et al., 2001; Lu et al., 2011). The sulfate is reduced to sulfide, 

producing H2S, and hydrocarbons are oxidized producing CO2 and OSCs (e.g. 

thioaromatics, thiadiamondoids). Thiadiamondoids are diagnostic OSCs of TSR 

(Seewald, 2003; Wei et al., 2007, 2012). The TSR reaction can be simply represented as 

follows:  

SO4
2- + Hydrocarbons + H2O = carbonate + CO2 + H2S + S0 + OSCs + H2O  

TSR can significantly degrade the composition and commercial value of petroleum 

hydrocarbons. Normal and branched alkanes, particularly in the gasoline range, are easily 

oxidized. The high concentrations of toxic and corrosive H2S and CO2 may also lead to 

higher production costs. High H2S levels poses the risk of explosions during mining 

operations and presents many other problems from drilling through transport to processing 

(Zhang et al., 2005; Zhu et al., 2005).  

Oil Mixing 

Two or more oils charged from the same or different source rocks may mix together during 

migration or reservoir accumulation. In such cases the source or alteration event 

information discernible from specific hydrocarbons parameters (i.e. product ratios) can be 
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very difficult to interpret from the combined hydrocarbon composition of the mixed oils. 

But often careful evaluation of distinctive molecular or isotopic features indicative of each 

of the original or end member oils can help establish the identity or other characteristics 

(e.g. thermal maturity) of respective petroleum inputs. For example, Jia et al. (2017) 

distinguished the presence of mixed oils from both the Tabei and Tazhong Uplifts of Tarim 

Basin (NE China) by measuring the D and 13C values of n-alkane in the individual and 

mixed oils. The mixed Tabei oils represented charges from the same source but at different 

maturity stages, while the Tazhong oil was a mixture of differently sourced oils generated 

at different thermal maturities.  

 

1.2 Petroleum Geochemical Analysis  

A large and varied range of geochemical analytical approaches have been developed to 

characterize the composition and properties of organic sediments, source rocks and crude 

oils. Several high throughput analytical techniques (e.g. C/H/O content, total organic C, 

Rock-eval analysis) can help provide a basic screening of the bulk properties of potentially 

viable petroleum samples. From this initial data a subset of samples can be selected for 

more sophisticated analysis of the molecular and stable (13C, D) isotopic composition 

of petroleum samples. More details of several common methods of petroleum analyses 

follow.  

1.2.1 Bulk properties  

Bulk properties of sediment, rock and crude oil samples can be revealed by analysis of 

their major elemental composition (C, H, O, N, S) and measurement of their total organic 

carbon (TOC) content. The source of petroleum samples can often be inferred from their 

major element composition (Durand and Monin, 1980). For example, the C/N content of 

shallow sediments and thermally immature sedimentary rocks can help distinguish 
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predominant algae (C/N=4–10) or terrigenous (C/N > 20) inputs (Silliman et al., 1996; 

Meyers, 1994). Atomic H/C and O/C ratios have been widely used to characterize source 

rocks and coals and can be applied over a wide range of thermal maturities or stages of 

coalification (van Krevelen, 1961; Stach et al., 1982; Taylor et al., 1998). Plots of these 

ratios, also known as Van Krevelen diagrams, are frequently employed to determine the 

different types of kerogen (Tissot et al., 1974). Sulfur is another important component 

influencing the properties of fossil fuels. The organic sulfur composition of kerogen and 

oils, which derives from the diagenetic oxidation of reduced S (i.e. H2S or other sulfides) 

reacting with organic compounds (i.e. petroleum hydrocarbons) under anoxic conditions, 

can help distinguish sources and depositional environments (e.g. euxinic versus 

oxygenated marine environments; Raiswell and Berner, 1985).  

TOC is often measured by the combustion of small amounts (1–2g) of ground rock, 

typically after the removal of inorganic carbon by acid treatments. The carbon dioxide 

generated by combustion can be analyzed by infrared (IR) or thermal conductivity 

detectors (TCDs). Some samples can be challenging to analyse including organically lean 

carbonate-rich rocks and thermally immature OM which is vulnerable to acid destruction 

(Peters et al., 2005). The TOC content of these samples can often be indirectly determined 

as the difference between total carbon and inorganic carbon measurements.  

Rock-Eval pyrolysis is another useful method which allows inferences of elemental 

composition whilst also providing a reliable measurement of the thermal maturity level of 

source rocks/kerogens. Applied to quite small sample amounts (<100 mg), it involves the 

measurement of total organic carbon (TOC) by summing the carbon in the pyrolyzate with 
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that obtained by oxidizing the residual organic matter at 600–850 °C (Lafargue et al., 

1998; Peters et al., 2005).  

1.2.2 Molecular analysis  

The molecular composition of petroleum samples can be analysed via a range of analytical 

methods. Several popular methods use chromatographic separation to help resolve the 

large hydrocarbon matrix of petroleum samples into simpler fractions or even isolated 

compounds. Other spectroscopic methods including fourier transform infrared (FTIR) 

analysis, nuclear magnetic resonance (NMR) analysis and ultra-violet (UV) analysis 

(Rontani et al., 1985; Cristadoro et al., 2009; Jain et al., 2010) can provide complimentary 

data about functional groups and carbon bond types.  

The major gas range components of petroleum are C1-C4 alkanes, while CO2, N2, H2S, H2, 

He, and Ar are also occur common trace components. Hydrocarbon gases can be analyzed 

by GC, often with mass spectrometric detection in a semi-quantitative manner (Maher, 

1966; Johansen et al., 1983). Truly quantitative measurements can be provided by flame 

ionization detectors (FID) or thermal conductivity detectors (TCD; Stadnitskaia et al., 

2006; Waseda et al., 2008), but these detectors lack the direct product identification 

offered by the unique mass spectral signatures of organic compounds.  

The higher MW condensate and liquid hydrocarbon composition of petroleum samples 

are also commonly analysed by GC-MS (Peters et al., 2005). Crude oils include a large 

number of polar constituents which are incompatible with the generally non-polar nature 

of GC. Hence, GC-MS is typically constrained to low polarity aliphatic and aromatic 

fractions of petroleum samples obtained by column chromatographic separation. Various 

analytical pyrolysis (Larter and Horsfield, 1993; Love et al., 2008) or chemical 

degradation (Javadli and Klerk, 2012; Demirbas et al., 2015) methods can be used to help 
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probe the macromolecular kerogen fraction of source rocks — and asphaltene fraction of 

oils precipitable in excess alkane solvents — to produce smaller fragments which meet 

the MW limits of GC (<~1000 Da).  

A continuing impetus for improved resolution of the multitude of petroleum hydrocarbon 

constituents has led to the development and application of advanced approaches including 

high-performance liquid chromatography (HPLC; Kim et al., 2015; Hwang et al., 2017); 

two-dimensional gas chromatography (GC×GC; Dijkmans et al., 2015; Zhu et al., 2018) 

and chemical or thermally catalyzed derivatization processes targeting the detection of 

more polar analytes (Fontanive et al., 2016; Robson et al., 2017).  

1.2.3 Isotopic analysis  

Stable isotopic analysis of oils and source rocks can complement molecular analysis and 

provide additional information about the source and history of source rocks and petroleum 

reservoirs. The isotope ratios of hydrocarbon compounds in petroleum systems are 

influenced by many variables including source of origin, depositional environment and 

thermal maturity. Stable carbon (13C) isotopic analysis of bulk samples were first applied 

more than 50 years (Eckelmann et al., 1962; Parker, 1964) and given its straightforward 

application, quick analysis time and low cost continues to be widely applied for analyses 

and correlation of petroleum samples (e.g. Yeh et al., 1981) as well as to a broad range of 

ecological and physiological studies. Bulk D (Schimmelmann et al., 1999; 2004; 2006) 

and 34S (Cai et al., 2009a; Cai et al., 2015) have also been used to characterise petroleum 

samples. The bulk D of oils (which vary widely from approximately –65‰ to –220‰) 

and the δ34S values of bulk oils (spanning the broad range of–8‰ to +32‰) having both 

proved useful for oil-oil correlations (e.g. Thode and Munster, 1970; Gaffney et al., 1980; 
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Thode 1981; Orr, 1986; Schimmelmann et al., 2004; Faure and Mensing, 2005; 

O’Sullivan and Kalin, 2008; Cai et al., 2009b).  

More sophisticated compound specific isotope analysis (CSIA) of several petroleum 

elements are now available and quite routinely applied. The isotopic measurement of 

individual compounds greatly extends bulk isotope analysis which are often limited in 

resolving isotopically similar or overlapping inputs (e.g. C3 plants and marine plankton). 

The organic and petroleum geochemistry communities have rapidly embraced CSIA 

following the first demonstrations of this capability for 13C (Freeman et al., 1990), D 

(Sessions et al., 2004) and 34S (Amrani et al., 2009).  

Genetically linked hydrocarbon biomarkers have similar 13C values, the integrity of 

which is usually maintained during diagenesis (i.e. negligible 13C fractionation), so can 

convey valuable information about the biosynthetic pathways inherent within sedimentary 

precursors. Compound specific 13C analysis has been useful for establishing the sources 

of OM (e.g. Murray et al., 1994; Grice et al., 2001) and for sample correlation studies (e.g. 

Kaplan, 1975; Schoell, 1983; Hoefs, 1997) Furthermore, systematic 13C fractionations 

established for common petroleum processes such as thermal maturity (Clayton et al., 

1994; Chen et al., 2016), biodegradation (Griebler et al., 2004; Sun et al., 2005) and 

thermochemical sulfate reduction (e.g. Lu et al., 2011; Cai et al., 2013) are often evident 

in the 13C dynamics measured for specific hydrocarbon compounds in petroleum 

systems. From a more holistic viewpoint CSIA studies have helped understand many of 

the biogeochemical cycles on earth (e.g. Canfield and Thamdrup, 1994; Bottcher et al., 

2001; Dawson et al., 2007; Maslen et al., 2011; Cai et al., 2015). However, CSIA needs 

to be carefully applied and interpreted as fractionation could be introduced at any of the 

many stages from sampling to analysis. Certain laboratory techniques (e.g. methyl 
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derivatization) may require use of post analysis corrections and data reduction (Whiteman 

et al., 2019). Another potential problem is the partial GC separation or co-elution of 

organic compounds. The different chromatographic dynamics of 12CO2 (m/z 44) and 

13CO2 (m/z 45; Peters et al., 2005) can compromise the 13C measurement of compounds 

which are not baseline separated.  

Compound specific D analysis can similarly provide unique information about the 

biological source and thermal maturity of oils. For example, Dawson et al. (2007) 

demonstrated that the enrichment of D in pristane and phytane correlates strongly with 

traditional maturity parameters and that small D differences between n-alkanes and 

regular isoprenoids in crude oils and source rocks was an indicator of high maturity.  

The 34S analysis of the organic sulfur compounds (OSCs) of petroleum samples has been 

more recently demonstrated (Amrani et al., 2009). The relatively large variance in the 34S 

of OSCs (–20‰ to +40‰) measured in oils across several petroleum regions (e.g. Amrani 

et al., 2009, 2012; Cai et al., 2015, 2016; Li et al., 2015; Greenwood et al., 2015, 2018) 

can be attributed to the variable sensitivity and isotopic fractionation of different OSCs to 

the S-processes impacting petroleum systems (e.g. metabolic behavior, abiotic sulfate 

reduction, TSR). Further details about the petroleum application of 34S are provided in 

Section 1.4.  

 

1.3 Sulfur Geochemistry  

1.3.1 Sulfur Cycle  

Sulfur is released into the atmosphere mainly in the form of sulfur dioxide (SO2) by 

various processes including the decomposition of organic molecules, volcanic emissions 

and combustion of fossil fuels. Atmospheric SO2 can enter terrestrial and marine 

ecosystems when it is dissolved in precipitation as weak sulfuric acid or directly impacts 
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the earth via atmospheric dry deposition. Weathered rocks can also release sulfates into 

terrestrial ecosystems. Mineralisation (i.e. decomposition) of living organisms returns 

sulfates to the ocean, soil and atmosphere. Figure 1.1 shows the major routes of S cycling 

between the atmosphere, land and oceans.  

 

 

Figure 1.1 The sulfur cycle on Earth.  

 

Geological occurrences of sulfur include many different inorganic (i.e. sulfide minerals) 

and organic (i.e. in soils, sediments and fossil fuel) forms. Oxidative weathering of sulfides 

and continental dissolution of evaporate minerals are the main source of oxidized sulfur 

which largely occurs on Earth as marine sulfate (SO4
2-; Hurtgen, 2012). The SO4

2- of 

marine shelf systems can be microbially reduced, in a process commonly referred to as 

microbial sulfate reduction (MSR) via two pathways:  

(1) Assimilatory processes, which incorporate S into cell constituents (e.g. cysteine) and 

cause minor 34S fractionation (i.e. < –3‰; Kaplan and Rittenberg 1964).  
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(2) Dissimilatory processes, reducing SO4
2- to H2S with a large 34S fractionation 

(typically about –20‰ but can be as great as –75‰). This process involves bacteria and 

archaea in oxygen-poor environments utilising sulfate as a terminal electron acceptor for 

the oxidation of organic biochemicals (Canfield, 2001, Detmers et al., 2001, Brunner and 

Bernasconi, 2005; Canfield, 2010) as outlined by the following simplified reaction:  

CH4 + SO4
2- = CO3

2- + H2S + H2O  

The reduced S from dissimilatory MSR can react with iron to form minerals or organic 

compounds to form organic sulfur. The major iron-sulfide based minerals are mackinawite 

(FeS), greigite (Fe3S4) and pyrite (FeS2; Rickard and Luther, 2007; Amrani, 2014). Pyrite 

is the most stable sulfide mineral on Earth and is produced with minimal isotopic 

fractionation (≤1‰) of the source sulfide (Butler et al., 2004). The 34S of sulfide minerals 

are generally considered representative of ancient pore-water sulfide and have been used 

in the reconstruction of atmospheric compositions and redox conditions over Earth’s 

history (Canfield et al., 2000; Fike et al., 2008).  

In sedimentary rocks, organic sulfur is the second most abundant reduced S fraction, after 

pyrite (Anderson & Pratt 1995). Organic sulfurisation processes can lead to both intra- and 

inter-molecular incorporation of sulfur. The former involves the reaction of HS- with 

specific functional groups (e.g. hydroxyl groups) and unsaturated bonds and can produce 

cyclic-S structures such as thiolanes and thiophenes. Intermolecular sulfurization involves 

the reactive addition of sulfide and polysulfide (Sx
2-) units between organic molecules, 

resulting in the formation of macromolecules that are cross-linked via C-Sx-C bridges 

(Kohnen et al., 1990; Sinninghe Damste et al., 1990; Werne et al., 2004; Amrani, 2014), 

and are concentrated in the macromolecular fractions of source rocks (i.e. kerogen, 

pyrobitumen) and crude oils (i.e, asphaltenes; Ho et al. 1974, Nelson et al. 1995, 
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Riboulleau et al. 2000, Walters et al. 2011). A model of the sulfur cycle of sedimentary 

systems during early diagenesis is shown in Figure 1.2 (Amrani et al. 2014).  

 

Figure 1.2 Sedimentary sulfur cycle during early diagenesis (modified from Amrani 

et al. 2014).  

 

1.3.2 Sulfur content of petroleum  

Sulfur is the third most abundant element in petroleum, after carbon and hydrogen. The 

average sulfur content varies from 0.03 to 7.9 mass %, with an average of 1% in crude 

oils. The total geological resources of petroleum in the Earth are approximately 9.5 × 1010 

tons. The 1% average sulfur content of petroleum globally equates to approximately 109 

of sulfur or 4–7×1010 tons of organic sulfur in petroleum reservoirs (Bolshakov, 1986; Orr 

and Sinninghe Damste, 1990).  

Most of the sulfur in petroleum samples is present as discrete OSCs or macromolecular Sx 

bridging units (all with C-S bonding). The hydrogen sulfide and elemental sulfur dissolved 

in crude oils are usually a relatively small portion of their total sulfur content (TSR affected 

oils being an exception). Sulfur is diagenetically incorporated into type-IIS kerogens and 

subsequently oils via reactions between reduced sulfur species and functionalised organic 
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biomolecules (e.g. amino acids; Krein, 1993; Kok et al., 2000; Amrani and Aizenshtat, 

2004). Sulfurisation can increase the geological stability of some hydrocarbon biomarkers 

(Sinninghe Damste et al., 1990; Kohnen et al., 1991; Adam et al., 1993, 2000).  

OSCs are usually the most abundant heteroatom (NSO) compounds in petroleum samples 

and occur in many structural forms (Sinninghe Damste et al., 1990). These include thiols, 

sulfides, thiophenes and thiadiamondoids and the structures of several common petroleum 

OSCs are shown in Figure 1.3.  

 

 

Figure 1.3 The molecular structure of common petroleum OSCs (a) benzothiophene; 

(b) dibenzothiophene; (c) benzonaphthothiophene; (d) alkyl-thiophene; 

(e) alkyl-thiaadamantane. R=alkyl substitutions.  

 

Polynuclear thiophenes which have a thiophene unit condensed with one or more aromatic 

rings, such as benzothiophene (BT; Figure 1.3a) and dibenzothiophene (DBT; Figure 

1.3b) are amongst the most abundant non-hydrocarbons in crude oils (Peters, et al., 2005).  

High sulfur petroleum is often undesired by the petroleum industry. For instance, TSR can 

lead to potentially lethal levels of reservoired H2S. Sulfur dioxide or sulfuric acid 

emissions from the combustion and industrial utilisation of S-containing petroleums can 

also result in the environmental and ecological hazard of acid rain. Robust (and expensive) 
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desulfurization processes are required during refinement of high S crude oils to reduce the 

concentrations of corrosive and toxic OSCs (Bolshakov, 1986; Javadli et al., 2012).  

A better understanding of the geochemical occurrence, structural forms, properties and 

fate of OSCs in sedimentary environments and petroleum systems will help to design 

exploration and production strategies to mitigate the detrimental impacts of petroleum S.  

 

1.4 Compound Specific Sulfur Isotope Analysis  

The stable isotope value of sulfur (34S) is measured using the two most abundant sulfur 

isotopes of 32S (95.02%) and 34S (4.21%). The two other isotopes of sulfur are 33S (0.75%) 

and 36S (0.02%; McNamara & Thode 1950; Ding et al. 2001). The 34S value is expressed 

as parts per thousand (‰) deviation against the international standard Vienna Canyon 

Diablo Troilite (V-CDT) according to the following equation:  

δ34S (‰) = [(Rsample − Rstandard)/Rstandard] × 1000 

where Rsample is the 34S/32S ratio of the sample analyte. Rstandard is the 34S/32S ratio of  

V-CDT = 0.044151(Werner and Brand, 2001). A negative 34S value implies that the 

sample is depleted in the heavy isotope relative to the standard, while a positive value 

means that the sample is isotopically enriched in the heavy isotope relative to V-CDT.  

Werne and colleagues conducted the first compound-specific 34S analyses on OSC from 

the sediments of the Cariaco Basin. Seven individual sulfurised isoprenoids were isolated 

from large (200–250 g) samples by preparative chromatography (prep-HPLC) prior to 

EA-irMS analysis (Greenwood et al., 2014). Shortly later Amrani et al. (2009) invented 

continuous flow CSSIA at the sub-nanogram level by using a gas chromatography (GC) 

coupled to a multi-collector inductively coupled plasma mass spectrometry (MC-ICPMS). 

This innovative analytical facility interfaces chromatographic separation with subsequent 

ICPMS measurement of 34S/32S ratios. As GC resolved organic compounds elute into the 
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torch of the ICPMS they are efficiently atomized and ionised by the high energy plasma. 

The monoatomic 32S+ and 34S+ species produced from OSCs are directly measured at m/z 

32 and m/z 34, respectively. This approach avoids the measurement of oxidized 

compounds (e.g. SO2) —such is required for combustion-irMS analysis of 13C (i.e. CO2) 

— so doesn’t require any correction for oxygen isotopes. The high mass resolution (M/M 

> ~4000) provided by modern multicollector ICPMS (MC-ICPMS) instruments (with 

grounded interface) sufficiently ensures a sharp separation of monoatomic sulfur and 

diatomic oxygen ions. The theoretical mass resolution necessary to resolve monatomic 

sulfur ions (e.g. m/z 32S+ = 31.9721 Da) from O2 ions (m/z 16O2
+ = 31.9898 Da) is ~15 

mDa. Another convenient contrast to compound specific 13C and D analysis (where 

baseline separation of hydrocarbon compounds is necessary), is that there is little 

chromatographic separation of 32S and 34S. Partial integration of the sides of the co-eluting 

OSC peaks, or of the central most intense part of a peak, can still yield accurate 34S 

measurements. However, good separation of OSCs is still recommended to assist with 

their identification by complimentary GC-MS analysis.  

Only three GC-MC-ICPMS are presently used for CSSIA: The protype instrument 

developed at Caltech, USA (Amrani et al., 2009) and similar instruments developed at 

UWA (Greenwood et al., 2015) and Hebrew University, Israel (Said-Ahmad and Amrani, 

2013; Gvirtzman et al., 2015). The instrument at UWA was used for the research in this 

thesis. Photos of this instrument and a schematic of the GC-ICPMS system (after Amrani 

et al., 2009) are shown in  

 

 

 

 

 

 

 

(a) 
 

(b)  
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Figure 1.4. The UWA instrument consists of an Agilent 6890 GC, interfaced to a Thermo 

Fisher Scientific Neptune+ MC-ICPMS. The GC is coupled to the ICPMS via a purpose-

built transfer line statically heated to high temperatures (~300°C) to keep GC-resolved 

analytes in the gas phase when being transferred to the ICP torch. The transfer line 

essentially comprises a deactivated capillary column (id = 0.32 µm) through a 1/8’ (3.175 

mm) stainless steel tube wrapped in heating ribbon and insulating wool. Flexibility of the 

transfer line is required to ‘tune’ the torch position relative to the cone/skimmer orifice 

(Greenwood et al., 2014). The argon makeup gas (~ 1–2 L/min) of the ICP was pre-heated 

by passing through a coil of 1/8” SS tubing wrapped in heating tape and maintained at 300 
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°C to minimize the condensation of analytes as they elute from the capillary column into 

the torch.  

Instrument tuning and subsequent calibration of δ34S values was achieved with sulfur 

hexafluoride (SF6) reference gas. The inert, odorless and inexpensive gas was introduced 

at the end of the analytical column via a simple gas inlet system. The system provides for 

either pulsed or continuous flow of SF6 diluted in helium to the ICPMS (Amrani et al., 

2009). A continuous flow of SF6 is helpful for ICPMS tuning. Pulsed injections of SF6 

are injected via micro-volume capillary loops to the carrier gas stream and result in discrete 

peaks during the analysis of samples which can be used for the anchor point calibration of 

δ34S values (Greenwood et al., 2014).  

The sensitivity limits for GC-ICPMS analysis of δ34SOSC values in petroleum and similar 

samples is about 50 pmol S per analyte peak (precision < 0.5‰; Amrani et al., 2009; 

Greenwood et al., 2015), although this can often be bettered with optimal analytical 

conditions (e.g. new or freshly conditioned analytical column and transfer capillary). 

Precision typically increases (< 0.2‰) with higher analyte concentrations.  

To establish the identity and distribution of OSCs (and co-occurring hydrocarbons) all 

samples are typically analyzed by GC-MS prior to GC-MC-ICPMS. Column 

chromatography was often used to isolate polarity-based solvent fractions with target 

OSCs from the abundant hydrocarbon products of oils (e.g. Aromatic fraction for 

measurement of thioaromatics; AgNO3 isolated sub-fraction for measurement of 

thiadiamondoids). Hydrocarbons (and many more polar oil compounds) whilst not 

detected by the ICPMS analysis of S can quickly degrade GC performance.  

 



Chapter 1 

25 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 (a) GC-ICPMS at the University of Western Australia (Greenwood et al., 

2015); (b) Schematic diagram of GC-ICPMS (Amrani et al., 2009).  

  

(a) 

 

(b) 
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Petroleum application of CSSIA  

Petroleum OSCs generally arise from the organic oxidation of reduced S from 

dissimilatory MSR (i.e. diagenetic formation) or TSR. MSR produces H2S generally 

reflecting a –20‰ fractionation from marine SO4
2- (Engel and Zumberge, 2007), though 

local depositional factors can influence the metabolic functioning of microbes and the 

actual 34S fractionation associated with the SO4
2- reduction (Amrani, 2014 and references 

therein). Laboratory based studies have shown the organic sulfurisation of reduced S 

occurs with a more modest fractionation of plus several parts per thousand (e.g. ~+3‰ to 

+6‰; Amrani and Aizenshtat, 2004; Amrani et al., 2008). The 34S of diagenetically 

produced petroleum OSCs across several petroleum regions have shown a large variance 

(–20‰ to +40‰; Amrani et al., 2009, 2012; Cai et al., 2015, 2016; Li et al., 2015; Ellis et 

al., 2017; Greenwood et al., 2015, 2018) which has been useful for petroleum correlation 

studies, extending the useful petroleum correlation capacity that the broad bulk 34S values 

of petroleum (–8‰ to +32‰) have provided for many years (Gaffney et al., 1980; Faure 

and Mensing, 2005; Cai et al., 2009a). Several examples of 34SOSC based petroleum 

correlation studies include: (1) the correlation of 34SDBT values in Lower Paleozoic crude 

and Lower Cambrian source rocks in the Tarim Basin (Cai et al., 2015, 2016); (2) the 34S 

values of non TSR impacted natural gases of the Sichuan Basin were correlated with 

mudstones from the Upper Permian Longtan Formation (P3l) and Wujiaping Formation 

(P3w; Cai et al. 2017a, b); and (3) Kurdistan oils (Arabian Platform) were genetically 

classified by an oil–source rock correlation based on the 34S of thioaromatic compounds 

(Greenwood et al. 2018).  

Thermo-chemical sulfate reduction (TSR) can be a significant source of natural H2S in 

petroleum systems (Orr et al., 1974; Orr et al., 1977; Krouse et al., 1988), and has a large 
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impact on petroleum 34SOSC values. The 34S values of anhydride/gypsum are generally 

much more enriched than the diagenetically incorporated H2S of MSR. TSR can lead to 

significant 34S enrichment of benzothiophene (BT) and thiadiamondoids (TDs), compared 

to dibenzothiophene (DBT), since the 34S values of BTs (reflecting combined 34S of 

diagenetic and TSR sources) is quicker to adopt the 34S signature of the mineral SO4
2- 

source (Amrani et al., 2012) and TDs are exclusively produced by TSR (Gvirtzman et al., 

2015). In severely TSR effected oils the 34S values of all OSC products may homogenise 

due to end equilibration with the SO4
2- source (Amrani et al., 2012). The TSR impacted 

34SOSC trends of low-moderate TSR impacted petroleum relate to OSCs in the bitumen 

fraction of oils. The corresponding 34S behavior of OSCs in the macromolecular fractions 

of TSR altered petroleum samples (i.e. asphaltene fraction of oils, kerogen of source rocks) 

has not yet been established.  

There have also been several reports that thermal maturity can more modestly alter the 

34S of petroleum samples. Small changes in the bulk 34S values of oils and source rocks 

with their increasing maturity have been observed (Orr, 1986; Peters et al., 2005). 

Variations of up to 2‰ were detected among the gas (i.e. H2S), bitumen and kerogen 

fractions of source rocks artificially matured by pyrolysis procedures (Idiz et al., 1990; 

Amrani et al., 2005). The impact of thermal maturity on 34S of individual OSCs in source 

rocks has also been recently investigated. A series of pyrolysis experiments on sulfur-rich 

source rocks at different temperatures (200–400 °C) and pressures (≤50 psi) showed a 

small 34S enrichment (≤ 4‰) of alkyl-thiophenes and alkyl-thiolanes with increasing 

maturity (Rosenberg et al., 2017). Ellis et al. (2017) also observed that the 34S values of 

both BTs and DBTs in oils from the Big Horn Basin (USA) generally become heavier 
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with an increase in thermal maturity, and also homogenised such that the difference 

between them (i.e. Δ34SBTs-DBTs) decreased.  

 

1.5 Aims of Thesis 

CSSIA is still a relatively new technique and many application areas may be considered 

at an immature stage of development. Petroleum characterization by CSSIA has attracted 

some early attention from the petroleum and geochemical research communities and 

might be considered one of the more advanced CSSIA applications areas. The 34S 

distributions of petroleum OSCs has proved useful for several oil correlation studies and 

has proved sensitive to increasing thermal exposures, particularly in environments 

supporting TSR. This PhD research applies CSSIA to selected suites of biodegraded sand 

oils (Athabasca, Canada) and sour gas rich, type-IIS sourced or TSR impacted petroleum 

from Bohai Bay Basin and Tarim Basin (both of China). Specific aims include greater 

understanding of the sources and formation pathways of the organic sulfur present in the 

S-rich samples selected for study; new information about the 34SOSC behavior of 

biodegraded oils; and further insight into the impacts of TSR on the 34S character of oils, 

including the organic sulfur of different oil fractions. The overarching aims are to extend 

the petroleum application of CSSIA analyses and further illuminate the sulfur cycle of 

petroleum systems.  
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2 CHAPTER 2  

Potential 34S Fractionation of Common Laboratory 

Procedures 

2.1 Introduction  

The accuracy of experimental data is fundamental to scientific interpretations. However, 

some experimental measurements can distort (randomly or subjectively) the physical or 

chemical properties of analytes leading to imprecise characterisation. Organic-matter rich 

sediments and fossil fuels are often subject to various laboratory preparations (e.g. 

extraction, fractionation, derivatisation) prior to molecular analyses by sophisticated 

spectroscopic techniques such as gas or liquid chromatography coupled with mass 

spectrometry. The potential for molecular or isotopic error or bias needs to be robustly 

established for all analytical steps.  

It is especially important to establish the viability of pre-treatment procedures on their 

initial application to new analytical technologies such as compound-specific sulfur isotope 

analysis (CSSIA). The present study evaluates the potential 34S fractionation of two 

common laboratory procedures: (i) Large scale solvent evaporation; (ii) Column 

chromatography separation of polarity based saturate (SAT) and aromatic (ARO) 

fractions with Al2O3 or PdCl2 stationary phases, and a preliminary comparison of 

separating thiophenic and sulfidic fractions with a traditional silver nitrate (AgNO3) 

stationary phase or via a novel methylation/demethylation procedure.  

 



Chapter 2 

45 
 

2.1.1 Solvent Evaporation  

Solvents are used in many sample pre-preparation techniques, including extraction of 

soluble components (e.g. Soxhlet, ultrasonication), separation of major fractions (e.g. 

column chromatography, molecular sieving) and compound purification processes (e.g. 

preparative GC and high-performance liquid chromatography, HPLC). Large amounts of 

excess solvent are typically evaporated at various stages of these procedures, introducing 

the potential for chemical change as volatile components are sequentially removed based 

on their respective vapour pressures. Sometimes, Rayleigh distillation occurs in 

evaporation, because the greater loss of more volatile components can lead to compounds 

losing more of their lighter isotopes, leaving a residual compound with a greater 

proportion of heavier isotopes.  

Huang et al. (1999) and Poulson and Drever (1999) observed the isotopic fractionation of 

organic and chlorinated compounds dissolved in trichloroethane (TCE) and 

dichloromethane (DCM) on reduction of solvent volume, with a 13C depletion of 

1.63.6‰; a D depletion of 27‰; and a 37Cl enrichment of 89‰. Wang et al. (2001) 

similarly observed increasing D fractionation (≤ 14%) of soluble low molecular-weight 

(MW) n-alkanes with progressive solvent vaporization. Xiao et al. (2012) reported 

significant (>1‰) 13C enrichment of C6C8 light hydrocarbons with 70% evaporative 

loss. The 13C value of organic solvents can also change with an up to 2‰ enrichment of 

benzene and toluene observed with progressive evaporation (Shin et al. 2010). These 

previous studies indicate the isotopic integrity of organic compounds is best maintained 



Chapter 2 

46 
 

by avoiding evaporative losses where possible at all stages of collection, storage and 

analytical pre-preparation of samples.  

The full impact of solvent reduction/evaporation processes on the 34S values of OSCs 

had not been robustly evaluated at the commencement of this PhD research. Rosenberg et 

al. (2017) subsequently reported on a similar investigation of the 34S fractionation of 

volatile OSCs (i.e. butythiol, dm-thiophene, BT, DBT — at up to 96% solvent 

evaporation) and the current results will be compared to the outcomes of this separate 

study.  

2.1.2 Separation of Bulk Fractions  

Column chromatography is a common technique used in studies for molecular analysis of 

petroleum. Certain compounds can be separated from a mixture based on the adsorption 

of the solutes of a solution over a stationary phase. In traditional column chromatography, 

the stationary phase in a glass column can be silica gel or aluminium oxide (Al2O3). 

Saturated and aromatic hydrocarbon fractions are well known to be sequentially eluted 

with n-hexane solvent and a n-hexane/dichloromethane solvent mixture, respectively. 

Liberti et al. (1965) reported column chromatography can affect the 13C of individual 

organic compounds due to partitioning between the stationary and mobile phases during 

sorption and desorption.  

Alternative column types have been used in some geochemical studies targeting the 

isolation of specific compounds. For example, AgNO3-impregnated silica gel, long used 

to separate saturated and unsaturated hydrocarbons, can also separate thiadiamondoids 

(TDs) from other OSCs such as BTs and DBTs (Lawrence, 1968; Wei et al., 2007; Wei 

et al., 2012; Gvirtzman et al., 2015). Some DBTs and TDs can co-elute after GC 

separations. The 34S measurement of partially resolved OSCs might be possible, but not 
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of fully co-eluting peaks. The removal of hydrocarbons prior to GC-ICPMS analysis is 

also beneficial to limit GC column degradation.  

Sripada et al. (2005) developed an efficient separation method for polycyclic aromatic 

sulfur heterocycles (PASHs) using a palladium (II)-complex stationary phase. This 

method was also used by Moustafa et al. (2011) to separate the OSCs in petroleum 

condensate and volatile oils. Wang et al. (2014) reported a novel approach for selective 

separation of thiophenic/DBTs and sulfidic/TDs from hydrocarbons and sulfomium salts 

in oil by methylation of the sulfur compounds using silver tetrafluoroborate (AgBF4) and 

methyl Iodide (CH3I). The products were subsequently demethylated using 7-azaindole 

and 4-dimethylaminopytidine. However, the potential impact of the palladium (II)-

complex in column chromatography on 34S of OSCs is unknown.  

2.2 Materials and experiments  

Two series of experiments were undertaken to separately verify if 34S fractionation of 

dissolved OSCs occurs during (i) solvent evaporation and (ii) column chromatography 

isolation of polarity-based fractions with different stationary phases (AgNO3, PdCl2) or 

procedures (methylation/demethylation).  

2.2.1 Solvent evaporation experiments  

Four authentic OSCs were evaluated: BT (C8H6S), DBT (C12H8S), 1-dodecanethiol 

(C12H26S), 1-octadecanethiol (C18H38S). All were commercially sourced from Sigma-

Aldrich (>98% purity). The four OSCs and squalane (C30H62) were each combined at a 

concentration of 155 g/mL in a mixture dissolved in dichloromethane (DCM). Squalane 
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was used as a high MW internal standard to help quantify the extent of evaporative loss 

of the OSCs.  

Aliquots of the standard mixture were transferred to twelve 2 mL vials. Each of the vials 

was simultaneously evaporated in a fume hood with an air velocity of 3×103 cm/min at 

ambient temperature (~24 ± 1 °C). No nitrogen gas was used. Complete evaporation of 

the solution was achieved after 10 hr. The residual mix was dissolved in additional DCM 

(100L) prior to GC-MS and GC-ICPMS analysis (operational details described below).  

2.2.2 Fractionation procedures  

Two crude oils from the Tarim Basin, China were used for these experiments. One oil 

(ZS1C) rich in sulfidic/TD compounds had been severely impacted by TSR, whilst the 

second oil (Qun 7) had no pre-TSR history. Both oils contained high concentrations of 

thioaromatics/DBTs.  

Column chromatography separation of sulfidic and thioaromatic fractions was separately 

conducted (and compared) using (1) silica/AgNO3 and aluminium oxide (Al2O3); and (2) 

PdCl2 stationary phases as described below:  

Silica/AgNO3 and Al2O3 Columns  

(1)  Small columns filled (5.5 cm) with just silica gel was used for the Qun 7 oil, 

whereas AgNO3-impregnated silica gel was used with the ZS1C oil (to also 

separate TDs). One drop of the crude oils was added to the top of each column.  

(2)  SATs, AROs and POLAR fractions were separately isolated from Qun7 by 

successive elutions (4mL) of pure n-hexane; 30% DCM in hexane; and 50% 

DCM in methanol. SAT, ARO and SULFIDIC fractions were separately isolated 

from ZS1C oil by sequential elution using hexane, DCM, and acetone, 
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respectively. The respective SAT, ARO and SULFIDIC fractions were each 

molecularly characterised by GC-MS. 

(3)  Prior to CSSIA the ARO fractions were further separated on an Al2O3 column 

(5 cm) to isolate OSCs from the typically more abundant hydrocarbons. A series 

of six ARO subfractions were obtained by eluting with n-hexane mixed with 

different concentrations of DCM as indicated in Error! Reference source not 

found.. The ARO sub-fractions were separately analysed by GC-MS and the 

fraction in which the OSCs were most concentrated was analysed by GC-

ICPMS.  

Table 2.1 Sub-fractions obtained from aluminium oxide column.  

Sub-fractions Solvent used Compounds obtained 

AF0 n-hexane, 2mL SATs 

AF1 5% DCM in n-hexane, 2mL Mono-ARO (1 ring) and unresolved 

complex mixture (UCM) 

AF2 10% DCM in n-hexane, 2mL Di-AROs (2 rings) 

AF3 50% DCM in n-hexane, 2mL Tri-AROs (3 rings) 

AF4 Pure DCM, 2mL Polycyclic aromatic hydrocarbons 

(PAHs) (≥ 3 rings)  

AF5 50% DCM in methanol, 2mL The remaining compounds on the 

column 

 

PdCl2 Column  

The PdCl2 column method of Moustafa et al. (2011) was used and is briefly described 

below:  

(1) Pd(II)-mercaptopropano silica gel (MPS) was prepared by refluxing silica gel 

with 3-mercaptopropanotrimethoxysilane (3-trimethoxysilyl-1-propanethiol) 

in toluene. The MPS was dried and then treated with aqueous palladium 
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chloride solution (0.01M) for 12h to generate palladium bonded silica gel. It 

was rinsed with water, isopropanol and cyclohexane, successively, and then 

dried in a vacuum desiccator at room temperature before use.  

(2) The oil samples were first separated into two fractions on a 3cm silica gel 

column by successive elutions with n-cyclohexane (40 mL) and a n-

cyclohexane:DCM mix (3:1; 40 ml), respectively.  

(3) The n-cyclohexane (CH) fraction was further separated on a Pd(II)-

mercaptopropanol silica gel column (1.5g) into four sub-fractions by elution 

with the different CH/DCM solvent mixes listed in Table 2.2.  

Table 2.2 Sub-fractions obtained from PdCl2 column. 

Sub-fractions Solvent used Compounds obtained 

F1 n-cyclohexane:DCM (9:1), 40mL Sulfur-free fraction 

F2 n-cyclohexane:DCM (2:1) with 

1% iso-propanol, 40mL 

PASHs 

F3 n-cyclohexane:DCM (2:1) with 

1.5% iso-propanol saturated with 

NH3, 40mL 

Sulfides 

F4 n-cyclohexane:DCM (9:1), 40mL All remaining compounds  

 

(4) All fractions from Step 2 and the first two sub-fractions from Step 3 were 

analysed by GC-MS.  

(5) The second sub-fraction (F2) in which S-PAH compounds were found to be 

most concentrated was analysed by GC-ICPMS.  
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2.2.3 Molecular and Compound-Specific Isotope Analysis  

Molecular characterisation of the oil fractions by GC-MS analysis was conducted on a HP 

6890 GC coupled to a HP 5975B mass selective detector. The GC was fitted with a DB5 

fused silica capillary column (60 m×0.25 mm i.d. ×0.25 µm film thickness) and a 1 

mL/min helium carrier gas flow was used. The GC oven was temperature programmed 

from 40 °C to 325 °C at 3 °C/min then held isothermally for 45 min. Electron impact 70eV 

full scan (m/z 50–550) and selected ion recording mass spectral data were simultaneously 

acquired. Selected ions corresponded to the parent ions of alkylated BT, DBT and TD 

compounds (i.e. m/z 134, 142, 148, 154, 162, 168, 170, 176, 178, 182, 184, 190, 192, 196, 

198, 206, 210, 212, 220, 226, 234 and 248). Product assignments were based on 

correlation of measured and previously reported GC and MS data, with tentative 

assignment of several specific alkylated BT and DBT isomers based on previously 

reported GC elution data (Berthou et al., 1984; Depauw and Froment, 1997; Lopez-García 

et al., 2002).  

The δ34S analysis of the OSCs were performed using an Agilent 6890 GC coupled to a 

Thermo Neptune Plus multi-collector ICPMS (Greenwood et al., 2015). The OSCs were 

separated on the GC with a DB-5 MS column (30 m × 0.25 mm i.d. × 0.1 µm film 

thickness). The GC oven was heated from 100 °C (held for 0.5 min) to an end temperature 

of 300 °C (held for 15 min) at a rate of 8 °C/min. The argon gas for the plasma torch was 

pre-heated and introduced co-axially with the analytes from the GC. An SF6 gas standard 

of known δ34S value was used for tuning and calibration of the ICPMS. Two SF6 pulses 

were included at both the start and end of all sample analyses to internally calibrate δ34S 

measurements. δ34S results were reported as permil (‰) relative to the international 

sulfur isotope standard Vienna Canyon Diablo Troilite (VCDT) and typically represent 

the average of duplicate analyses with their variance expressed as standard variation 
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(SV±). In this study, the 34S data obtained from GC-ICPMS were typically measured 

with high precision (<0.2%) and accuracy (<0.3%). 
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2.3 Results and discussion  

2.3.1 Evaporation experiments 

Variation in the abundances of the OSCs relative to squalane over the 10 hr evaporation 

time frame investigated are shown Error! Reference source not found.. The abundance of 

squalane, a high MW isoprenoid of much lower volatility than the OSCs, was assumed to 

be relatively stable over 10 hr.  

BT was the most vulnerable compound to evaporation and was completely lost by 1 hr. 1-

Dodecanethiol was gone by 6.75 hr. DBT and 1-octadecanethiol were only partially 

removed, their 10 hr levels being 94.7% and 50.3% less, respectively, than at the 

beginning of the experiment. This evaporation order is consistent with the vapour 

pressures of the four OSCs (  
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Table 2.3).  

Figure 2.1 Temporal changes of ratios of OSCs relative to a squalene (Sq) standard.  
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Table 2.3 Vapour pressures of four compounds used in evaporation experiment 

(from the website of PubChem).  

Compounds Vapour pressure at 25°C mm Hg 

Benzothiophene (C8H6S)  2.4×10-1  

Dibenzothiophene (C12H8S)  2.05×10-4  

1-dodecanethiol (C12H26S)  8.5×10-3  

1-octadecanethiol (C18H38S)  4×10-7  

 

The 34S values of the OSCs spanned a broad range from –7.5‰ (C12H26S) to 13‰ 

(DBT). Throughout the evaporation experiments there was little variation in their 34S 

values (Figure 2.2). There was an increase of +3.4‰ in C12-Thiol (i.e. 5-hr value = –

4.1‰), but no obvious change in the 34S values of the less volatile DBT and C18-Thiol. 

The single 34S measurement for BT did not allow for an evaluation of its potential 34S 

fractionation with progressive evaporation. Similar experiments conducted by Amrani et 

al. (2013), Rosenberg et al. (2017) and Amrani et al. (2019) showed very small 34S 

fractionation in highly volatile, low MW compounds such as dimethyl sulfide  

(–0.5±0.2‰), butyl-thiol (+1.1‰), dimethyl-thiophene (‰, and short-chain 

thiolanes and thiophenes (< ±1‰), but no discernible 34S fractionation of BT and DBT. 

They concluded that 34S fractionation even under severe evaporation was negligible (< 

2‰). The present results are generally consistent with negligible 34S fractionation of most 

petroleum OSCs, although certain very volatile OSCs (e.g. low MW alkyl-thiols) might 

be vulnerable to slightly more significant 34S fractionation (needs to be confirmed with 

further study). The relatively small 34S fractionation effect of evaporation is in contrast 

to more substantial 13C and D changes previously observed for evaporated hydrocarbon 

compounds (Huang et al., 1999; Poulson and Drever, 1999; Wang et al., 2001). The small 

relative mass differential between the 32S and 34S atoms [(34–32)/32 = 6.24%, cf. 8.36% 
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for 13C and 99.84% for D] and heavier atomic weight of sulfur may contribute to the 

relatively stable 34S values of the OSCs investigated.  

 

 

Figure 2.2 34S profiles of OSCs over 10 hr evaporation experiment. Error bars 

(often smaller than data point) are the SV of duplicate analysis.  

 

2.3.2 OSC Fractionation Procedures  

Column Chromatography Fractions — Molecular Distributions 

GC-MS of the respective ARO fractions showed the OSCs were most concentrated in the 

AF3 sub-fraction (ALARO3) of the aluminium column separations and the F2 sub-fraction 

(PdCH2) of the PdCl2 column separations. The OSC and hydrocarbon product distributions 

of these two fractions are shown in Figure 2.3. The OSCs were generally more selectively 

isolated in the PdCH2 sub-fraction with fewer potentially co-eluting PAHs (e.g. 

phenanthrene, pyrene, chrysene) than were detected in ALARO3, particularly of the Qun7 

oil.  
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(a)  

 

(b)  
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(c)  

 

(d)  

 

Figure 2.3 TICs from GC-MS analysis of ALARO3 (a and c) and PdCH2 (b and d) 

fractions of ZS1C and Qun 7 oils.  
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Column Chromatography Fractions — 34SOSC Values 

The 34S values measured for OSCs in the ALARO3 and PdCH2 fractions of the ZS1C and 

Qun 7 oils are listed in  

Table 2.4 and profiled in Figure 2.4. The higher concentrations of OSCs isolated from 

the PdCl2 column allowed for more 34SOSC measurements than the ALARO3 fractions. In 

the PdCH2 fraction of ZS1C the 34S values of low MW alkyl-BTs (≤ dimethyl) were 

generally in a narrow range of +40 to +44‰, whilst the higher MW BTs (C3/4-BTs) and 

DBTs showed more depleted values in the range of +32 to +37‰. The reproducibility of 

measurements was generally < 1‰ (indicated by standard variance/error bars in Figure 

2.4 which were often less than data point size), although a few compounds showed large 

standard variances (up to 3‰). Low analyte concentrations and other factors (e.g. co-

elutions) can reduce the precision of the 34S measurement.  

Some of the 34SOSC data of the ALARO3 fraction of ZS1C were very similar to PdCH2 

values, whilst others were notably enriched in 34S (Figure 2.4a). The 34SOSC character of 

the ZS1C oil has been investigated in several other studies (Li et al., 2015; Cai et al., 2016). 

Data reported from these two studies, included in Figure 2.4a for comparison, are from 

aromatic fractions separated on alumina columns and is largely consistent with the 34SOSC 

data measured in PdCH2. The enriched BT outliers presently measured from ALARO3 are 

hard to rationalize, but are possibly related to the relatively low concentrations of the BT 

analytes (Nb. BTs << DBTs, and often below GCMS baseline — see Figure 2.3a). The 
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general consistency of the ALARO3 and PdCH2 34SDBT data points suggests there is no 

systematic 34S enrichment of the more concentrated OSCs in ALARO3.  

For Qun 7 oil, the 34S values of BTs in PdCH2 were in the range of +21 to +29‰, and the 

isotopically lighter DBTs were in range +7 to +15‰. The fewer 34SOSC data of ALARO3 

were generally consistent with those measured in PdCH2, which would suggest little 

isotopic variation/fractionation between both the Al2O3 and PdCl2 separation procedures.  

A more robust correlation of the 34S behaviour and integrity of these methods will 

obviously require measurement and comparison of a larger data set. Notwithstanding the 

need for more samples to thoroughly investigate this issue, this initial assessment suggests 

there is minimal 34S fractionation by these column chromatography methods.  

 

Table 2.4 34SOSC data measured in ALARO3 and PdCH2 sub-fractions of ZS1C and 

Qun 7 oils.  
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(a) 

 

(b) 

 

Figure 2.4 The 34SOSC profiles of ALARO3 and PdCH2 fractions of (a) ZS1C oil and 

(b) Qun 7 oil. Error bars (often smaller than data point) are the SV of 

duplicate analysis. ZS1C 34SOSC data previously reported by Li et al. 

(2015) and Cai et al. (2016) are shown in (a) for comparison.  

 

Thiophenic and Sulfidic Fractions of ZS1C from a Novel 

Methylation/Demethylation Method  

Wang et al. (2014) developed a novel methylation/demethylation pretreatment method for 

efficient separation of thiophenic and sulfidic compounds from S-rich oils. In brief, sulfur 

compounds were methylated to sulfonium salts by AgBF4 and CH3I, then the polar salts 

were separated by precipitation from the petroleum matrix. The thiophenic and sulfidic 

sulfonium salts were sequentially demethylated with 7-azaindole and 4-
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dimethylaminopyridine, obtaining original thiophenic and sulfidic compounds, 

respectively.  

 

 

Figure 2.5 34S of alkylated BTs and DBTs in aromatic fraction and alkylated 

thiadiamondoids (TAs, TDs) in sulfidic fraction of ZS1C oil. The oil was 

isolated by novel methylation/demethylation method outlined by Wang et 

al. (2014). Data from Cai et al. (2016) is included for comparison.  

 

It is important to assess whether the significant chemical alteration of the OSCs during 

this procedure contributes any 34S fractionation. Thiophenicm/dm and sulfidicm/dm fractions 

of the ZS1C oil prepared by Mr Meng Wang at Petrochina’s Research Institute of 

Petroleum and Exploration Development (RIPED, Beijing, China) were provided for 

CSSIA. The 34S values of alkylated BTs and DBTs measured in thiophenicm/dm and 

alkylated TDs measured in sulfidicm/dm are profiled in Figure 2.5. The corresponding 34S 

data of the PdCH2 fraction of ZS1C and the 34S values reported in Cai et al. (2016) are 

also plotted in Figure 2.5 for comparisons. The thiophenicm/dm fraction seemed to give 

slightly larger 34SBT/DBT values than the PdCH2 fraction (and Cai et al., 2016). The 34STD 

values of the sulfidicm/dm fraction, like the corresponding 34SBTs values, were relatively 

enriched (≥ 40‰) which would be consistent with the incorporation of 34S enriched H2S 

from TSR of anhydrite. Cai et al. (2016) also showed TDs were enriched in 34S compared 
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to DBTs. Obviously to investigate the 34S reliability of this novel separation method, 

more experiments are needed for assessment and comparison in future.  

 

2.4 Conclusions  

The effects of common organic geochemistry laboratory practices of solvent evaporation 

and liquid chromatography separation procedures on the 34S values of petroleum OSCs 

has been preliminarily investigated. Large volume solvent evaporation (i.e. through to 

dryness) had little impact on the 34S value of authentic DBT and C18SH compounds, with 

an enrichment up to 3‰ detected in the higher volatility C12SH. The stable sulfur isotopic 

values of all but the most volatile OSCs common to petroleum would seem more stable to 

evaporative processes than previously measured for the 13C and D values of petroleum 

hydrocarbons, likely due to their higher atomic mass and the lower relative mass 

difference of the primary isotopes.  

There appeared no systematic difference in the 34S values of DBTs in the aromatic 

fractions of two oils isolated by column chromatography with either an Al2O3 or a PdCl2 

stationary phase. The latter (PdCl2) provided higher concentrations of OSCs which 

supported greater 34S precision and numbers of OSCs that could be isotopically 

measured. Low analyte concentrations may account for the relatively enriched 34S values 

of several alkylated BTs/DBTs in the ALARO3 fractions measured here. The 34S values of 

some, but not all, thioaromatics and caged-S compounds in the ZS1C oil separated using 

a novel methylation/demethylation method (Wang et al., 2014) were generally similar to 

the aromatic fractions from Al2O3 and PdCl2 column chromatography.  

This preliminary assessment of the 34SOSC integrity of these basic laboratory procedures 

are based on a very limited number of experiments and should serve as only a general 
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guide. A much larger data set from more samples and experiments will be needed to 

investigate this issue more systematically.  
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3 CHAPTER 3 

The effect of biodegradation on the distributions and 

34S values of petroleum organic sulfur compounds 

Introduction  

Biodegradation can significantly alter the composition of oils, often reducing the quality 

and commercial value of hydrocarbon reservoirs. Detailed information about the 

occurrence of biodegradation and its impact on the hydrocarbon composition of oils were 

given in the Introduction chapter (Section 1.1.5). The extent to which oils have been 

affected by biodegradation can often be precisely estimated by scaled biodegradation 

levels (BLs) related to removal of increasingly susceptible hydrocarbon classes (e.g. Peters 

et al., 2005), specific hydrocarbon compound ratios (e.g. Volkman et al., 1984; Larter et 

al., 2012); and from 13C or D fractionation of hydrocarbon compounds (James and 

Burns, 1984; Pallasser, 2000; Masterson et al., 2001; George et al., 2002; Sun et al., 2005; 

Wilkes et al., 2008; Asif et al., 2009). Compared to the wealth of available information 

about the biodegradation of petroleum hydrocarbons, the effects of biodegradation on the 

composition and 34S behavior of organic sulfur compounds (OSCs) are not nearly as well 

understood. To learn more about the effects of biodegradation on the organic sulfur 

content of oils the following two studies were undertaken:  

(1) The biodegradation of a S-rich oil was attempted in laboratory-controlled 

microcosm experiments. A heavily TSR-impacted oil (ZS1C) with high 

concentrations of thioaromatic and thiadiamondoid compounds was selected and 

exposed to an active soil microbial community for a total period of 3 months. Soil 
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microflora has previously been shown to biodegrade petroleum hydrocarbons in a 

similar sequential order to reservoir oil (Greenwood et al., 2008).  

However, since the microcosm induced biodegradation had not progressed sufficiently 

to have impacted the OSCs detected in the recovered oil this approach was not 

continued. Instead, a suite of naturally biodegraded petroleum samples was assessed 

for a separate investigation of the biodegradation behavior of petroleum OSCs. The 

experimental and results of microcosm induced biodegradation are described in 

Appendix 1.  

(2) The second approach involved the analysis of several S-rich oils spanning 

biodegradation gradients (BLs of 3–6) from the Peace River region of the Athabasca 

Oil Sands (Canada). The Athabasca Oil Sands of Canada represents one of the few 

global petroleum regions where the impacts of biodegradation on S-rich oils have been 

recognized and studied at some length. Much of the organic geochemistry research of 

these oils has been undertaken by the Calgary Organic Geochemistry research team 

led by Prof. Steve Larter. One of their studies (Marcano et al., 2013) included details 

of the progressive biodegradative reduction of methyl-DBTs in a suite of 4 oils from 

a Peace River Well. For the present study of biodegradation impacts on the S-isotopic 

character of real oils, Prof. Larter was approached and kindly provided 4 oils from 

each of two Peace River wells reflecting similar biodegradation gradients. The 

successful outcomes from the analysis of these oils resulted in a publication in Organic 

Geochemistry (He et al., 2019) and a full copy of this paper follows.  
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Abstract  

The heavy sulfur-rich oils of the Peace River oil sands were formed by severe anaerobic 

biodegradation. To investigate the impacts of biodegradation on organic sulfur compounds 

(OSCs) we have measured the distribution and 34S values of alkylated thioaromatics 

detected in four oils from each of two Peace River wells (A and B). The fluid composition 

of the Peace River oil sands can be highly complex due to the variable contributions of 

sources, thermal maturity and secondary alteration. Nevertheless, a previous multi-

molecular investigation of samples from well B oils (PR2 oil-leg of Marcano et al., 2013, 

Organic Geochemistry 59, 114–132) indicated that the oils had biodegradation levels 

(BLs) of 5–6, with biodegradation increasing down the oil column. The hydrocarbon 

composition of oils isolated from well A were biodegraded to a lesser degree than well B 

(i.e. the presence of isoprenoids and high molecular weight (MW) n-alkanes suggests BLs 

of ~3–4). The concentrations of C1–C3 alkylated benzothiophenes (BTs) and C1–C3 

alkylated dibenzothiophenes (DBTs) declined sharply through both wells consistent with 

increased biodegradation, although other alteration impacts (e.g. water washing) might 

also contribute. The rates of decrease recorded for selected isomers showed variable 

responses (e.g. 3&4-mBT > 2-mBT; 4-eDBT > 1,3-dmDBT) which implies different 

susceptibilities to biodegradation and which may contribute additional useful molecular 

parameters for evaluating the BL of biodegraded S-rich petroleum. The S-isotopic 

measurements showed a 34S enrichment in several alkyl-BTs down the oil leg in well B, 

with their 34S values increasing by up to 6‰, consistent with the microbial utilisation of 

32S (n.b. the 34S values of alkyl-BTs were not measured in well A oils because of low 

aromatic sub-fraction concentrations). In contrast, there was little variation in the 34S 

values of alkyl-DBTs down both wells indicating negligible S-isotopic fractionation of 

these OSCs in the deeper more biodegraded oils, possibly because of their higher MW and 
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resistance to biodegradation. The 34SDBT (and bulk 34S) values of the well B oils were 

generally slightly enriched than the well A oils probably due to differences in the relative 

contribution of the major Devonian and Jurassic source rocks. 

Introduction  

Biodegradation is one of the major alteration events to impact crude oils and can 

significantly alter the fluid properties and commercial viability of petroleum reservoirs. 

The initial removal of low MW volatile liquid components can lead to increased fluid 

density, viscosity and corrosiveness (Volkman et al., 1984; Kennicutt, 1988; Wenger et 

al., 2002; Peters et al., 2005; Larter et al., 2012). Changes to the chemical composition and 

physical properties of biodegraded oils arise from the sequential removal of compounds 

with a varied susceptibility to biodegradation. Numerous studies have identified consistent 

differences in the resistance of certain hydrocarbon compounds to microbial attack, 

including isomers of the same compound (e.g. Alexander et al., 1983; Fedorak and 

Westlake, 1984; Volkman et al., 1984; Moldowan et al., 1992; Trolio et al., 1999; van 

Aarssen et al., 1999; Grice et al., 2000), and these observations have evolved into a widely 

applied biodegradation scale (Peters et al., 2005). For instance, the initial loss of low MW 

n-alkanes is recognised at a biodegradation level (BL) of 1, whereas more resistant high 

MW polycyclic hydrocarbons survive to more advanced stages of biodegradation (e.g. 

BLs of 6–9).  

The consideration of a range of different biodegradation indicators can be instructive given 

the large variety of petroleum sources, charging and alteration histories (e.g. thermal 

maturity, migration). The biodegradation behaviour of organic sulfur compounds (OSCs) 

may help to evaluate the biodegradation levels of heavy sulfur-rich oils often devoid of 

many of the aliphatic and aromatic hydrocarbons used in traditional biodegradation 



Chapter 3 

73 
 

parameters. The correlation value of OSCs, useful for identifying relationships between 

Type II-S sourced petroleum (Amrani et al., 2005; Cai et al., 2009), will also be 

strengthened by a better understanding of their specific vulnerability to biodegradation.  

The microbial biodegradation of OSCs has attracted modest attention compared to the 

large interest in the microbial degradation of petroleum hydrocarbons. Shi et al. (2017) 

recently reported the biodegradation of alkylated DBTs in oils from the Bohai Bay Basin 

(China) to be synchronous with the later stage removal of n-alkanes and observed varied 

biodegradation susceptibility for several different alkyl-DBT isomers. Biodegradation of 

Prudhoe Bay oil (Alaska) by cultured soil microbes showed the resistance of thioaromatics 

to biodegradation increased with their MW (i.e. more rings or methyl substituents; 

Fedorak and Westlake, 1984). Larter et al. (2012) included a 4-score assessment of alkyl-

thiophenic behavior in a robust multi-hydrocarbon and OSC parameter-based 

biodegradation scale coined “Modular Analysis and Numerical Classification of Oils” 

(Manco). This multi parameter-based system was necessary to reliably quantify the 

biodegradation level of the Peace River (PR) oil sands. The complex nature of these heavy 

S-rich oils can mask the behavior of traditional biomarker parameters. 

Several studies on the environmental toxicology impacts of OSCs monitored the fate (e.g. 

S metabolites) of OSCs on aerobic degradation of authentic S compounds or S oils by 

cultured microbes (e.g. Pseudomonas strains; Bayona et al., 1986; Fedorak and Peakman, 

1992; Kropp et al., 1994a, 1994b, 1996, 1997; Fedorak et al., 1996). Kropp et al. (1994b) 

for example, showed methylated BTs were transformed by Pseudomonas into sulfoxide, 

sulfone or dione products, with the distribution of these product groups dependent on the 

isomeric form of the mBT substrate (i.e. methyl substituent on benzene or thiophene ring). 

The slightly enriched 34S values measured for the aromatic fraction compared to the polar 

fraction of more biodegraded Athabasca and Mannville oils (W. Canada) were attributed 
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to preferential removal of low MW aromatics (Méhay et al., 2009), but might also reflect 

the transformation of some aromatics into more polar compounds.   

The 34S values of OSCs may potentially also be sensitive to biodegradation with a kinetic 

control on the microbial utilisation of S substrates likely to result in their 34S enrichment. 

This would be analogous to the 13C or 2H enrichment observed for some biodegraded 

hydrocarbons due to preferential microbial utilisation of the lighter isotopes (Guthrie et 

al., 2000; Pond et al., 2002; Sun et al., 2005; Kinnaman et al., 2007; Wilkes et al., 2008; 

Asif et al., 2009). Rosenberg et al. (2017) reported little 34S variance between C1–C3 BTs 

(and several alkyl-DBTs) in oils from the Dead Sea petroleum system thought to be lightly 

biodegraded based on differences in gasoline and n-alkane distributions, although the 

biodegradation alteration of the thioaromatic compounds in these oils was not established. 

To investigate further the anaerobic biodegradation behaviour of OSCs we have measured 

the relative abundance and 34S values of alkylated thiophenic products in moderate to 

heavily biodegraded oils from two wells from the PR oil sands reservoir of NW Alberta, 

Canada. Our study includes the first detailed investigation of the potential fractionation of 

the S isotopes of OSCs subjected to biodegradation.  

 

Experimental  

Samples  

Four reservoir core extracted oils from each of two wells (A and B) from the PR oil sands 

reservoir (Lower Cretaceous Manville Group, Alberta Basin) were used in this study. The 

samples come from 20–30 m sections of the respective cores and will be referred to as oils 

A1–A4 (well A) and B1–B4 (well B), respectively. Well B corresponds to the PR2 oil leg 

studied by Marcano et al. (2013) and well A is from the same geographic locale. These 
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oils (20–100 mg) represent the last remaining PR samples from several previous studies 

by the Petroleum Reservoir Group at the University of Calgary (e.g. Adams et al., 2006, 

2012; Larter et al., 2008; Marcano et al., 2013).  

Aliphatics susceptible to anaerobic biodegradation (i.e. n-alkanes) had been largely 

removed from all of the PR oils studied by Marcano et al. (2013) whereas aromatic and 

thioaromatic hydrocarbons were more persistent. Oil biodegradation typically increases 

down the PR oil columns, consistent with biodegradation focused mainly at the oil-water 

transition zone (Head et al., 2003; Larter et al., 2003; Bennett et al., 2013).  

Hydrocarbon parameters measured from PR and other W. Canadian oil sands have not 

always reflected traditional biodegradation trends (Bennett and Larter, 2008; Larter et al., 

2012; Marcano et al., 2013) due to the impact of several major compositional variables. 

In addition to biodegradation, differences in source, thermal maturity and reservoir 

compartmentalization can contribute to compositional variability (Adams et al., 2006; 

2012; Larter et al., 2008, 2012). Nevertheless, on consideration of a number of 

biodegradation sensitive molecular parameters, the well B oils were assessed to have 

experienced heavy biodegradation consistent with BLs = 5–6 (Marcano et al., 2013). The 

ultimate Manco number (MN2) values of the four well B oils range from 955 to 961 

(Error! Reference source not found.; Marcano et al., 2013). MN2 values were not 

available for the well A oils, but these oils were recovered from depths similar to the well 

B oils and the petroleum column has similar biodegradation related geochemical and oil 

viscosity gradients which are typical of the PR oil sands as described elsewhere (Adams 

et al., 2012; Marcano et al., 2013).  
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Molecular and 34S analysis 

Saturated and aromatic hydrocarbon fractions of all samples were isolated from the oils 

(~20 mg) by liquid chromatography on activated silica gel and separately analysed by gas 

chromatography-mass spectrometry (GC-MS). A sub-fraction (ArF3) of the aromatic 

fraction of the oils in which thioaromatic compounds were most concentrated was 

obtained by sequential elution of the aromatic fraction on an activated aluminium oxide 

(Al2O3) column with gradually more polar (i.e. more DCM) solvent mixes of n-hexane 

and DCM. The 34S values of OSCs were measured by GC inductively coupled plasma 

(ICP) MS analysis of ArF3 which was sometimes taken to very low solvent volumes to 

enhance the 32S and 34S signal intensities of low concentration analytes. Laboratory 

experiments (by us and others, e.g. Amrani et al., 2013) with standard samples have 

detected no discernible S isotopic fractionation with solvent/sample evaporation.  

GC-MS analysis of the oil fractions was conducted with a HP 6890 GC coupled to a HP 

5973 mass selective detector. The compounds were chromatographically separated on a 

DB-5 fused silica capillary column (60 m × 0.25 mm i.d.) with 1 mL/min helium carrier 

gas. The GC oven was temperature programmed from 40 °C to 325 °C at 3 °C/min then 

held isothermally at the final temperature for 45 min. Deuterated terphenyl (98% purity, 

Sigma-Aldrich, USA) was added as an internal standard to the aromatic fractions to assist 

quantification. Electron impact (70 eV) full scan (m/z 50–550) and selected (parent) ion 

recording mass spectral data were acquired simultaneously. Assignment of alkyl-BT and 

alkyl-DBT isomers was based on the correlation of measured and previously reported GC 

and MS data (Berthou et al., 1984; Depauw and Froment, 1997; López García et al., 2002).  

The δ34S analysis of the OSCs was achieved using an Agilent 6890 GC coupled to a 

Thermo Neptune Plus multi-collector ICPMS following previously reported protocols 
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(Greenwood et al., 2018). In brief, the OSCs were separated on the GC with a DB-5 MS 

column (30 m × 0.25 mm i.d. × 0.1 µm film thickness). The GC oven was heated from 

100 °C (held for 0.5 min) to an end temperature of 300 °C (held for 15 min) at a rate of 8 

°C/min. The argon (Ar) gas for the plasma torch was pre-heated and introduced co-axially 

with the analytes from the GC. An SF6 gas standard of known δ34S value was used for 

tuning and calibration of the ICPMS. Two SF6 pulses were included at both the start and 

end of all sample analyses to internally calibrate δ34S measurements. δ34S results are 

reported as per mil (‰) relative to the international sulfur isotope standard Vienna Canyon 

Diablo Troilite (VCDT) and represent the average of duplicate analyses with their variance 

expressed as standard variation (SV±). A δ34S precision of < 0.2‰ is typical achieved by 

GC-ICPMS analysis of standard OSCs ( 50 pmol sulfur; Greenwood et al., 2014) and the 

duplicate analysis of the PR samples mostly gave δ34SOSC values with a standard variance 

< 0.5‰.   

 

Results and discussion  

Hydrocarbon composition and evidence of biodegradation levels  

Few low MW aliphatic hydrocarbons were detected by GC-MS analysis of the saturate 

fractions of well A oils, but they did contain higher MW n-alkanes (C27–C35) and several 

isoprenoid compounds. All of the well B oils were generally devoid of n-alkanes and 

isoprenoids and a more advanced biodegradation of the deeper samples was also indicated 

by sterane alteration. Marcano at al. (2013) previously assessed well B oils (i.e. PR2 oil leg) 

to have BLs = 5–6. The presence of high MW n-alkanes and isoprenoid alkanes in well A 

oils indicated they had not been biodegraded to the same extent and had BLs ~3–4.  
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High abundances of aromatic hydrocarbons, including a number of S-aromatics (see 

Section 3.2), were detected by GC-MS analysis of the aromatic fractions of all oils. 

Evidence of biodegradation included a notable change in the alkylated naphthalene 

composition of oils from both wells and additional alteration of alkylated phenanthrenes 

in well B. Biodegradation-sensitive di- to tetramethyl-naphthalene isomer ratios have been 

widely used to assess the biodegradation levels of petroleum samples (Solanas and Pares, 

1984; Volkman et al., 1984; Rowland et al., 1986; Fisher et al., 1996, 1998; Ahmed et al., 

1999; Peters et al., 2005; Greenwood et al., 2008). The DMNR and TMNR values (Error! 

Reference source not found.) measured from most oils indicated a decline down both 

wells consistent with the enhanced biodegradation of dimethyl-naphthalene (dmN) and 

trimethyl-naphthalene (tmN) isomers susceptible to biodegradation compared to isomers 

more resistant to biodegradation. Relatively constant TeMNR values (Error! Reference 

source not found.) reflected less change in the distributions of tetramethyl-naphthalenes.  

The persistence of methylnaphthalenes (mN) and dmN in all oils was surprising given the 

quite advanced biodegradation levels of the oils. mNs are highly susceptible to 

biodegradation, normally being removed or substantially altered by BL= 2 (Peters et al., 

2005). Similarly, alteration of dmN and tmN usually occurs across BLs 2–5 with the dmNs 

typically absent at BLs  6 (i.e. BL of well B oils). The mNs and dmNs detected in all oils 

may derive from multiple oil charges. The influences of different sources, depositional 

conditions or multiple charging of single sources are major contributors to the highly 

complex nature of Albertan oil sand deposits such as Peace River (e.g. Deroo et al., 1977; 

Leenheer, 1984; Creaney and Allan, 1990; Adams et al., 2006, 2012). The TMNR profile 

of both well A and well B oils, nevertheless, reflected a distinctive gradient consistent with 
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the transition of BLs 3–6 and was therefore used as a correlation parameter for assessing 

the alteration levels of the OSCs in the biodegraded PR oils (Section 3.2).   

Methyl-phenanthrenes (mPs) are typically more resistant to biodegradation than the lower 

MW alkyl-naphthalenes (Peters et al., 2005). The distribution of these isomers showed 

little variance in well A (MPI = 1.2–1.4, Error! Reference source not found.), but they 

were clearly altered in well B (MPI = 0.7–4.8). MPI is a common indicator of thermal 

maturity (Radke et al., 1982; Radke, 1988), but the alteration of mPs in Peace River oils 

of similar maturity (e.g. well B) can be attributed to biodegradation (Marcano et al., 2013). 

Molecular-based maturity parameter values measured from the well A and B oils showed 

generally similar values (i.e. MNR, TA/(TA+MA), C29H/C30H; Error! Reference source 

not found.).  

.
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Table 3.1 Molecular biodegradation and thermal maturity parameters from GC-MS analysis of PR oils.  

Parameter Well A Well A 

A1 A2 A3 A4 B1 B2 B3 B4 

MN2 - - - - 955 961 966 966 

MDR 0.9 0.9 0.9 0.9 1.9 1.4 0.2 0.3 

MNR 0.9 0.7 1.0 1.2 1.0 1.3 0.8 0.8 

DMNR  3.8 4.0 3.7 2.9 4.0 2.4 1.4 1.3 

TMNR  4.6 2.0 0.5 0.4 5.8 1.9 0.6 0.2 

TeMNR  2.9 2.4 4.0 3.0 1.8 1.8 1.6 2.0 

MPI-1  1.2 1.4 1.3 1.2 0.7 1.1 3.5 4.8 

C29H/C30H 0.7 0.7 0.7 0.8 0.7 0.8 0.8 0.8 

TA/(TA+MA) 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2 

MN2 = ultimate Manco numbers for Well B samples (PR2 oils) reported by Marcano et al., 2013. 

MDR = methyldibenzothiophene ratio (4-mDBT/1-mDBT; Bennett et al., 2007; Punanova and Vinogradova, 2015) 

MNR = methylnaphthalene ratio (2-mN/1-mN; Radke et al., 1982b) 

DMNR = Dimethylnaphthalene ratio (1,6-dmN/1,5-dmN; Fisher et al., 1998) 

TMNR = Trimethylnaphthalene ratio (1,3,6-tmN/1,2,4-tmN; Fisher et al., 1998) 

TeMNR = Tetramethylnaphthalene (1,3,6,7-temN/1,3,5,7-temN; Fisher et al., 1998) 

MPI-1 = Methylphenanthrene Index (1.5 × (2-mP + 3-mP)/(P + 1-mP + 9-mP); Radke et al., 1982a; Radke et al., 1988) 

C29H/C30H = 30-norhopane/C30 hopane (Peters et al., 2005) 

TA/(TA+MA) = C26–C28 triaromatic steroids/(C27–C29 monoaromatic steroids + C26–C28 triaromatic steroids) (Mackenzie et al., 1981) 
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Biodegradation of thioaromatic compounds 

All oil samples showed prominent series of thioaromatics, and several samples also trace 

concentrations of alkylated naphthothiophenes and alkyl-benzonaphthothiophenes. 

Sample B1 generally showed the highest thioaromatic concentrations; the distributions of 

alkyl-BTs and alkyl-DBTs in this oil are highlighted by the selected ion chromatograms 

in Figure 3.1 . Isomeric assignments are consistent with the GC elution orders reported 

by López García et al. (2002), although product identifications may be considered 

tentative. Lower abundance and less expansive S aromatic product distributions were 

evident in the deeper, more biodegraded B2–B4 oils. Apart from generally lower OSC 

concentrations, the well A oils showed similar thioaromatic distributions to the Well B 

oils and a similar trend of decreasing abundance with depth. 
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Figure 3.1 Selected ion chromatogram from GC-MS analysis of oil B1: (a) m/z 148 highlighting the mBTs; (b) m/z 162 of C2-BTs;  

(c) m/z 176 of C3-BTs; (d) m/z 198 of mDBTs; (e) m/z 212 of C2-DBTs; and (f) m/z 226 of C3-DBTs. Isomer assignments based on GC 

elution order reported by López García et al., 2002 (A–C = unassigned C3-DBT isomers). Structures of BT and DBT are included with 

alkyl substitution positions numbered.  
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Concentration profiles 

The oil sample concentrations of the alkyl-BTs and alkyl-DBTs declined down both wells 

(Figure 3.2). This decrease in concentration is consistent with biodegradative loss, 

although other alteration factors (e.g. water washing, diffusion, dilution from multiple 

charging or mixing) can also contribute to a concentration gradient. There were some 

variations in the rates at which the concentrations of different product groups decreased 

with increasing well depth likely due to structurally related differences in their diffusion 

and metabolic utilisation as well as possible variations in charging. A dominance of charge 

over degradation can be characterised by linear concentration gradients (Adams, 2008), as 

evident for several OSCs in each of well A (e.g. mDBTs) and Well B (e.g. 4,6-dmBT; and 

the co-eluting 2,3,5- and 2,3,6-tmBT). Metabolic preferences can additionally contribute 

to the varied profiles evident between many isomer products (i.e. with similar diffusion 

properties).  

Most alkyl-BTs showed a particularly sharp drop in concentration between the two 

uppermost samples (i.e. A1 to A2; B1 to B2) and a generally exponential profile for the 

four oils of each well (Figure 3.2a–c). The concentrations of several dmBT and tmBT 

compounds showed a more gradual (~linear) decrease down well B. The decrease in 

concentration of alkyl-DBTs down wells A and B was generally less than the alkyl-BTs 

with linear and sometimes logarithmic-like gradients evident for different isomers (Figure 

3.2d–f).  
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Figure 3.2 Isomer concentration profiles of: (a) mBTs; (b) dmBTs; (c) C3-BTs in 

well A; and (d) mDBTs; (e) C2-DBTs; (f) C3-DBTs (A–C = unassigned 

C3-DBT isomers) in well B. Product concentration values are plotted as % 

relative to the corresponding concentrations of the top (least biodegraded) 

samples (i.e. A1 and B1).  
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The down-well reduction rates of some isomers did not correlate so closely with relative 

abundances and may be more suggestive of a structural control. There was a notable 

distinction, for instance, in the well A abundance profiles of mBT isomers (Figure 3.2a, 

Table 3.2), although not well B oils (Figure 3.2b) probably because of their higher BLs. 

The concentrations of (co-eluting) 3- and 4-mBT and (co-eluting) 5- and 6-mBT were 

significantly more reduced in the deeper well A oils than 7-mBT and more so than 2-mBT. 

The 2-methyl substituent is next to the S-atom (-position) which may provide greater 

steric hindrance to biodegradation. The ratio values of (co-eluting) 3- and 4-mBT/2-mBT 

(Figure 3.3a) measured from the well A oils show a generally linear (R2 = 0.82) 

relationship with biodegradation as indicated by TMNr. 

Distinct variations were also evident in the relative abundance profiles of several mDBT 

(Figure 3.2d), dmDBT (Figure 3.2e) and tmDBT (Figure 3.2f) isomers.  

1-mDBT was clearly the most persistent of the mDBT isomers in the deeper well B oils 

with the down-well reduction of all mDBT isomers reflecting a logarithmic gradient (due 

to accentuated reduction in the deeper oils). A similar order (2- > 3- ~ 4- > 1) of mDBT 

isomer susceptibility to biodegradation was recently reported for several Linpan oils of the 

Bohai Bay Basin spanning BLs = 2–6 (Shi et al., 2017). A relatively high susceptibility of 

2- and 3-mDBTs to aerobic biodegradation was also recognised in a light Arabian crude 

oil following exposure to cultured strains of Pseudomonas sp bacteria (Bayona et al., 1986) 

and was suggested to be due to the -substitution of these products (i.e. methyl not 

adjacent to the S atom leaving adjacent unsubstituted- and - positions).  

The 4-mDBT/1-mDBT ratio has been previously used to indicate thermal maturity 

(Radke, 1988; Punanova and Vinogradova, 2016), but the behaviour of these isomers in 

the well B oils reflects how biodegradation can also affect this ratio. There was little 
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variation in the approximately linear reduction rates of the mDBT isomers in the well A 

oils possibly due to their lower BLs. 

 

Figure 3.3 Well A profile of: (a) 3- and 4-mBT/2-mBT vs TMN Ratio; and well A 

and B profiles of (b) 4-eDBT/1,3-dmDBT vs TMN Ratio.  

 

The relative abundances of the C2-DBT isomers in the highly biodegraded well B oils 

reflected a very large variance in reduction rates (Figure 3.2e). 4E-DBTs seemed the most 

susceptible to biodegradation, with its B3 compared to B2 concentration indicating a 64% 

reduction between these two oils compared to a corresponding 3% reduction of the most 

stable isomer 1,3-dmDBT (Table 3.2). The well B concentration profiles of the other 

isomers further suggest 2,4-DBT and (co-eluting) 2,6- and 3,6-DBTs were biodegraded to 

a greater extent than 4,6-DBT, (co-eluting) 1,4-, 1,6- and 1,8-DBTs, and (co-eluting) 2,7-

, 2,8- and 3,7-DBTs (Figure 3.2e, Table 3.2). Well A had generally similar C2-DBT 
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biodegradation begaviour including very high and low biodegradation suceptibilies of 4-

eDBT and 1,3-dmDBT, respectively.  

A relatively high biodegrdation susceptibility for 4e-, 2,6- and 3,6-dm substituted isomers 

was also identified in biodegraded Linpan oils (Shi et al., 2017). The ratio of 4-eDBT/1,3-

dmDBT in the well B oils reflected a general (R2 = 0.80) relationship with TMNr (Figure 

3.3b) although a potentially similar trend in the less biodgraded well A oils (R2 = 0.69, 

Figure 3.3b) may be unrelated to biodegradation. Alkyl-DBT and alkyl-BT (e.g. 3- and 

4-mBT/2-mBT, Figure 3.3a) isomers with different biodegradation susceptibilities may 

be helpful in monitoring the biodegradation progression of heavy S-rich oils, similar to the 

use of petroleum biodegradation parameters based on the relative abundance of alkyl-

naphthalene isomers (TMNR, DNR, TeMNR; e.g. Greenwood et al., 2008). However, 

given the complexities of the PR petroleum reservoir and the fact biodegradation is one of 

just several major controls on the composition of these oils, the sensitivity of these OSC 

ratios to biodegradation should be confirmed by further study.  

The reduction rates of C3-DBT isomers down well B also showed some variation. For 

instance, several isomers (e.g. 1,4,6-tmDBT and 3,4,6-tmDBT) declined in a relatively 

slow linear fashion with biodegradation/TMNR compared to other isomers (e.g. 4e,6m-

DBT and 2,4,6-tmDBT) whose accentuated reduction in the deeper oils produced a 

logarithmic type profile. Through well A there was an almost identical linear reduction of 

all C3-DBTs. This similar isomer behaviour might be due a lack of biodegradative impact 

on these higher MW OSCs at the relatively low BLs of the well A oils, and their consistent 

reduction may be due to other alteration influences. Water washing can selectively remove 

hydrocarbons on the basis of their polarity or aqueous solubility (Palmer, 1993), with 

aromatic (and gasoline) hydrocarbons quite vulnerable to this alteration. Hydrocarbon 

alteration by water washing is often difficult to recognise due to the typically larger impact 
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of biodegradation, but like biodegradation becomes more significant through the oil-water 

transition zone (i.e. potentially greater impact on the deeper PR oils) and can have a more 

obvious effect in biologically hostile environments (Wang et al., 2016).  
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Table 3.2 Concentration (ng/mg) of alkyl-BTs and alkyl-DBTs measured by GC-MS analysis of Peace River oils. The extents (%) to which 

compound concentration is reduced in the next well sample is indicated in parentheses.  

Compound(s)  Isomers 
Well A Well A 

A1 A2 A3 A4 B1 B2 B3 B4 

methylBT 2-mBT 38 (79) 8 (2) 7 (18) 6 23 tr - - 

  7-mBT 18 (80) 4 tr tr 119 (97) 3 (94) tr - 

  5-&6-mBT 59 (95) 3 (7) 3 (4) 3 11 tr tr tr 

  3-&4-mBT 46 (94) 3 (12) 3 tr 107 (96) 5 (88) tr tr 

dimethylBT 2,7-dmBT 110 (97) 3 (1) 3 tr 175 (73) 47 (98) tr tr 

  5,7-dmBT 49 (94) 3 (3) 3 tr 225 (95) 12 (93) tr tr 

  

2,5-&2,6-

dmBT 114 (95) 6 (47) 3 (7) 3 303 (80) 62 (97)) tr tr 

  2,4-dmBT 76 (94) 5 (43) 3 (9) 3 385 (96) 15 (88) tr tr 

  4,6-dmBT 27 (81) 5 (33) 3 tr 69 (74) 18 (90) tr tr 

  

3,5-&3,6-

dmBT 52 (90) 5 (37) 3 tr 63 (64) 23 (92) tr tr 

  2,3-dmBT 74 (94) 4 (15) 3 tr 363 (88) 43 (95) tr tr 

C3-BT emBT/pBT – – – – 159 (91) 15 (80) 3 tr 

  2,5,7-tmBT 36 (89) 4 tr tr 149 (87) 19 (79) 4 tr 

  2,4,7-tmBT 33 (82) 6 (33) 4 (13) 4 77 (17.7) 14 (3.6) 3 tr 

  3,5,7-tmBT 93 (87) 12 tr tr 333 (91) 31 (71) 9 tr 

  2,3,7-tmBT 210 (93) 14 (81) 3 tr 548 (83) 92 (72) 26 (85) 4 

  

2,3,5-&2,3,6-

tmBT 228 (90) 23 (76) 5 (26) 4 451 (77) 102 (68) 33 (74) 9 
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methylDBT  4-mDBT 348 (68) 113 (63) 42 (3) 41 1014 (43) 575 (88) 68 (48) 35 

  2-&3-mDBT 262 (61) 103 (59) 43 (2) 42 744 (47) 394 (85) 60 (52) 29 

  1-mDBT 395 (66) 132 (65) 47(6) 44 535 (21) 423 (16) 353 (65) 122 

C2-DBT  4-eDBT 94 (71) 28 (59) 11 (5) 11 164 (32) 112 (64) 41 (67) 14 

  4,6-dmDBT 800 (43) 452 (54) 208 (5) 197 426 (23) 330 (6) 310 (8) 285 

  2-eDBT 155 (49) 79 (51) 39 (3) 38 89 (20) 72 (15) 61 (62) 23 

  2,4-dmDBT 255 (59) 103 (65) 36 (2) 35 224 (29) 160 (21) 127 (51) 63 

  

2,6-&3,6-

dmDBT 521 (69) 162 (68) 52 (4) 49 694 (25) 523 (16) 438 (58) 183 

  

1,4-&1,6-

&1,8-dmDBT 449 (46) 242 (54) 111 (5) 105 303 (28) 217 (9) 198 (46) 108 

  

2,7-&2,8-

&3,7-dmDBT 1186 (44) 661 (54) 302 (0) 303 511 (15) 432 (9) 395 (9) 319 

  1,3-dmDBT 390 (22) 304 (69) 95 (3) 92 153 (13) 133 (3) 129 (7) 120 

C3-DBT  4e6m-DBT 340 (45) 188 (55) 85 (1) 85 183 (18) 150 (8) 138 (12) 121 

  2,4,6-tmDBT 512 (50) 254 (54) 117 (4) 112 331 (15) 280 (9) 254 (77) 58 

  tmDBT A 597 (53) 281 (60) 111 (10) 100 339 (25) 254 (19) 206 (40) 123 

  1,4,6-tmDBT 364 (48) 189 (54) 87 (4) 84 184 (21) 145 (2) 143 (58) 60 

  3,4,6-tmDBT 679 (40) 407 (58) 171 (59) 155 339 (23) 260 (3) 252 (76) 59 

  tmDBT B 261 (48) 135 (60) 53 (3) 52 121 (25) 91 (4) 87 (42) 51 

  tmDBT C 300 (48) 157 (55) 71 (9) 65 135 (20) 108 (13) 94 (56) 41 
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34S profiles 

The 34S values of the highest abundance OSCs were measured by GC-ICPMS. This 

included alkyl-DBTs in the well A oils and both alky-BTs and alkyl-DBTs in well B oils 

(Table 3.3, Figure 3.4). The sensitivity limits for 34S analysis of petroleum OSCs has 

been estimated at about 50 pmol S per analyte peak (precision < 0.5‰; Amrani et al., 

2009; Greenwood et al., 2014), although this can often be bettered with optimal analytical 

conditions (e.g. new or freshly conditioned analytical column and transfer capillary). Here, 

the standard limit of 50 pmol S equates to alkyl-BTs and alkyl-DBTs concentrations in the 

present PR aromatic fractions of ~ 50 ppm (Table 3.2; from LC of ~20 mg oil). In practice 

the 34S of OSCs in the ArF3 sub-fraction of PR oils (Table 3.3) were generally measured 

with good precision (most < 0.5‰ and just a few > 1.0‰) from OSCs with a 

corresponding aromatic fraction concentration > 40 ppm (Table 3.2).  

Adequate ICPMS signal for a single 34S measurement was also obtained for a few OSCs 

at much lower concentrations by analysis of nearly all available sample following the 

reduction of ArF3 to very low solvent volumes (n.b. duplicate analysis of these trace 

concentrations typically was not possible). For example, the dmBT region of the m/z 32 

chromatogram from GC-ICPMS analysis of the ArF3 of the B3 oil (Figure 3.5a) showed 

integrated peaks for 2,7-dmBT and (co-eluting) 2,5- and 2,6-dmBT, detected with 

comparable signal to noise as their m/z 162 peaks (< 2 ppm) by GC-MS analysis of the 

aromatic fraction (Figure 3.5b).  
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Figure 3.4 CSSIA data of oils showing: (a) 34S profiles of alkyl-BT isomers in well 

B oils; and (b) 34S profiles of alkyl-DBT isomers in well A and well B 

oils.  

  



Chapter 3 

93 
 

 

Figure 3.5 C2-BT chromatogram regions of B1-B3 oils highlighted by (a) m/z 32 

signal from GC-ICPMS analysis of their aromatic sub-fractions (ArF3); 

and (b) m/z 162 from GC-MS analysis of their aromatic fractions.  
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Table 3.3 34S values (‰) of PR oils and their thioaromatic compounds. Standard variation of duplicate sample analysis indicated in parenthesis. 

Note that low ICPMS signals precluded duplicate analysis of some products.  

Analyte Compound Well A Well A 

A1 A2 A3 A4 B1 B2 B3 B4 

bulk oil 34S*  1.4 1.6 0.3 0.2 2.1 1.7 1.5 1.7 

Methyl-BT 7-mBT - - - - 2.3 (0.2) 3.0 (–) - - 

 3-&4-mBT - - - - 2.1 (0.1) 4.2 (–) - - 

Dimethyl-BTs 2,7-dmBT - - - - –1.2 (0.1) 1.1 (–) 4.8 (–) - 

 5,7-dmBT - - - - 1.0 (0.1) 4.6 (–) - - 

 

2,5-&2,6-

dmBT 
- - - - 

1.1 (0.3) 2.5 (0.7) 3.5 (–) 
- 

 2,4-dmBT - - - - 2.4 (0.5) 5.2 (–) - - 

 2,3-dmBT - - - - 2.8 (0.3) 5.9 (0.9) - - 

Trimethyl-BTs emBT/pBT - - - - 1.0 (0.3) 3.5 (–) - - 

 2,5,7-tmBT - - - - 1.8 (0.0) 3.1 (–) - - 

 3,5,7-tmBT - - - - 2.8 (0.0) 3.0 (2.5) 4.1 (0.9) 7.7 (–) 

 2,3,7-tmBT - - - - 5.0 (0.1) 5.2 (0.5) 4.1 (1.5) 7.2 (–) 

 

2,3,5-&2,3,6-

tmBT 
- - - - 

3.0 (0.2) 4.3 (0.3) 3.8 (0.5) 4.7 (–) 

Methyl-DBT 4-mDBT –1.6 (–)# –2.9 (0.5) –1.8 (3.1) –2.1 (0.8) 0.6 (0.1) –0.6 (0.9) - - 

 2-&3-mDBT –3.2 (–)# –2.1 (0.1) –1.9 (1.7) –0.1 (0.4) 0.7 (0.1) 0.1 (0.9) - - 

 1-mDBT –1.0 (–)# –1.8 (0.4) –1.3 (0.8) –2.4 (0.2) 0.2 (0.2) 0.2 (1.0) –1.1 (0.7)  –1.5 (0.9) 

Dimethyl-DBT 4,6-dmDBT –2.3 (–)# –0.7 (0.1) –0.5 (1.1) –0.7 (0.4) 1.7 (0.5) –2.5 (1.1) –0.6 (0.7) 0.1 (0.9) 
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2,6-&3,6-

dmDBT –0.9 (–)# –0.4 (0.5) 0.0 (0.5) 0.6 (0.4) 2.8 (0.3) 2.3 (0.2) 1.2 (0.1) 2.5 (0.4) 

 
2,7-&2,8-

&3,7-dmDBT –1.8 (–)# –1.3 (0.3) –1.2 (0.6) –1.2 (0.0) 1.0 (0.5) 1.1 (0.5) –0.3 (0.1) 0.6 (0.3) 

C3-DBTs 4e6m-DBT –1.0 (–)# –0.1 (0.1) 0.2 (0.9) 0.1 (0.6) 1.2 (0.3) 1.7 (1.0) –0.1 (0.3) 0.6 (0.7) 

  2,4,6-tmDBT –1.4 (–)# –1.5 (0.9) 0.1 (0.9) –0.2 (0.5) 0.4 (0.3) 1.1 (0.1) –0.1 (0.6) 0.6 (0.8) 

* Bulk 34S data provided by Thomas Oldenburg and Steve Larter (University of Calgary, Canada). EA-irMS 34S analysis of PR oils reported in 

Marcano et al. (2013).  
# Electrical spike corrupted second acquisition of A1 oil.  
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The alkyl-BTs signals from GC-ICPMS analysis of ArF3 of all well A oils were too low 

for reliable 34S measurements. This was unexpected given the aromatic fraction 

concentrations of > 50 ppm for many of these products (particularly in A1 and A2). 

Furthermore, 34S values were generally measurable for co-occurring alkyl-DBTs (> 40 

ppm) which suggests the lower MW alkyl-BTs may have been lost during the ArF3 

workup from these oils. Relatively large (> 1‰) standard variations were evident from the 

duplicate 34S measurement of a few alkyl-DBTs in the deeper (and leaner) A3 and A4 

oils, suggesting the DBT concentration of the ArF3 might also have been quite a bit lower 

than the measured aromatic fraction levels. Importantly, there is no S isotope fractionation 

of OSCs reduced in concentration by evaporation so any such losses will not have 

compromised the 34S values of alkyl-DBTs which were able to be measured from well 

A oils.  

The 34S values for several of the alkyl-BTs measured in well B samples (Figure 3.4a) 

showed a consistent increase of up to several ‰ with increasing depth. The 34S value of 

7-mBT and 3- and 4-mBT increased from B1 to B2 by +0.7‰ and +2.1‰, respectively. 

Their concentrations in the deeper oils were too low for 34S measurements. However, the 

higher concentrations and persistence of dmBTs and tmBTs allowed for 34S 

measurements of several isomers in B3 and B4. These products, particularly the dmBTs, 

were consistently enriched in 34S with increasing well depth. The dmBTs showed 

increases in 34S values of between +2‰ to +6‰ (Figure 3.4a; Table 3.3). The 34S value 

of 3,5,7-tmBT increased by +5‰ whilst the other tmBTs increased between +1‰ to +2‰. 

The increase in the 34S values of the alkyl-BTs would be consistent with preferential 

microbial utilisation or cleavage of 32S bonds. Several studies have identified a similar 

kinetic control on the stable 13C and D values of hydrocarbons in biodegraded 
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petroleum. The 13C values of residual hydrocarbon gases measured following aerobic 

biodegradation of marine sediment and anaerobic biodegradation of reservoir petroleum 

showed a significant enrichment in 13C due to microbial utilisation of the smaller 12C 

(Kinnaman et al., 2007; Wilkes et al., 2008). The large mass differential of H isotopes has 

contributed to major 2H enrichment (e.g. 25–35‰) of n-alkanes in biodegraded petroleum 

(Pond et al., 2002; Sun et al., 2005; Asif et al., 2009). 

Given the complexity of accumulation of the PR oil sands, however, it is possible that 

other factors besides biodegradation may have contributed to the down-well 34S 

enrichment of alkyl-BTs. Thioaromatic compounds in petroleum can be 34S enriched with 

increasing thermal maturity (Ellis et al., 2017), and the 34S values of BTs and DBTs 

homogenise at quite high maturities (Ellis et al., 2017; Rosenberg et al., 2017). However, 

the similar thermal maturity values of the PR oils [i.e. C29H/C30H and TA/(TA+MA) 

values (Error! Reference source not found.) and others reported by (Marcano et al., 

2013)] suggest thermal maturity is not a factor here.  

The 34S values of several alkyl-DBTs measured in both well A and B oils (Figure 3.4b,c) 

remained relatively constant and did not reflect the same obvious enrichment in 34S 

apparent in several of the alkyl-BTs measured in well B. This may be due to the greater 

biodegradation resistance of the higher MW DBTs. Kinetic 34S enrichment may 

potentially be more effective at the very low analyte concentrations of the alkyl-BTs in the 

deeper well B oils. The reduced concentration of alkyl-DBTs down both oil wells might 

also be controlled by factors other than biodegradation (e.g. water washing) and which do 

not lead to S isotope fractionation.  

The bulk 34S oil values showed a small (~1‰) decline down both wells, opposite the 

enrichment anticipated from the kinetic control of biodegradation. The bulk 34S values 
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of oils, inclusive of a typically abundant polar moiety, may lack the necessary resolution 

that specific OSCs (e.g. alkyl-BTs in the PR oils) can provide to distinguish the isotopic 

fractionations associated with secondary alteration processes such as biodegradation. 

Similarly, small variations in the bulk 34S values of other regionally proximal Canadian 

oil sands were previously attributed to differences in source charging, rather than 

biodegradation or thermal maturity controls (Méhay et al., 2009; Marcano et al., 2013). 

The Peace River hydrocarbon accumulations were produced by multiple source rock 

charges, with major contributions from Jurassic (i.e. Gordondale, Nordegg) and Devonian 

(Exshaw) source rocks (Larter et al., 2008; Adams et al., 2012). The bulk 34S and 34SOSC 

values of the well B oils (Table 3.3) were generally a little enriched than the well A oils 

(Table 3.3). Marcano et al. (2013) reported the 34S values of unaltered (i.e. non-

biodegraded) Exshaw oil sands were a few ‰ enriched compared to the Gordondale oil 

sands, which suggests the slightly enriched 34S values of the well B oils may reflect a 

greater contribution from Exshaw source rocks.  

Conclusions  

The reduced concentration of alkylated thioaromatics measured in biodegraded Peace 

River oils is typical of biodegradative loss. Seemingly varied biodegradation rates of 

different S compounds, including between different alkyl-BT and alkyl-DBT isomers, 

suggests the abundance ratio of selected products may contribute new molecular 

parameters to help characterise the biodegradation levels of S-rich petroleum. The 34S 

values of relatively low MW alkyl-BTs measured in well B showed a distinct 34S 

enrichment in increasingly biodegraded oils consistent with a kinetic control on the 

preferential microbial utilisation of 32S. In contrast, the 34S of alkyl-DBTs in the two wells 

studied showed no evidence of 34S enrichment. This could relate to the increased isotopic 
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stability to biodegradation of the higher MW alkyl-DBTs, and possibly their persistence 

at concentrations above which any kinetic isotopic control becomes apparent. 

Alternatively, the decrease in the concentrations of alkyl-DBTs down the oil columns 

could be due to factors other than biodegradation (e.g. less OSC charging, water washing) 

and which have negligible influence on 34S values.  

Bulk 34S values similarly showed no evidence of the biodegradation gradient in the wells, 

suggesting this traditonal S isotopic analyses lack the sensitivity to biodegradation that the 

34S of certain compounds may have (e.g. alkyl-BTs). However, given the complex source 

and alteration history of the Peace River petroleum system, the OSC concentration and 

34S trends presently observed in biodegraded PR oils should be considered cautiously 

until confirmed with further studies of other biodegraded S rich oils. 
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4 CHAPTER 4  

Compound-specific 34S characterization of S-rich 

lacustrine oils of the Bohai Bay Basin (NE China) 

 

Statement of contribution (Nannan He): This chapter describes the 34S 

characterisation of S-rich lacustrine oils from two separate regions of the Bohai Bay Basin 

(Central East China). Following the general sections of Introduction (4.1) and Analytical 

Methods (4.2), the two case studies are separately described and my and other 

contributions to these studies also separately given below:  

S-rich oils and source rocks of Jinxain Sag (4.3): 

I led this project with experimental and data interpretation contributions from my 

supervisors (P. Greenwood and K. Grice). Dr Hong Lu of the State Key Laboratory for 

Organic Geochemistry, China Academy of Sciences (Guanghzhou, China) provided all 

Jinxian Sag oil, rock and background samples plus regional information. The following 

manuscript on this work is presently being prepared for journal submission.  

He, N., Grice, K., Lu, H., Greenwood, P.F. (In preparation) Compound specific sulfur 

isotope characterisation of Jinxian Sag petroleum. For submission to Organic 

Geochemistry.  
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S-rich oils of Dongpu Depression (4.4):  

This project was conducted in collaboration with my supervisors (P. Greenwood and K. 

Grice) and Mr Changwei Ke and Professor Sumei Li from the Chinese Petroleum 

University (CUP) Beijing. The CUP colleagues provided the full set of 18 lacustrine oil 

samples from the Dongpu Depression (Bohai Bay Basin, China) and traditional 

hydrocarbon biomarker data from GC-MS analysis of these oils. I conducted the 

compound specific sulfur isotope analysis (CSSIA) and measured 34S values for a broad 

distribution of organic sulfur compounds (OSCs) in all but one oil which had only trace 

OSC concentrations. The 34S data and hydrocarbon biomarker data were jointly 

integrated and interpreted by all co-authors to evaluate the capacity of CSSIA data for 

distinguishing genetically different lacustrine oils (or of varied paleo-deposition) of the 

Dongpu Depression as well as a further investigation of the influence of thermal maturity 

and TSR on S data of petroleum OSCs. The collaborative study resulted in the 

following co-authored publication recently published. 

Ke, C., Li, S., Zhang, H., He, N., Grice, K., Xu, T., & Greenwood, P. (2020) Compound 

specific sulfur isotopes of saline lacustrine oils from the Dongpu Depression, Bohai 

Bay Basin, NE China. Journal of Asian Earth Sciences, 104361.  

A full copy of this paper is included in Appendix 2 at the end of this chapter. The 

description of this study in the body of this chapter relates to my specific contributions 

towards the S-isotope analysis and interpretations. 
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4.1 Introduction  

Petroleum systems in the Bohai Bay Basin (BBB) provide nearly one-third of China’s 

total oil production (Hao et al. 2010). The petroleum from this basin includes a number of 

S-rich oils and sour gas reservoirs. High concentrations of organic or inorganic S can 

reduce the quality and commercial viability of petroleum reserves and H2S — a toxic, 

flammable and corrosive gas — poses a considerable safety risk throughout petroleum 

exploration and production activities (Dai et al., 2004). The petroleum exploration and 

research communities strive to better understand the mechanisms of organic sulfurisation 

and the genetic origins of reduced S (i.e. H2S). The primary pathway and source of reduced 

S incorporated into organic or inorganic pools is the microbial sulfate reduction (MSR) of 

seawater SO4
2-. Additional H2S may also be sourced from the reduction of anhydrites at 

elevated geological temperatures (i.e. Thermochemical Sulfate Reduction, TSR). 

Diagenetic oxidation of reduced S (i.e. reaction of H2S with organic compounds) can form 

Type I-S or II-S kerogens in suitable depositional environments (e.g. saline lacustrine 

systems). Alternatively, inorganic compounds such as pyrite can form on the interaction 

of H2S with reactive Fe.  

Molecular and stable isotopic characterisation of regional oils and source rocks can often 

help reveal the major reduced S sources and organic sulfurisation processes impacting 

petroleum samples. Here we use CSSIA to help characterise the organic sulfur in saline 

lacustrine oils from two complex petroleum regions of the BBB (Figure 4.1 ): (1) the 

Jinxian Depression, or Jinxian Sag as it is more commonly referred, where the source of 

the sour gas rich petroleum has attracted some controversy; and (2) the Dongpu Sag where 

biomarker characterisation has identified several separate petroleum families.  
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Petroleum formation history of Bohai Bay Basin (BBB) 

The Bohai Bay Basin (BBB) is a rift basin developed in the late Jurassic through to the 

early Cenozoic on the basement of the North China Platform (Hu et al., 1986). Its tectonic 

evolutionary history consists of two periods: 1. A syn-rifting period (65–24.6 Ma) when 

sediments were deposited primarily under a lacustrine setting; 2. A post-rifting stage (24.6 

Ma to recent) during which mainly fluvial facies where deposited (Hu et al., 2001; Gong 

et al., 2004; Wu et al., 2006). The strata in the BBB consists of the Kongdian Formation 

(Ek), the Shahejie Formation (Es4–Es1) and the Dongying Formation (Ed). Detailed 

stratigraphic information is given in Error! Reference source not found..  

Most of the reservoired petroleum in the BBB is thought to derive from three main Es 

lacustrine clastic sediment intervals: 1. Upper first interval (ES1); 2. Middle third interval 

(ES3); and 3. Lower fourth interval (ES4; Zhang et al., 2005; 2009; 2012; Wang et al., 

2010). Multiple charge events have contributed to a complex distribution of oils of varied 

hydrocarbon and organic sulfur compositions. However, general insights of several major 

charging events suggest low maturity ES4 sourced oils were largely charged during the 

Paleogene (30−20 Ma) and high maturity Middle ES3 oils from Neogene-Quaternary 

events (5 Ma−present; Hao et al., 2010; Guo et al., 2012).  
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Table 4.1 Paleogene stratigraphy of Bohai Bay Basin (modified from Chang et al., 1990).  

Age (Ma) System Formation Section Thickness (m) Lithological properties Main sedimentary 

facies 

25 

30 

35 

40 

45 

50 

55 

60 

65 

 

 

 

 

 

 

 

 

Eogene 

Dongying  Ed1 200-600 Purplish red mudstone and sandstone 

intercalation 

Fluvial 

Ed2 500-1000 Grey and green mudstone and intercalated 

sandstone 

Shallow and sub-deep 

lacustrine 

Ed3 300-700 Greenish-grey interbedding of sandstone and 

mudstone 

Shallow lacustrine 

shore 

 

 

Shahejie 

Es1 200-1000 Grey mudstone and intercalated oil shale, 

biological limestone and sandstone 

Shallow and sub-deep 

lacustrine 

Es2 200-1000 Red sandstone and mudstone Fluvial 

Es3 1000-3000 Dark grey mudstone and intercalated oil 

shale 

Deep lacustrine 

Es4 100-1000 Grey mudstone intercalated with oil shale, 

gypsum and saline rock.  

Lower part is red layers 

Saline lacustrine 

 

Kongdian  

Ek1 300-1000 Reddish-brown mudstone, intercalated with 

gypsum 

Saline lacustrine 

Ek2 500-1500 Grey mudstone intercalated with sandstone Sub-deep and deep 

lacustrine 

Ek3 400-1000 Red sandstone and conglomerate 

intercalated with mudstone 

Fluvial 
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Figure 4.1 Regional map of Bohai Bay Basin showing location Dongpu Depression 

and Zhaolanzhuang well in Jinxian Depression.  
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4.2 Analytical Methods  

4.2.1 Solvent extraction of bitumen  

Rock samples from Zh2 well of Jinxian Sag were ground and solvent-extracted in DCM 

and methanol (9:1 v/v) using a Milestone Start E microwave extraction unit (Milestone 

Inc., Shelton, USA). The samples were heated from room temperature (~25 °C) to 80 °C 

over 10 minutes, then held at 80 °C for 15 minutes.  

4.2.2 Colum chromatography  

Saturated (SAT), aromatic (ARO) and polar fractions of the Jinxian Sag oils and Zh2 rock 

extracts (see Section 4.3.2) and Dongpu oils (Section 4.4.2) were separated by column 

chromatography on activated silica gel (160 °C). To further concentrate OSCs, aromatic 

fractions (AF0–AF5) were fractionated over aluminium oxide (Type 507C neutral; Fluka) 

using solutions of (1) AF0: n-hexane; (2) AF1: n-hexane:DCM (95:5 v/v); (3) AF2: n-

hexane:DCM (90:10 v/v); (4) AF3: n-hexane:DCM (50:50 v/v); (5) AF4: DCM and (6) 

AF5: DCM:Methanol (50:50 v/v). The OSCs mostly eluted in the AF3 sub-fraction.  

4.2.3 Hydropyrolysis (HyPy)  

The kerogen fractions of the Jinxian Sag (Zh2) rocks were pyrolysed using a commercial 

hydropyrolysis (HyPy) apparatus (STRATA Technology Ltd) following traditional 

operating procedures (Snape et al., 1994, Love et al., 1995, Meredith et al., 2004, Aboglila 

et al., 2011, Lockhart et al., 2013; Grotheer et al., 2015). Briefly, the samples were 

pyrolysed without any catalyst – since the commonly used catalysts contain S - with 

resistive heating from 25 °C to 250 °C at 300 °C/min, and then from 250 °C to the final 

temperature of 550 °C at 8 °C/min with the final temperature held for 2 min. A constant 

pressure (150 bar) and flow rate (5 L/min) of ultra-high purity hydrogen (BOC Group) 
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was maintained throughout thermal treatment. The released compounds were cold trapped 

on a silica-filled trap, chilled with dry ice. HyPy released products adsorbed on the silica 

trap were eluted with DCM (40 mL) on a large chromatographic column (40cm × i.d. 

0.8cm). Elemental sulfur was removed from the HyPy fraction with HCl-activated copper 

turnings.  

4.2.4 Molecular and isotopic analysis  

The molecular and isotopic analysis of the ARO fractions of the crude oil and rock extracts 

and the HyPy released fraction of the kerogens was conducted by GC-MS and GC-

ICPMS, respectively. The instrumentation and analytical procedures were largely the 

same as described for the analysis of the Peace River sand oils in Chapter 3 and the related 

He et al. (2019) publication.  

 

4.3 Compound specific 34S isotope analysis of oils and source rocks 

from the Jinxian Sag  

4.3.1 Petroleum Geology of Jinxian Sag  

Jinxian Sag is located in the southwest of Jizhong Depression, which is one of many 

faulted Eocene depressions in Bohai Bay Basin. This sag is filled with 2–4 km of 

palaeogene sediments. Nanguzhuang Anticline divides Jinxian Sag into two parts in Es4–

Ek deposition: (i) a northern half-graben area, where evaporitic saline-hypersaline 

lacustrine sediments are dominant in Es4–Ek1, producing high H2S petroleum, and (ii) a 

southern full-graben area, where brackish freshwater and freshwater lacustrine deposits 

are common in Es4–Ek1 and Ek2+3, responsible for oils with low to zero H2S contents are 

found in oil (Zhang et al., 2005).  

Petroleum from the Zhaolanzhuang field of the Jizhong Depression in the northern 

graben are well known for their sour gas nature, containing some of the highest 
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concentrations of H2S (40–92%) of all the petroleums of China (Zhang et al., 2015). 

Several high-S oils in shallow anhydrite-rich reservoirs were associated with the sour 

gas. There has been much conjecture about the major sources of these petroleums, with 

different groups separately proposing that MSR (Cai et al., 2005, Worden and Cai, 

2006) and TSR (Zhang et al., 2005; 2006) were the main source of reduced S in the 

system and implied origin of the OSCs incorporated into the petroleum. The 

contrasting views escalated to an earnest debate which included consideration of bulk 

S values (0, 11 and 16‰) of three high S oils (S ≥ 3.5%) and a purported SH2S 

value of 0‰ (Cai et al.,2005), however the reliability of the SH2S data — originally 

reported in an unpublished master thesis by Mr. Guangfeng Fan — was subsequently 

questioned by Zhang et al. (2006).  

4.3.2 Oil and Source Rock Samples of Zhaolanzhuang (Zh) oil field 

Two crude oil samples from Well 7 and Well 39 of the Zhaolanzhuang (Zh) oil field and 

seven rock samples collected from the Zh2 well (  
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Table 4.2) were analyzed for their OSC composition and compound-specific 34S values. 

All three wells are from the northern region of the Jinxian sag, where the S and H2S 

contents of the petroleum are typically high. The oils represent two of the three production 

oils from the organic geochemistry study of Cai et al. (2005) — the third oil (Zh41-3) was 

not available. The Zh7 oil had the highest S content with S and H2S compositions of 15% 

and 40%, respectively (  
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Table 4.2). Well Zh2 is in the same oil reservoir as the Zh7 and Zh39 wells, and the 

selected rock-core samples (2490–3211m) span the primary ES4 source strata. 
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Table 4.2 List of samples from Jinxian Sag.  

 Sample Reservoir Depth (m) Sulfur (%) a H2S content (%) 
b 

Oil Zh7 Es4 2232 14.69 40.2 

 Zh39 Es4 2794 3.49  

Rock Zh2-32 Es4 2411   

 Zh2-37 Es4 2430   

 Zh2-66 Es4 2545   

 Zh2-70 Es4 2560   

 Zh2-77 Es4 2588   

 Zh2-93 Es4 2651   

 Zh2-106 Es4 2702   
a from Cai et al. (2005).  
b from Zhang et al. (2005).  

 

4.3.3 Molecular and Isotopic Compositions of Jinxian Sag oil and rocks  

Selected ion chromatographs of C0−C3-BT and C0−C3-DBT products from the GC-MS 

analysis of the aromatic fractions of Zh7 oil, and the bitumen and kerogen fractions of 

Zh2-70 rock are shown in Figure 4.2. Generally similar distributions of thioaromatic 

products were detected from all of the oil and rock samples. Within the bitumen, 

abundances of the alkyl-BTs were more variable than the alkyl-DBTs and no BT products 

were detected from the kerogen (HyPy treated) fractions of the rocks. The greater 

detection variability of the BTs was likely due to their relatively high volatility (cf. higher 

MW DBTs) and susceptibility to loss during solvent based laboratory procedures.  
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(a) 

 
(b) 

 
(c) 

 

Figure 4.2 Selected ion chromatograms of OSCs (m/z 134, 148, 162, 176, 184, 198, 

212, 226) in Jinxian Sag samples. (a) BTs and DBTs in Zh7 oil; (b) DBTs 

in bitumen fraction of Zh2-70 rock; (c) DBTs in kerogen fraction of Zh2-

70 rock. 
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Table 4.3 34S values of OSCs in crude oils, bitumen and kerogen fractions of rocks from Jinxian Sag.  
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The 34S values of OSCs in the Zh7 and Zh39 oils are given in Table 4.3. The 34S values 

of alkyl-DBTs were measured in both oils, but 34S values of alkyl-BTs were only 

measured in Zh7. The unsuccessful 34SBT measurements from Zh39 was likely due to the 

low concentrations of the BTs in this oil. The 34SOSC profile of the Zh7 and Zh39 oils are 

displayed in Figure 4.3. The bulk 34S values of these oils and also of the Zh41-3 

previously reported by Cai et al. (2005) are also shown (dotted lines in Figure 4.3) for 

comparison. The average 34S values of OSCs from Zh7 (–0.4‰) and Zh39 (+11.2‰) 

were generally consistent with the bulk 34S values reported by Cai et al. (2005).  

 

Figure 4.3 The 34S profile of BTs and DBTs measured in the Zh7 oil and the DBTs 

measured in the Zh39 oils. Ave 34SOSC Zh7 = −0.4‰; Ave 34SOSC Zh39 = 

+11.2‰. The dotted lines correspond to bulk 34S value of Zh7, Zh39 and 

Zh41-3 reported by Cai et al. (2005).  

 

The 34SDBTs values of the rocks (Table 4.3) are depicted in Figure 4.4. The bitumen 

fraction of the rock samples varied between 1‰ to 17‰ (Figure 4.4a), reflecting a similar 

range of 34SDBTs values to the oils. The kerogen fraction of three rocks (Zh2-70, 93 and 

106), selected to cover the full range of bitumen 34SDBT values were analysed to allow S-
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isotopic comparison of free and kerogen bound compounds (Figure 4.4b). The SDBTs of 

the kerogen and bitumen of these three rocks were very similar (Ave 34SDBTs of 

bitumen/kerogen of the rock were Zh2-70 = 15.8‰/15.8‰; Zh2-93 = 10.2‰/9.2‰; and 

Zh2-106 = 2.2‰/3.8‰).  

 

(a) 

 
(b) 

 
 

Figure 4.4 34S of DBTs in (a) bitumen of all Zh2 rocks analysed (b) bitumen and 

kerogen fractions of three selected Zh2 rocks. Error bars shown for Zh2-93 

bitumen and kerogen (Figure 4.4b) is standard variance from duplicate 

analysis of this sample (analyses of other samples had similar standard 

variances). 
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4.3.4 Origin and History of BBB Petroleum 

The two major formation mechanisms of subsurface H2S are MSR and TSR (Peters et al., 

2005).  

The MSR reaction in low-temperature reservoirs (<80 ℃) can be simplified as follows:  

 CH4 + SO4
2- = CO3

2- + H2S + H2O. 

TSR in geological environments such as carbonate reservoirs at high temperature  

(>110 ℃) can be described as:  

 SO4
2- + Hydrocarbons + H2O = carbonate + CO2 + H2S + S0 + OSCs + H2O  

Common mineral sulfates include anhydrite (CaSO4) and gypsum (CaSO42H2O), with 

others such epsomite (MgSO4) sometimes geologically present in relatively low 

abundance. OSCs often detected in petroleum samples include alkyl sulfides, thioaromatics 

(BTs, DBTs) and thiadiamondoids (Amrani, 2014).  

The S origin of the sour gas rich petroleum (≤ 92% H2S) of the Jinxian Sag was previously 

contended by two groups separately proposing a predominant MSR source (Cai et al., 2005; 

Worden and Cai, 2006) or a predominant TSR source (Zhang et al., 2005; Zhang et al., 

2006). Evidence supporting an MSR source included the relatively low bulk 34S values 

measured for some Zh oils, e.g. 0‰ in the high S content (15%) Zh7 oil (Cai et al., 2005). 

A similar value (~0‰ H2S) was given in a previous report (Fan et al., 1992). Significantly, 

these 34S values were much lower than the 34S values (+34 to +40‰) given for anhydrites 

of the Jinxian Sag. It was acknowledged, however, that the location of the proposed MSR 

process must have been external to the reservoir, since H2S concentrations in excess of 40% 

and the high temperatures of petroleum reservoirs in Jinxian Sag (75–100 ℃) would be too 
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hostile to support microbial activity. Most microbes cease to metabolise at geological 

temperatures > 80 ℃ (Postgate, 1984; Ehrlich, 1990).  

In contrast to the MSR origin, Zhang et al. (2005) independently favoured a TSR source of 

the S in Jinxian Sag petroleum. They proposed that TSR was the most likely production 

mechanism for the very high H2S concentrations (up to 90%) of the sour gas reservoirs. 

MSR typically does not contribute to petroleum H2S concentrations much above 3% (Zhu 

et al. 2003, 2013). They did report 34S values of elemental sulfur over a wide range (1–

22‰), with the upper values approaching the 34S values given for some anhydrites (30–

35‰) potentially due to the occurrence of TSR. They too favoured formation of H2S 

remote from the reservoir (representing one similarity to the MSR model), but because 

reservoir temperatures were too low to directly initiate TSR. They suggested TSR would 

have been more likely supported by the elevated geothermal environment of Ek–Es4 source 

strata extending to depths of 5,000 m and furthermore that faults extending upwards and 

penetrating the shallower sour gas reservoirs were ideal conduits for vertical migration.  

The debate over the competing proposed mechanisms initially advocated for MSR (Cai et 

al., 2005) and TSR (Zhang et al., 2005) was subsequently developed (Cai and Warden, 

2006; Zhang et al., 2006). Zhang et al. (2006) specifically questioned the validity of 

unverified SH2S data cited by Cai et al. (2005) — originally reported by Fan et al. (1992) 

as part on an incomplete MSc. Zhang et al. (2006) concluded that “we cannot yet 

convincingly explain, completely, the origin of these sour gases with the available, 

incomplete dataset”. Hence, additional research was required to further explore the 

mechanisms.  

Given the ongoing uncertainty about the sources of the gas and oil reservoirs in the Jinxian 

Sag, the currently measured 34SOSC data was scrutinized for evidence of the origin of the 
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organic S in oils and rocks from the Zhaolanzhuang oil field. The 34SOSC values across the 

two oils spanned a wide range of values (~-6.4 to +12.9‰), but of each oil (Zh7 Ave = –

0.4‰; Zh39 Ave = 11.2‰) was very close to their previously measured bulk 34S values 

(Zh7 = +0.3‰, Zh39 = +10.9‰; Cai et al., 2005). The bulk 34S value of oil from the 

Zh41-3 well was also previously reported to be +16.2‰ (Cai et al., 2005). These values 

showed no consistent relationship with the S content of the oils (S content of Zh7=14.7%; 

Zh39=3.5%; Zh41-3=10.9%).  

The 34S of BTs (Ave = 2.7‰) were only measured here for the Zh7 oil, where they were 

slightly more enriched in 34S than the DBTs (Ave = –3.5‰). An enrichment of BTs 

compared to DBTs can arise during the early to moderate stages of TSR (Amrani et al., 

2012), however the relatively modest difference observed here is not sufficiently diagnostic 

of a TSR event (the low 34S values of these compounds are also quite far from the high 

34S values of the regional anhydrite available for TSR).  

The 34SOSC values of the Zh2 rocks (1.1 to 20.6 ‰; Table 4.3) spanned a similar range to 

the oils. The bitumen fraction of the rocks may have been influenced by secondary events 

such as migrating petroleum which could introduce allochthonous hydrocarbons and 

OSCs. To evaluate this possibility the 34S values of OSC in the kerogen fractions of three 

selected rocks were separately measured. The kerogen fraction of rocks are less susceptible 

to secondary alteration than the free hydrocarbon phase (i.e. bitumen) or the maltenes of 

oils.  

The SDBTs of the kerogen and bitumen fraction of the three rocks analysed were similar 

(Ave 34SDBTs of bitumen/kerogen of the rock were Zh2-70 ~ 15.8‰/15.8‰, Zh2-93 ~ 

10.2‰/9.2‰ and Zh2-106 ~ 2.2‰/3.8‰). This consistency implies that the S 

composition of the bitumen had not been impacted by any secondary events. The 34SOSC 
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values of both the bitumen and kerogen rocks therefore can confidently be considered 

indicative of the 34S value of diagenetically incorporated petroleum S.  

The petroleum content of the Zh2 rocks was essentially sourced from the same source strata 

across a relatively narrow geological time where seawater SO4
2- values can be considered 

constant — Engel and Zumberge (2007) reported the 34S values of Eocene seawater 

sulfate in the narrow range of +18 to +24‰. One possible explanation for the large 

variation in the 34SOSCs values observed between different Zhaolanzhuang oils and rocks 

is that organic sulfurization occurred in a S limited or closed system environment. The ES4–

Ek1 strata in the northern Jinxian Sag were previously proposed to be deposited in a closed 

hydrological system (e.g. eutrophic lake), on the basis of hydrocarbon characteristics 

indicative of primary algal input (e.g. high C27 steranes; high steranes/hopanes; Cai et al., 

2005; Kuo, 1994; Horsfield et al., 1994).  

In a S-restricted system the preferential reduction of 34S depleted SO4
2- would result in a 

slight enrichment in the residual SO4
2- pool over time. Temporal variations in the 34S of 

the reduced S pool (i.e. H2S), and in turn produced inorganic (i.e. pyrite) and organic sulfur 

(i.e. petroleum; via reduced S intermediates, S0, Sx
2-), would subsequently mirror the 34S 

dynamics of the source sulfate. This 34S behaviour of a restricted system S-cycle (Figure 

4.5) is representative of a Rayleigh distillation process (Broecker and Oversby, 1971; Hale 

and Drew, 2010).  
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Figure 4.5 S-cycle and 34S dynamics of SO4
2- restricted system proposed for Jinxian 

Sag. Nb., Time axis is dimensionless.  

 

A restricted SO4
2--34S model (Figure 4.5) would be consistent with rocks (and the 

petroleum subsequently generated from them) with relatively 34S depleted OSCs being 

formed by early organic sulfurization processes, and the rocks with more 34S enriched 

OSCs formed by latter sulfurization processes when the reduced S pool was heavier. 

Differences evident in the 34S of OSCs co-occurring in the same oils was similarly 

proposed to be due to differences in the timing of formation of these OSCs in a restricted 

and isotopically dynamic SO4
2- system (Shawar et al., 2020). The Zh2 rock data does 

suggest a general trend of lower values for deeper rocks. This would seem consistent with 

the organic S of the deeper, older rocks having utilized early formed pool of relatively 34S 

depleted reduced S. The generally 34S enriched organic S of younger, shallower rocks was 

produced later from 34S enriched H2S – reduced from 34S enriched SO4
2- pool in a restricted 

system. Correlation of the 34SOSC profiles of the bitumen fractions from the full set of Zh2 

rocks (Figure 4.4a) showed a couple of breaks in the increasing 34S value—

shallower/younger sample trend, most notably the relatively depleted values of Zh37 (2430 

m) and to a lesser extend Zh32 (2411 m). This might arise from occasional relaxation of 
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the SO4
2- limitation, such as by periodical flushing where fresh SO4

2- is added to the 

residual pool.  

The dissimilatory reduction of sulfate (i.e. MSR) is central to the mechanism proposed here 

for the formation of organic sulfur in Zhaolanzhuang oils and rocks. Whilst this implies a 

MSR contribution of H2S to the petroleum of this region, it does not resolve whether just 

MSR is responsible for the high sour gas concentrations of some reservoirs. A contribution 

of externally migrated TSR to some gas and oil accumulations cannot be ruled out, and 

indeed would still seem plausible given the very high H2S levels (i.e. ~90%) reported in 

some wells. Further direct correlation (e.g. 34S) of reservoir H2S with the organic S of co-

occurring oils and also to relevant minerals (pyrite, anhydrites) of the sedimentary system 

is needed to fully resolve this issue – and may be difficult to conduct given current 

restrictions to field sampling.  

 

4.4 Compound Specific 34S analysis of oils from the Dongpu Sag. 

4.4.1 Geology and petroleum characteristics of Dongpu Depression 

The geological setting of the Dongpu Depression is described in detail in the co-authored 

paper from this collaborative study (Ke et al., 2020; Appendix 2). In brief, the Dongpu 

Depression is located in the southwestern part of the Bohai Bay Basin and has four defined 

tectonic units: the eastern sub-depression; the western sub-depression; the central uplift and 

the western slope (Qi and Yang, 2010). Different tertiary aged lacustrine facies occur in the 

northern (saline) and southern (freshwater) sectors of the depression (Wang et al., 2015). 

Lacustrine oils typically derive from non-marine algal and bacterial organic matter and 

have low content of sulfur (Peters, et al., 2005). The high sulfur content of the Dongpu 

sediments is due to microbial sulfate reduction (MSR, Cai et al., 2005, Worden and Cai, 

2006). Type II kerogens and Types II–III kerogens of Es3–Es4 intervals were responsible 
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for the northern and southern oils, respectively (Peng et al., 2003; Change et al., 2007; Chen 

et al., 2018). A number of S-rich oils have been discovered in both regions.  

Dongpu oils also span a wide range of thermal maturities providing the opportunity for 

further investigation of thermal influences (i.e. thermal maturity and TSR) on the S 

character of petroleum sulfur. Geological conditions (i.e. high reservoir temperature, free 

sulfur and authigenic pyrite) and reagents (reduced S and hydrocarbons) can also be 

favorable to TSR (Orr, 1974; Zhang et al., 2008), the occurrence of which has been 

confirmed by the detection of thiadiamondoids (TDs) in some drill cores. CSSIA 

measurements conducted as part of an initial detailed characterization of a selected few 

Dongpu oils (Ji et al., 2018) showed evidence of S enriched BTs and TDs (cf. DBTs) 

indicative of TSR. Whilst the impacts of TSR on the S character of oils have been well 

studied, the impacts of other controlling factors, such as oil window thermal maturities 

(Ellis et al., 2017) and paleo-environment are only beginning to be understood.  

4.4.2 Dongpu Sag oil samples 

The oil samples used in this study comprised sixteen crude oils distributed in the northern 

part of the Dongpu Depression (Table 4.4). Two additional freshwater lacustrine facies oils 

from Shanchunji (SCJ) and Macheng (MC) oilfields in southern Dongpu areas were 

analysed for comparison (Table 4.4). The northern oils were selected from Weicheng (WC, 

2 oils), Pucheng (PC, 4 oils), Lintun (LT, 2 oils) and Wenliu (WL, 8 oils) oilfields (Table 

4.4). Colleagues from the Chinese Petroleum University provided all the oil samples along 

with traditional hydrocarbon biomarker data which showed they spanned five separate 

lacustrine oil families. The S values of thioaromatic compounds measured in all the oils 

were primarily evaluated for their capacity to distinguish the genetically different Dongpu 

Depression oils (or varied paleo-depositional environments). The hydrocarbon data also 
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showed thermal maturity variations amongst this suite of oil samples, presenting the 

opportunity to further investigate the influence of thermal maturity and TSR on S data.  

 

Table 4.4 Dongpu Sag oil samples.  

Tectonic Belt Sample No Well Strata Depth (m) 

WC 
1 Ming85 Es2 1612.2−1630 

2 Wei77-10 Es4 2734−2799 

PC 

3 Pu7-18 Es3 3233.5−3517 

4 Pu7-111 Es3 3608.9−3712.5 

5 Wei42-21 Es3 3660−3716.8 

6 Wei42-26 Es3 3451−3466.6 

LT 
7 PS18 Es3 3886.4−4237.1 

8 PS18-2 Es3 4167−4207.3 

WL 

9 Wen92-60 Es3 2673−2824 

10 Wen13-281 Es3 3377.3−3453.3 

11 Wen13-319 Es3 3417.4−3689.5 

12 Wen13-429 Es3 3282.1−3288.1 

13 Wen203-58 Es3 3770.6−4081.9 

14 Wen203-63 Es3 4360.6−4414.4 

15 Wen72-53 Es3 3273.4−3527 

16 Wen88-59 Es3 3515.1−3877.5 

SCJ 17 Chun24-1 Es3 2714.8−2727.9 

MC 18 Ma19-30 Es3 2848.4−2900.6 

 

4.4.3 Molecular and Isotopic Composition of OSCs in Dongpu Sag oils 

Most of the Dongpu oils showed similarly high abundances and similar distributions of 

alkyl-DBTs. Additional series of alkylated (C2–C4) benzothiophenes (BTs) were detected 

in three samples (Wen203-63, Ming85, Wei77-10) and 1–3 caged thiadiamondoids (TDs) 

were detected in two oils (Pu7-111, Pu7-18).  

The OSC S data measured across the suite of 17 Dongpu oils spanned a wide range of 

+11‰ to +48‰ (Table 4.5). S measurements were generally achievable for the three 

methyl-DBT resolved peaks (4-m; coeluting 3&2-m; 1-m), three isomerically unassigned 

dimethyl-DBTs (dmDBTi-iii) and two isomerically unassigned trimethyl-DBTs (tmDBTi-

ii). The S analyses of BTs in the three oils in which they occurred extended to four C2-
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BT isomers (C2BTi, C2BTii, C2BTiii, C2BTiv), four C3-BT isomers (C3BTi, C3BTii, C3BTiii, 

C3BTiv) and two C4-BT isomers (C4BTi, C4BTii). The C2–C4-BTs present in the Ming 85, 

Wei77-10 and Wen203-63 oils were all S enriched compared with their co-occurring 

DBTs (Table 4.5), resulting in Δ34S(BTs–DBTs) values of 11.7‰, 6.3‰ and 11.8‰, 

respectively. The Ma19-30 oil has a low sulfur content and all OSCs were too low in 

concentration for GC-ICPMS measurement. S measured TDs in the PC oils included 

one thiaadamantane compound (Ai), two thiadiamantane compounds (Di-ii), and five 

thiatriamantane compounds (Ti-v). The thiadiamondoid S values were also more S 

enriched than the DBTs in these oils (e.g. STA-DBT ~10‰; Table 4.5). 
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Table 4.5 34S values of OSCs measured in Dongpu oils.  

d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V.

C3BTi 34.5 – 20.9 – 30.7 –

C3BTii 39.6 –

C3BTiii 35.8 – 28.9 – 39.7 –

C3BTiv 29.6 0.1 39.9 – 47.8 –

C4BTi 27.6 0.3 24 – 31.9 –

C4BTii 26 1.1 36.6 – 40.7 –

C4BTiii 32.2 –

C4BTiv 28.8 – 25.5 – 32 –

C5BTi 30.8 0.7 30.4 – 33.3 –

C5BTii 33 –

average of BTs 31.3 29.4 36.6

DBT 19 0.7 21.6 0.1 31.4 1.2 33.6 0.7 34.8 0.3 28.7 0.3 24.9 0.4 24.6 0.4 17.3 0.2 18.9 0.6 20.5 0.8 15.2 0.2 15.8 0.1 20.4 1.7 19.2 – 22.4 0.4 18.4 1.1

4-mDBT 17.6 0.2 19.6 0.4 26 0.3 28.6 0.2 29.8 0.5 24.4 – 22.8 0.6 22.4 0.4 16.4 0.1 24.4 0.1 25.2 0.4 12.8 0.1 25.8 1.5 21.2 2.6 18.9 – 26.7 – 17.9 –

2&3-mDBT 20.1 0.6 21.3 0.1 27.6 – 30.5 0.7 34.2 0.1 27 0.7 24.8 0.6 23.9 0.2 18.2 1 24.5 0.8 23.9 0.3 15.1 – 25.7 0.3 22.4 1.4 20.6 – 25.9 – 19.2 –

1-mDBT 23.5 0.1 26 0.8 28.9 – 32.1 – 37.5 – 28.2 – 25.5 0.6 25.2 0.1 19.3 0.5 26.9 0.4 26.6 0.7 16.6 – 28.1 1.6 24.4 0.8 22.4 – 29.2 –

dmDBTi 18.6 – 22.5 – 24.8 1.1 25.1 0.5 24 0.6 18.1 – 22.2 1 21.2 0.8 14.2 0.3 24 0.7 25.2 0.2 11.1 – 30.8 1.7 19.2 – 25.1 – 25.9 0.7 19.6 –

dmDBTii 17.7 – 21.5 0.1 25.1 0.2 26 0.9 26.3 0.9 22.1 0.2 24.1 0.1 22.9 0.1 15.4 1 24.6 0.7 25.2 0.7 10.9 0.2 28.6 2 20.1 – 21.2 – 27.1 – 18.7 0.9

dmDBTiii 22.4 0.7 25.3 0.7 27.4 0.6 30.2 – 27.4 – 22.5 – 24.4 0.2 23.1 0.1 16.9 0.7 26.2 0.4 26.4 0.5 12.1 – 29.5 1 24.3 – 22.7 – 27.7 – 17.6 1.1

tmDBTii 20.6 – 25 – 26.5 1 29.3 – 25.9 0.8 20.5 0.2 24.2 0.5 22.5 0.2 15.7 0 25.5 1.5 26.7 1.1 14.3 – 33.9 – 25.3 – 18.9 –

tmDBTii 21.7 0.1 25.8 – 27 0.6 26.5 – 27.8 1 20.9 0.7 24.3 0.1 22.4 0 16.6 0.1 27.6 1 27.3 0.3 12.3 – 37.3 – 26.5 – 17.1 –

average of DBTs 19.9 23.2 27.2 29.1 29.7 23.6 24.1 23.1 17.0 24.8 25.2 13.4 26.3 24.8 21.4 26.3 18.4

1TD 40.8 – 45.6 –

2TDi 35.5 0.9 37.7 –

2TDii 34.5 0.3 36.4 –

3TDi 34.9 0.6 36.9 –

3TDii 34.2 1.6 34.4 –

3TDiii 33.1 1 30.7 –

3TDiv 27.7 1.9 21 –

3TDv 35 0.7 33.1 –

average of TDs 34.4 34.5

Dd
34

S(BTs−DBTs) 11.4 6.3 11.8

Dd
34

S(1-mDBT−4-mDBT) 5.9 6.4 2.9 3.4 7.7 3.9 2.7 2.8 3 2.5 1.4 3.8 2.4 3.2 3.5 2.6

Wen13-319
OSCs

Ming85 Wei77-10 Pu7-18 Pu7-111 Wei42-21 Wei42-26 PS18 PS18-2 Wen92-60 Wen13-281 Ma19-30Wen13-429 Wen203-58 Wen203-63 Wen72-53 Wen88-59 Chun24-1
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4.4.4 Genetic, Depositional and thermal influences on the 34S 

composition of Dongpu oils  

The source and thermal history of the oils has been constrained by their GC-MS analysed 

molecular composition — data provided by collaborators at China University of 

Petroleum (Beijing, China). This data along with detailed source correlation commentary 

is given in the co-authored paper Ke et al. (2020; Appendix 2). On the basis of source 

diagnostic hydrocarbon biomarkers most of the northern saline lacustrine oils — i.e. all 

but Wei 42-26 and Wei42-21 which are situated in a transitional zone between the PC and 

WC oilfields — could be subdivided into four tectonically aligned oil families: OF1 = WC 

oils; OF2 = two PC oils (i.e. Pu7-111 and Pu7-18); OF3 = LT oils; OF4 = WL oils. The 

southern oil (Chun24-1) is potentially indicative of a separate freshwater lacustrine distinct 

oil family (OF5).  

The S profiles of these five oil families, as well as the two unassigned oils (Wei 42-26 

and Wei42-21), are separately shown in Error! Reference source not found..  

 

(a) 
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(b) 

 
(c) 

 
(d) 
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(e) 

 
(f) 

 

Figure 4.6 34S of OSCs in oils from Dongpu Depression (a) OF1 = WC oils; (b) 

OF2 = Pu7-111 and Pu7-18; (c) OF3 = LT oils; (d) OF4 = WL oils; (e) 

OF5 = freshwater lacustrine oils; and (f) Wei 42-21 and Wei42-26.  

 

The alkyl-DBTs of most oils showed small variance in their S values, although the two 

LT oils (OF3) and the southern Chun24-1 (OF1) had a more linear SDBT profile (Figure 

4.6c). The SOSC data of the five biomarker defined oil families showed several 

consistent differences, suggesting good potential for the use of compound specific sulfur 

isotopes in genetic or paleo-depositional distinction of these saline and freshwater 
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lacustrine oils. The S character of the five biomarker defined oil families can be 

summarized as follows:  

OF1  - The DBTs in the WC oils (Figure 4.6a) had relatively depleted S 

values (+18 to +25‰). The BTs were notably more enriched in 34S (S 

~+25 to +40‰). The difference between the average values of alkyl-BTs 

and alkyl-DBTs (i.e. Δδ34SBTs-DBTs) of Ming85 and Wei77-10 in the WC 

oilfield was 11.7‰ and 6.3‰, respectively.  

OF2  - The OSCs measured in the PC oils (Figure 4.6b) generally had the 

heaviest S values (average +30‰) and included particularly 34S 

enriched TDs with δ34S approaching 40‰. There was a large sulfur isotope 

gap between TDs and DBTs, with the Δδ34STDs–DBTs of Pu7-18 and Pu7-

111 being 7.3‰ and 5.4‰, respectively (typical of TSR altered oils, 

discussed infra).  

Nb. The two interbedded oils (Wei42-21 and Wei42-26, Figure 4.6f) 

situated between the WC and PC oilfields showed a distinctive decline in 

S values with increasing alkylation SDBT ~ SmDBT > SC2-DBT 

distinguished them from the other two PC oils grouped as OF2.  

OF3  - The LT oils (Figure 4.6c) had relatively depleted34S values (+21 

to +25‰) which showed little variance with alkylation.  

OF4  - The WL oils (Figure 4.6d) showed a relatively broad range of 34S 

values (+11 to +25‰). The methyl-DBTs in the higher (oil window) 

maturity WL oils had relatively constant 34S values markedly more 
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enriched than DBT. Alkyl-BTs detected in Wen203-63 were also 34S 

enriched compared to the alkyl-DBTs (Δδ34SBTs-DBTs= 11.8‰). The alkyl-

DBTs in two of the lower maturity WL oils (Wen13-429; Wen92-60) had 

depleted S values (Ave = 13.4−16.7‰), slightly more depleted than the 

WC oils (OF1; Ave =20.1−23.1‰). One contrast to the WC oils was the 

slight depletion in S with increasing alkylation observed for Wen13-

429 and Wen92-60 i.e. S1-mDBT>S 
dmDBTiii>StmDBTii (Figure 4.6d). 

The low maturity Wen72-53 oil showed the opposite trend of enrichment 

in S with increasing DBT alkylation which could reflect a mixed oil 

source (Zhang et al., 2017).  

OF5  - The DBTs in the southern Sanchunji oil (Chun24-1; Figure 4.6e) 

had quite depleted S values (Ave 18.4‰), which remained relatively 

constant with increasing alkylation. Similar S distributions of OSCs 

were previously reported from two freshwater lacustrine oils from the 

Tabei (TB) Uplift of the Tarim Basin (i.e. Y33 and Y41; Li et al., 2010).  

The SOSC data also hinted at several potential trends with hydrocarbon parameters 

indicative of paleodepositional conditions or secondary thermal processes (thermal 

maturity and TSR). There was a general trend of decreasing S values for oils along a 

north to south gradient (consistent with the decrease in salinity or gypsum development) 

with the PC oils most enriched in 34S, followed by the LT and high maturity WL oils. The 

low maturity WC and WL oils had similar S values, and the southern Chun24-1 oils 
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was most depleted in 34S (Figure 4.6a). These potential relationships are separately 

discussed in more detail below.  

Paleo-deposition  

The hydrocarbon ratio C35-H/C34-H is sensitive to the salinity and redox conditions of 

depositional environments (Peters et al., 2005). A potential linear relationship was 

observed between C35-H/C34-H and SDBT values (r2=0.56; Figure 4.7 Linear regression 

of C35-/C34-hopane and (a) 34SDBT and (b) Δ34S
(1-mDBT − 4-mDBT), respectively.  

a) and an inverse relationship between C35-H/C34-H and Δ34S 1-mDBT − 4-mDBT values of 

most oils (r2=0.62; Figure 4.7 Linear regression of C35-/C34-hopane and (a) 34SDBT and 

(b) Δ34S
(1-mDBT − 4-mDBT), respectively.  

b) — exceptions being the WC and PC oils which had been significantly impacted by 

TSR (discussed below). No obvious relationship was evident between S DBT values and 

Pr/Ph ratios (Ke et al., 2020; Appendix 2). The Pr/Ph isoprenoid ratio is often responsive 

to salinity levels but can be additionally influenced by other redox changes.  

The apparent S relationship with C35-H/C34-H values suggests SOSC values are 

influenced by the salinity levels of sedimentary environments, with more enriched S 

values supported by brackish/saline paleo-environments. This might also account for the 

depleted SDBT values of the freshwater lacustrine Chun24-1 oil. The bulk S values 

of saline lacustrine crude oils have generally been found to be heavier than those of marine 
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mudstone and freshwater lacustrine oils (Amrani et al., 2005; Zhang et al., 2005; Xue et 

al., 2014).  

The decrease in Δ34S1m–4mDBTs from ~2‰ to 4‰ with increasing C35-H/C34-H values 

(Figure 4.7 Linear regression of C35-/C34-hopane and (a) 34SDBT and (b) Δ34S
(1-mDBT − 

4-mDBT), respectively.  

b), evident for all but the two TSR impacted WC oils, suggests that the 4-mDBTs were 

34S enriched at a quicker rate than 1-mDBT, likely due to the lower thermal stability of 1-

mDBT (Ellis et al., 2017). Δ34S1m–4mDBTs values (Table 4.5) did show an increase with the 

‘resin and asphaltene’ content (Table 1 of Ke et al., 2020) of the oils (Figure 4.8 Linear 

regression of content of resin and asphaltene (%) and Δ34S1m
–4mDBTs.  

). This may reflect a lesser effect of thermal stability on the polar fraction of oils which 

have a relatively high content of S, much of it constrained by strong covalently bonds.  

(a) 
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(b) 

 

Figure 4.7 Linear regression of C35-/C34-hopane and (a) 34SDBT and (b) Δ34S(1-mDBT 

− 4-mDBT), respectively.  

 

 

Figure 4.8 Linear regression of content of resin and asphaltene (%) and Δ34S1m–

4mDBTs.  

 

Thermal Maturity 

The 34SDBT values of the Dongpu oils, particularly the WL oils (OF4) also showed an 

increasing trend with several established hydrocarbon maturity parameters, i.e. C29 sterane 
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and 4-/1-mDBT (Figure 4.9a and b). The SDBT values of the WC 

(OF1) and PC (OF2) oils however showed a strong deviation from most of the thermal 

maturity parameters (Figure 4.9) likely due to the effects of TSR on the SDBT value of 

these oil (discussed below).  

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 

 

Figure 4.9 Plots of established molecular thermal maturity parameter’s versus 

34SDBT values and parameters measured from Dongpu oils.  
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The difference in the S values of the 1-mDBT and 4-mDBT isomers of several oils also 

suggested a potential relationship with the molecular based thermal maturity parameter 4-

/1-mDBT (Figure 4.9c). The ΔS1m–4mDBTs values showed a reasonable inverse 

relationship with the maturity parameter 4-mDBT/1-mDBT (r2=0.6) suggesting a certain 

thermal impact on the S values of the mDBTs. A decrease in the magnitude of ΔS1m–

4mDBTs with increasing maturity is probably related to the different thermal stabilities of 

mDBT isomers (4-mDBT > 1-mDBT) and the general homogenization of OSCs with 

increasing maturity (Amrani, 2014; Ellis et al., 2017). Deviation from this general trend 

by several samples (e.g. Wei42-21, Wen203-63 and Pu7-18) is likely due to TSR impacts 

(discussed below).  

However, there was no obvious relationship between ΔS1m–4mDBTs and C29 sterane 

20S/(S+R) or C29 sterane  (Figure 4.9d and e), two parameters 

often sensitive to thermal maturity, reflecting the complexity of S-isotope fractionation in 

sedimentary systems.  

Thermochemical Sulfate Reduction 

Much of the low maturity saline lacustrine oils in the northern Dongpu Depression were 

sourced from Es3~Es4 source rocks with a burial depth greater than 3000m (Zhang et al., 

2017). According to burial history and well-testing data these depths imply an original 

reservoir temperature >110 °C which is more than sufficient to support TSR. Fluid 

inclusion data indicated temperatures of 125–140 °C for the Wei42-21 and Wei42-26 oil 

reservoirs (Jiang et al., 2016). Furthermore, free sulfur and authigenic pyrites, both 



Chapter 4  

146 

reagents and products of TSR, have been commonly observed in drill cores from the 

clastic reservoirs of the Dongpu Depression (Orr, 1974; Zhang et al., 2008).  

The SOSC data of several oils were consistent with TSR impacts. The S values of the 

C2–C4-BT detected in two OF1 oils (Ming 85, Wei77-10; Figure 4.6a) and one OF4 oil 

(Wen203-63; Figure 4.6d) were significantly heavier than the alkyl-DBTs in these oils. 

The ΔSBTs–DBTs for Ming85, Wei77-10 and Wen203-63 were 11.7‰, 6.3‰ and 11.8‰ 

(Table 4.5), respectively. Similarly, the S values of thiadiamondoids (TDs) detected in 

the two PC (OF2) oils were distinctly heavier than the co-occurring DBTs (Figure 4.6b) 

— with ΔSTDs–DBTs of 7.3‰ (Pu7-18) and 5.4‰ (Pu7-111; Table 4.5), respectively. 

TSR can also lead to large ΔS1mDBT–4mDBT values (Ellis et al., 2017) such as observed 

for several oils across most of the four northern oil families (Ming85, Wei77-10, Wei42-

21, Wei42-26, PS18-2, and Wen203-63). The S difference between mDBT isomers 

and different OSC classes is due to their respective thermal and TSR stabilities to the high 

temperature abiotic reaction. For instance, BTs and TDs inherit S enriched reduced S 

from the mineral sulfate source utilized during TSR at a faster rate than DBTs (Amrani et 

al., 2012; Gvirtzman et al., 2015).  

The TDs are themselves diagnostic products of TSR (Wei et al., 2012). The occurrence of 

TDs (Pu7-111, Pu7-18 and Wen203-63) in several oils has been confirmed by 

Electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry 

conducted by researchers at the Chinese Petroleum University (Unpublished results).  

 

4.5 Conclusions  

The CSSIA of petroleum samples from the Jinxian and Dongpu Sags of BBB have 

demonstrated the potential of 34S values of their OSCs for helping identify the origin of 

the organic sulfur content of oils and source rocks, correlate genetically connected 
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lacustrine oils and better understand the S-cycle of these petroleum systems. Whilst these 

early results are particularly encouraging, the 34SOSC data should be used cautiously in 

petroleum correlation studies due to the varied interactions of several potentially 

significant geochemical controls on petroleum 34SOSC values. Where possible the 34SOSC 

data should be integrated with other complimentary analytical information including from 

established methods.  

The wide range in 34S values of DBTs in oil and rock samples (~0 to +20‰) from the 

Zhaolanzhuang oil field of the Jinxian Sag was interpreted as being due to different timing 

of generation in a S-restricted petroleum system. The premise of this model is the initially 

incorporated petroleum S (i.e. of the deeper, older rocks) was from a pool of relatively 34S 

depleted reduced S, with later formed petroleum S (i.e. younger shallower rocks) being 

more 34S enriched due to the Rayliegh Distillation isotopic phenomenon of a closed 

system. Periodical flushing of the system with fresh SO4
2- may account for the relatively 

depleted 34SOSC values of the two shallowest rocks analysed. The potential influence of 

secondary fluids on the 34SOSC values of the rocks and oils was ruled out by CSSIA of 

the hydropyrolysates released from the kerogen fraction of the rocks.  

The 34SOSC distributions of the Dongpu oils showed several distinguishing features for 

each of five hydrocarbon biomarker defined oil families, although the 34SOSC resolution 

of the different oil families was not nearly as defining as the traditional biomarker 

appraisal. This could have been due to the superimposed impact of paleo-environmental 

conditions, thermal maturity and TSR on 34SOSC values. Changes in these conditions as 

indicated by established hydrocarbon parameters (e.g. C35-H/C34-H for depositional 

environment; sterane and mDBT parameters for thermal maturity) was reflected by 

measurable shifts in the 34S values of alkyl-DBT compounds, with the magnitude of the 



Chapter 4  

148 

shift varying between different compounds and isomers (e.g. few ‰ change in ΔS1m–

4mDBTs).  
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5 CHAPTER 5 

34S characteristics of Tarim Basin oils (NW China): 

Implication on the sources of oils and extent of TSR 

alteration  

5.1 Introduction  

The Tarim Basin, the largest hydrocarbon-bearing basin in China (area 5.6×105 km2), is a 

superimposed structure comprised of Paleozoic-aged rocks buried to depths between 

6,000 m and 12,000 m (Wang et al., 2013). High maturity petroleum within this basin has 

been discovered in deep reservoirs extending to depths of 7,000 m. Petroleum from 

deeply-buried Cambrian gas condensate reservoirs often have a very high S content due 

to type II-S kerogen sources or occurrences of TSR.  

The major sources of the very deep oils in the Tazhong area remains controversial (Cai et 

al., 2015a; Cai et al., 2015b; Li et al., 2010; Li et al., 2015). The long held consensus was 

that Tazhong oils were predominantly sourced from Middle–Upper Ordovician source 

rocks, supporting evidence including distinctive biomarkers (e.g. regular steranes, 

dinosteranes, triaromatic dinosteranes, 24-isopropylcholestane and 24-norcholestane) and 

the relatively low 13C values of normal alkanes (Hanson et al., 2000; Zhang et al., 

2000a,b, 2002, 2005). It has alternatively been suggested that Cambrian to Lower 

Ordovician rock strata make the most significant contribution to the Tazhong oils, based 

on the detection of aryl isoprenoids and related biomarkers (Sun et al., 2003). Cambrian–

Lower Ordovician source rocks sulfur isotope data and high concentrations of H2S in 

several regional condensate gases have also been attributed to TSR of mineral sulfates that 
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are widely and exclusively developed in Middle Cambrian strata (Chen et al., 2008). The 

outcomes of two separate biomarker studies of crude oils and fluid inclusion samples (Pan 

and Liu, 2009; Li et al., 2010), integrated with 13C data of individual n-alkanes, was that 

most crude oils from Tazhong Uplift were a mixture of hydrocarbon inputs from an initial 

oil charge from Cambrian–Lower Ordovician strata (∈–O1) and a later oil charge from 

Middle–Upper Ordovician source rocks (O2+3). It was further suggested that two different 

organic facies may exist in Cambrian strata, generating oils with different biomarker and 

13C character. One facies of the Cambrian strata was thought responsible for a distinctive 

V shaped distribution of C27–C29 steranes similar to those in Upper Ordovician source 

rocks, whilst a more linear sterane distribution (C27 ≤ C28 < C29) typical of a Cambrian–

Lower Ordovician origin was indicative of another facies (Cai et al., 2015).  

In the Tazhong (southern) and Tabei (northern) areas of the Tarim Basin (Figure 5.1), 

hydrocarbon charging occurred in three main periods—late Caledonian stage (ca. 450–

430 Ma), late Hercynian stage (ca. 293–255 Ma) and late Himalayan stage (ca. 12–2 Ma). 

Oils were mainly produced by the first and the third charges, while gas was largely 

associated with the second charge (Yu et al., 2011). Tazhong and Tabei oils may share a 

similar origin since both uplift areas occur within the same cratonic region which actually 

covers most of the Tarim Basin (Zhang and Huang, 2005). There have been several 

biomarker-based source appraisals of Tabei oils (Sun et al., 2003; Li et al., 2010; Yu et al., 

2011; Zhu et al., 2013). Biodegradation was reported to have impacted most of the 

hydrocarbons in the Tabei area during the early Hercynian (ca. 386–372 Ma), with 

additional unaltered oil introduced in the late Hercynian (Zhu et al., 2013). Oil migration 

and mixing was also supported by tectonic activity (Cai et al., 2015).  

The Maigaiti Slope is the most prospective petroleum exploration area in the Southwest 

Depression of the Tarim Basin, with multiple source layers and oil shows (Cui et al., 
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2012). Compound-specific sulfur isotope analysis (CSSIA) has not yet been applied to oil-

source correlation studies of petroleum from the Southwest Depression (or Tabei oils). 

Tectonic activity and evolution of the paleo-uplift are thought to control hydrocarbon 

migration and accumulation in the Maigaiti Slope (Wu et al., 2012). The hydrocarbon 

generation history in this part of the Tarim Basin involved accumulation from two separate 

charging events – one during the late Hercynian (ca. 290–285 Ma) contributing to the 

accumulation of oil and the other during the late Himalayan period (ca. 10–4 Ma) mostly 

contributing oil cracked gas; Wu et al., 2012; Cui et al., 2013).  

In the present study, CSSIA was conducted on a selection of oils from three active 

petroleum exploration regions of the Tarim Basin: Tazhong Uplift (south), Tabei Uplift 

(north) and Southwest Depression. These analyses, complimented by a brief hydrocarbon 

biomarker assessment, were undertaken to further investigate the oil sources of the Tarim 

Basin and potentially help predict the spatial distribution and quality of hydrocarbons 

throughout the basin. This represents the first dedicated CSSIA study of Tabei and 

Southwest oils, though others have applied CSSIA to oil suites from the Tazhong Uplift 

(Cai et al., 2016; Li et al., 2015). These previous studies showed the 34S character of 

alkyl-DBTs can help to resolve different oil families, e.g. the relatively depleted 34S 

values (4–9‰) of Lower Ordovician derived oils (i.e. TZ62) were distinguished from the 

more widely distributed carboniferous oils which have more enriched 34S values (20–

30‰); and occurrences of TSR were identified by very enriched 34SOSC values 

(e.g.34SBTs ~40‰ in the ZS1C oil).  

Oil from the extremely deep ZS1C well of the Tazhong Uplift has also been studied here. 

This oil has attracted significant previous interest as petroleum geochemists investigate 

the potential of an active Cambrian petroleum source in the Tarim Basin (e.g. Zhu et al., 
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2015, 2016). It has been characterized as having been severely impacted by TSR (Zhu et 

al., 2016). The very high 34S values of thioaromatic and thiadiamondoid compounds in 

this oil (some >40‰) — measured in the present study and previously by others (Li et al., 

2015; Cai et al., 2016) are amongst the most enriched OSCs recorded in crude oils— can 

be attributed to extensive TSR. Here, the impacts of TSR on the 34S character of OSCs 

thermally released from the asphaltene fractions of the ZS1C oil were also investigated. 

The asphaltene fraction of oils represents a pseudo-kerogen fraction of relatively high 

molecular weight. Hydrocarbons constrained within, or occluded by, this covalent 

network have shown to be more resistant to secondary alteration events such as 

biodegradation (e.g. Russell et al., 2004; Silva et al 2008) and may offer similar protection 

from the effects of TSR. Hydrocarbon and OSCs can be thermally released from the 

asphaltene fraction by various pyrolysis procedures (e.g. hydropyrolysis, microscale 

sealed vessel pyrolysis).  

 

5.2 Samples and experiments  

5.2.1 Samples  

A total of 24 crude oils from the three Tarim Basin sub-structures were provided for this 

study by Prof. Guangyou Zhu of Petrochina’s Research Institute of Petroleum Exploration 

and Development (RIPED). These comprised 12 oils from the Tabei Uplift (north Tarim 

Basin), 7 oils from the Tazhong Uplift (central Tarim Basin) and 5 oils from the Maigaiti 

Slope of the Southwest Depression (Figure 5.1; Table 5.1). These oils were sourced from 

a range of Carboniferous (C), Devonian (D), lower (O1) and middle (O2) Ordovician and 

Cambrian (∈) reservoirs.  
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(a) 

 

(b) 

 

Figure 5.1 Location of (a) Tarim Basin (NW China); and sub-basin structures of (b) 

Tabei Uplift, Tazhong Uplift and Southwest Depression. Modified from 

Cai et al. (2015).  

 

Table 5.1 Tarim Basin oils used in this study. 

Locations Wells Strata Depth 

Tabei 

Uplift 

FY202 
O2 7346-7465 

FY205 

YM2 

O3 5940-5953 YM5 

YM6 

RP2-1 O2 6859-6910 

XK4 
O 

6834-6850 

XK7 6880-6980 

Ha7 

O2 6578-6632 
Ha701 

Ha9 

Ha901 

Tazhong 

Uplift 

ZG2 

O 

5866-5893 

ZG5 6412 

ZG17 6438-6448 

GL2 O -- 

TZ83 O1 5661-5681 

ZS1C 
∈ 

6520 

ZS5 -- 

Southwest 

Depression 

LS2 O 5741-5830 

Ma3 C 1414-1424 

Ma4 O 2018-2022 

Qun6 D 5383-5595 

Qun7 D 5383-5595 
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5.2.2 Experimental  

Asphaltene precipitation  

The asphaltene fraction of TSR impacted ZS1C oil was precipitated in excess cold n-

pentane overnight under cool conditions (0~4 °C) and isolated by filtration of the residual 

maltene fraction. The asphaltenes were re-dissolved in DCM and transferred at room-

temperature onto pre-activated silica gel for hydropyrolysis.  

Column chromatography  

All oils (except ZS1C oil) were separated into saturated, aromatic and polar fractions by 

silica gel column chromatography by sequential elution of n-hexane; 30% DCM in n-

hexane; and DCM, respectively. The de-asphaltened maltene fraction of ZS1C oil was 

separated into saturated, aromatic and sulfidic fractions on a silver nitrate-silica gel filled 

column by sequential elution of hexane; DCM; and acetone, respectively, as described in 

Gvirtzman et al. (2015). Thiadiamondoid products were isolated in the sulfidic fraction 

which elutes with the acetone. Nb. thiadiamondoids and DBTs which are typically both 

concentrated in the aromatic fraction of silica gel columns can co-elute during GC 

analyses. Thioaromatic products in the respective aromatic fractions were further purified 

over an aluminum oxide (Type 507C neutral; Fluka, St. Louis, United States) column by 

successive elutions with different concentrations of DCM in n-hexane (as described in 

Section 2.2.2 of Chapter 2).  

Hydropyrolysis (HyPy)  

The asphaltene fraction (~30 mg, adsorbed on silica gel) was pyrolysed using a 

commercial HyPy apparatus (STRATA Technology Ltd) and following traditional 

operating procedures (Snape et al., 1994, Love et al., 1995, Meredith et al., 2004, Aboglila 
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et al., 2011, Lockhart et al., 2013; Grotheer et al., 2015). Briefly, the samples were 

pyrolysed with resistive heating from 25 °C to 250 °C at 300 °C/min, and then from 250 

°C to a final temperature of 550 °C at 8 °C/min with the final temperature held for 2 min. 

A constant pressure (150 bar) and flow rate (5 L/min) of ultra-high purity hydrogen (BOC 

Group) was maintained throughout thermal treatment. The released compounds were 

isolated on a silica-filled cold trap (i.e. dry ice chilled). The silica was loaded on a column 

and adsorbed products were eluted with DCM (40 mL). The HyPy released bitumen 

fraction of the asphaltenes was stripped of elemental sulfur by the addition of HCl-

activated copper turnings.  

Molecular and isotopic analysis  

CSSIA and molecular analysis of the oil and HyPy released asphaltene fractions was 

conducted by GC-ICPMS and GC-MS, respectively. The instrumentation and operation 

procedures used for these analyses were as described in Chapter 3 (and in He et al., 2019).  

Additional GC×GC-MS analysis was conducted on several oil fractions to scrutinise the 

presence of thiadiamondoids. These analyses were conducted on a Leco Pegasus IV 

GC×GC-TOFMS system comprising an Agilent 6890 GC using a splitless auto-injector 

(7683B series) and a dual stage (cold and hot jet) cryogenic modulator (Leco, Saint Joseph, 

MI, USA). The primary column was a 60 m × 0.25 mm × 0.25 m Rxi 5Sil MS (Restek, 

Bellefonte, PA, USA), coupled to a secondary 1.4 m × 0.25 mm × 0.25 m DB-17 ms 

(Agilent) column. The carrier gas was ultra-high purity helium used at a constant flow of 

2 mL min–1. The inlet temperature was 310 °C with 1 L injection. The samples were 

heated from 40 °C (1 min isothermal) to 320 °C at 3 °C min–1 (isothermal 30 min). A 

modulation period of 3 s was used, with a secondary oven offset of 10 °C and a modulator 

offset of 15 °C. Mass spectrometer parameters included an electron ionisation energy of 



Chapter 5 

164 

70 eV; an ion source temperature of 250 °C and a transfer line temperature of 320 °C. The 

scan speed was 100 Hz with a mass range of 45–580 Daltons (Da). A ChromaTOF 

(LECO) software package was used for instrument control and data analysis.  

 

5.3 Result and discussion  

5.3.1 Molecular characterization and biomarker appraisal of oils  

The TICs from GC-MS analysis of the saturated fraction of Tabei (e.g. Figure 5.2a-c), 

Tazhong (e.g. Figure 5.2d-f) and Southwest oils (e.g. Figure 5.2g-i) consistently showed 

a prominent unresolved complex mixture (UCM) indicative of biodegradation. The 

biodegradation derived terpenoid 25-norhopane was also detected in a few oils (e.g. Ha7, 

Ha9). All oils also showed a homologous series of n-alkanes, including relatively low MW 

compounds (≥C11) which are vulnerable to early stages of biodegradation. The co-

occurrence of these compounds in oils showing other features indicative of biodegradation 

(i.e. UCM, 25-norhopane) suggest they are mixed oils, consistent with previous reports of 

multiple hydrocarbon charge events from each of the Tarim Basin formations investigated 

(Wu et al., 2012; Cui et al., 2013; Zhu et al., 2013; Cai et al., 2015). Biodegradation was 

reported to have impacted most of the hydrocarbons in the Tabei area. An early Hercynian 

(late Devonian) oil charge was associated with secondary biodegradation, whereas 

subsequently introduced hydrocarbons during a late Hercynian event may have been 

unaltered (Zhu et al., 2013). 
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(a) 

 

(b) 

 
(c) 

 

(d) 

 
(e) 

 

(f) 

 
(g) 

 

(h) 

 
(i) 

 

  

 

Figure 5.2 TICs from GC-MS analysis of the saturated hydrocarbon fraction of 

representative oils from Tabei Uplift (a–c); Tazhong Uplift (d–f); and 

Southwest Depression (g–i).  

 

The C27–C29 regular sterane distribution of oils has often been used in organic 

geochemistry studies to help resolve different hydrocarbon sources. Tarim Basin oils from 

different source rock strata have been reported to have quite different sterane distributions. 

The relative abundances of C27–C29 steranes in Cambrian and Lower-Ordovician sourced 

petroleum typically show a linear (C27 < C28 < C29) or “anti-L” profile (C27 < C28 = C29), 
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whereas Middle–Upper Ordovician source rocks generally show a distinct “V” shape 

distributions (C28 < C27 and C29; Cai et al., 2009; Li et al., 2010, 2015). Exceptions to these 

trends do occur, such as the “V” shape C27–C29 sterane distribution reported for the 

Cambrian sourced XK2 rock (Cai et al., 2015).  

A “V” shaped C27–C29 sterane distribution was observed for most of the current oil suite 

(e.g. Figure 5.3), although only trace concentrations of steranes were detected in several 

oils (e.g. ZG5, TZ83, ZS5 and LS2 oils) which could be due to TSR (Cai et al., 2015; Zhu 

et al., 2018). The distinctive V-shaped sterane profile is indicative of input from Middle-

Upper Ordovician sources.  

Li et al. (2010) previously reported different values for the C27-/C29-sterane  20 (R+S) 

ratios of Ordovician (O3: 1.25–1.37) and Cambrian (∈: 0.24–0.51) oils of the Tarim Basin. 

The values of the C27-/C29-sterane ratio presently measured in the Tabei oils was 0.8–1.1; 

in the Tazhong oils it was 1.1–3.1; and in the Southwest oils it was 0.9–1.4. These values 

suggest all the oils represent a mixture of Ordovician and Cambrian inputs.  

 

(a) 

 

(b) 

 
(c) 

 

(d) 
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(e) 

 

(f) 
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Figure 5.3 Partial m/z 217 chromatograms from GC-MS of saturated hydrocarbon 

fractions highlighting C27-C29 sterane region of selected Tabei oils (a–c); 

Tazhong oils (d–f); and Southwest oils (g–i).  

 

Gammacerane is a terpenoid biomarker indicative of highly reducing or hypersaline 

depositional conditions (Poole and Claypool, 1984; Palmer, 1984; Moldowan et al., 1985). 

The ratio of gammacerane to C30-hopane has been reported to be higher in Cambrian 

source rocks than Upper-Ordovician source rocks of Tazhong Uplift (O3: 0.1–0.11, ∈: 

0.18–0.26, Li et al., 2010). The values of the gammacerane/C30-hopane ratio measured in 

the Tabei and Tazhong oils were between 0.1–0.6 and 0.1–0.5, respectively. Most of the 

oils showed higher values than reported for the Upper-Ordovician source rocks, indicative 

of a reducing or hypersaline depositional environment. In the Tazhong Uplift, the 

Ordovician carbonate rocks include inbioclastic grainstone, packstone and mudstone to 

sandstone, and the Cambrian strata is composed of tidal platforms, platform-marginal 

carbonates and evaporite rocks. Anhydrite and salt beds are well developed in Middle 

Cambrian (Li et al., 2010). The high gammacerane/C30-hopane ratios of the Tabei and 
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Tazhong oils also points to a Cambrian source influence. The ratios of gammacerane/C30-

hopane in Southwest oils (from C, D and O strata) ranged from 0.1 to 0.3, closer to the 

values of Ordovician strata implying more significant hydrocarbon input from Ordovician 

source rocks.  

The overall hydrocarbon biomarker assessment of the oils from these three locations 

suggests they have mixed ∈ and O3 strata origins, with mostly Cambrian source input to 

the Tabei and Tazhong oils (e.g. high gammacerane).  

The thermal maturity of petroleum samples has often been inferred from various 

molecular parameters (Peters et al., 2005). Two such indices include the ratio of 

diasteranes (rearranged steranes) to regular steranes (i.e. the diasterane parameter) and the 

ratio of 4-mDBT to 1-mDBT (mDBT parameter). Li et al. (2010) reported the C29-dia/C29-

reg values in Upper Ordovician source rocks (0.36–0.51) were a little higher than in 

Cambrian source rocks (0.23–0.29) of the Tazhong Uplift, suggesting a slight maturity 

difference. A wide range of generally higher diasterane parameter values were measured 

in the presently analysed oils (0.3–2.2; Figure 5.4, Table 5.2). The C29-dia/C29-reg ratio 

of the Tabei oils were in a quite narrow range (0.5–0.7; except YM5 = 1) suggesting a 

generally constant maturity. Larger ranges of these values were observed for the 

Southwest (0.3–0.9) oils and moreso the Tazhong oils (0.5–2.2) indicating these oil groups 

may reflect a broader range of thermal maturities extending to very high maturities in the 

case of the Tazhong oils. The mDBT parameter values of the oils similarly showed 

generally high values/maturity in Tazhong oils and relatively low values/maturity in Tabei 

and Southwest oils. However, the maturities indicated by these parameters were 

inconsistent for some oils. For instance, the ZS1C oil showed a relatively low C29-dia/C29-
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reg value (0.5) but a high mDBT value (16.1). The latter ratio was clearly affected by the 

OSCs produced by TSR (Amrani, 2014).  

 

 

Figure 5.4 Molecular thermal maturity and paleo-environment parameter values of 

the Tarim Basin oils.  

 

C0–C3 dibenzothiophenes (DBTs) are present in all oils, but benzothiophenes (BTs) are 

absent in most of the samples. Biodegradation, associated with early Hercynian petroleum 

(Zhu et al., 2013), may have removed the more susceptible BTs although these relatively 

volatile low MW products might also have been lost during sample treatment or storage. 

Thiaadamantanes, caged-S compounds formed by TSR, have previously been reported in 

some Tazhong and Southwest oils (i.e. ZG5, TZ83, ZS1C, ZS5 and LS2, Cai et al., 2015; 

Zhu et al., 2018). The occurrence of TSR implies high geological temperatures (>100℃) 

and this process can distort the behavior of other thermally controlled molecular trends. 

For instance, DBT-based thermal maturity parameters will be directly impacted by 
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introduction of TSR produced DBTs (as highlighted above for mDBT parameter value of 

ZS1C).  
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Table 5.2 Geochemical parameters of the Tarim Basin oils.  

  

Wells C29-Dia/C29-Reg C27-/C29-sterane abb20(R+S) Gammacerane/C30-Hopane 4-/1-mDBT TAs

FY202 0.7 1.1 0.4 7.7

FY205 0.6 0.9 0.4 5.8

YM2 0.5 0.9 0.1 3.7

YM5 1 1.4 – 14.7

YM6 0.6 1 0.6 7.6

RP21 0.6 1 0.4 6.3

XK4 0.6 0.9 0.4 4.6

XK7 0.5 0.8 0.2 5.6

Ha7 0.5 1 0.6 4.4

Ha701 0.6 1 0.6 4.1

Ha9 0.5 0.8 0.6 3.8

Ha901 0.6 0.9 0.5 4.1

ZG2 1 1.4 0.3 9

ZG5 – – – 8.2 Y
a

ZG17 2.2 3.1 0.5 3.9

GL2 0.7 1 0.2 15.1

TZ83 – – – 3.7 Y
a

ZS1C 0.5 1.1 0.1 16.1 Y
a

ZS5 – – – 10.1 Y
a

LS2 – – – 2.5 Y
b

Ma3 0.3 0.9 0.3 2.8

Ma4 0.9 1.4 0.1 3

Qun6 0.9 1.2 0.3 7.8

Qun7 0.5 0.9 0.3 6.1

Y = Yes, detected. 

a: reported by Cai et al. (2015)

b: reported by Zhu et al. (2018)

Tabei oils

Tazhong oils

Southwest oils

C29-Dia/C29-Reg: C29-Diasterane/C29-Regular sterane

TAs: alkyl thia-admantanes
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5.3.2 34S of OSCs  

34S values were generally measured for C0–C3 DBTs in all oils, and occasionally also the 

thiadiamondoids detected in some of the oils. 34S of BTs was not achievable due to their 

low concentrations in the oils in which they were detected. The values and standard 

variations (SV) of all the C0–C3 DBTs in each oil sample are listed in Table 5.3, and the 

34SDBTs profile of oils from the three Tarim Basin locations (distinguished by 3 different 

colors) are shown in Error! Reference source not found.a. The averaged 34SDBT values of 

each oil is depicted in Error! Reference source not found.b. Generally, the 34S value 

of the DBTs in oils from each of the three sub-basin locations were in a similar range of 

14–32‰, and the averaged 34SDBT values of the oils were mostly within 17–27‰. These 

values are closer to the bulk 34S values measured for Cambrian kerogens (10–22‰) of 

the Tarim Basin, than the more depleted bulk 34S values of Lower Ordovician (7–9‰) 

and Middle–Upper Ordovician (4–7‰) kerogens (Cai et al., 2005, 2009, 2015a).  

Exceptions in the present data set include the Tazhong ZS1C oil which showed much 

enriched values (Ave 34SDBT ~37‰), which can be attributed to TSR, and three of the 

SW oils with notably more depleted values (Ave 34S = 5–10‰) possibly reflecting a 

distinct source of organic S. The full range of 34S values from each of the three oil regions 

investigated are separately presented in more detail below.  
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(a) 

 

(b) 

 

Figure 5.5 34S values measured from Tarim Basin oils (a) 34S of individual DBT 

compound; and (b) average 34S of all DBT compounds in oil.  

 

The 34SDBTs profiles for each of the Tazhong oils are presented in Error! Reference 

source not found.. Averaged 34S values in the Tazhong oils range from 17‰ to 37‰ 

(Error! Reference source not found.b), with ZS1C having notably more enriched 34S 

values than the other oils (due to TSR, as described in Chapter 2). The 34S values of 

Tazhong oils (except ZS1C) are generally consistent with the 34S values of kerogen in 
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Cambrian source rocks — a similar geochemical assignment (including correlation of 34S 

data) was previously made by Cai et al. (2015a).  

 

 

Figure 5.6 34S values of individual DBT compounds measured in Tazhong oils.  

 

34SDBTs values of all Tabei oils are presented in Error! Reference source not found.. 

Averaged 34S values in Tabei oils span a narrow range from 18‰ to 26‰ (Error! 

Reference source not found.b). The oil with most depleted values was YM2 (Ave 34S 

= 17.7‰), whilst the highest values were measured in Ha7 (Ave 34S = 26.3‰). Similar 

to the Tazhong oils, the 34SDBTs values of Tabei oils would seem consistent with a 

Cambrian source (34S Cambrian kerogens = 10–22‰, Cai et al., 2015a).  
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Figure 5.7 34S values of individual DBT compounds measured in Tabei oils.  

 

The34SDBT profiles of the SW oils are given in Error! Reference source not found.. 

These profiles can be divided into 2 groups. The first group (Ma4, Qun6, Qun7) have 

generally low 34S values (mostly < 11‰). Their depleted 34S values suggests the organic 

sulfur in these oils derived from a different source than the Cambrian source believed 

responsible for the Tabei and Tazhong oils. A likely origin of these oils are Ordovician 

source rocks for which the 34S of their kerogen fraction were reported to range from 4–

9‰ (lower than the kerogen of Cambrian rocks >10‰, Cai et al., 2015a). An Ordovician 

origin would also be consistent with the low gammacerane abundances of these oils 

(gammacerane/C30-hopane < 0.3). The Qun6 and Qun7 oils are from Devonian reservoirs, 

which may have been charged by petroleum migrated from Ordovician sources. The 

second group of SW oils (LS2 and Ma3) had more enriched 34S values (Ave ~22‰). 

These might derive from a different source (i.e. Cambrian), or alternatively may reflect 

thermal influences. Molecular maturity indicators (Table 5.2) did suggest the SW oils 

spanned a broad range of thermal maturities, but the ~10‰ difference in the 34SDBT 

values of the two SW oil groups is more likely due to TSR than more traditional thermal 
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maturity which typically contributes modest 34S variances (Ellis et al., 2017; Rosenberg 

et al., 2017).  

 

Figure 5.8 34S values of individual DBT compounds measured in SW oils.  

Analytical evidence of TSR is sometimes difficult to detect. Generally, high H2S 

concentrations, the presence of diagnostic thiadiamondoids compounds (Seewald, 2003; 

Wei et al., 2007, 2012) and occasionally also enriched 34S values of H2S or OSC can 

indicate the occurrence of TSR. Very enriched 34SOSC values (>30‰, e.g. ZS1C) can be 

firm indicators of TSR, but many TSR impacted oils have lighter values which are thus 

not particularly definitive. For instance, Zhu et al. (2018) previously measured and 

compared the ~25‰ 34SOSC values of the LS2 oil as similar to 34SOSC reported for other 

Tarim Basin oils (mostly Tazhong oils) and much less than the 34SOSC values of the TSR 

enriched ZS1C oil. As such, the 34S values of this oil were not definitively inferring of 

TSR, however, the use of GC×GC-MS to detect large distributions of alkyl-

thiadiamondoids compounds in LS2 provided supporting evidence of TSR (Zhu et al., 

2018). Zhu et al. (2018) further reported the LS2 reservoir has no sulfate evaporites and 

was at a temperature of 144 °C which they considered relatively low for TSR, proposing 

it to be a secondary reservoir for migrated TSR-derived petroleum sourced from deeper 
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and hotter (>200°C) Cambrian strata. Thus the ~10‰ difference between the 34S values 

of LS2 and the group one SW oils would seem due to a combination of source and TSR 

controls.  

There have been no previous reports of TSR impacting the Ma3 oil, and no TSR diagnostic 

thiadiamondoid products were not detected here by GC-MS analysis. Thus, there was no 

direct evidence of TSR impacting these oils which might then account for its enriched 

34SOSC values (cf. group 1 SW oils). To further scrutinize for the potential trace level 

presence of thiadiamondoids in Ma3 this oil was analysed by GC×GC-MS. For 

comparison, GC×GC-MS analysis was also performed here on the ZS1C and LS2 oils in 

which thiadiamondoids are known to occur (i.e. for product correlation purposes) as well 

as a selected oil from each of the Tabei (FY202) and Tazhong (ZG2) sample suites 

displaying upper range 34S values that potentially reflect the influence of TSR.  
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Table 5.3 34S of alkyl-DBTs in Tarim oils.  

Note: S.V. = standard variation of duplicate sample analysis, where dash given the data derives from just one analysis (due to low analyte concentrations).  

Wells

d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V. d
34

S S.V.

FY202 25.4 1 24.2 1 25.1 0.9 28.1 2.7 22.7 2.1 24.6 0.9 32.4 – 21.9 1.4 22.5 0.9 25.2 1.4

FY205 26.4 2.2 24.1 1.2 25 1.4 27.6 – 22.7 1.3 24.6 0.3 32 – 23.8 0.4 23.4 0.1 25.5 1

YM2 19.4 – 14.4 – 16.8 2 20.7 – 15.5 2.8 16.4 1.5 22.3 – 17.3 – 16.6 – 17.7 2.1

YM5 22.5 – 22.8 0.7 22.7 1.7 18.6 – 21.5 2.8 23.3 0.5 30.2 – 22.8 2.2 22.5 – 23 1.6

YM6 21.7 – 22.4 1.8 22.1 0.7 20.9 – 22.4 – 22.9 1.4 28.1 – 22.7 1.3 22.6 – 22.9 1.3

RP21 17.6 0.7 19.9 0.4 18.6 0.7 15.7 – 20.8 – 21.4 2.6 25.6 – 21.2 2.1 19.8 0.6 20.1 1.2

XK4 22 0.6 21.3 1.2 21.3 2.1 22.9 – 23.1 0.3 22.8 2.5 28.9 – 23 0.1 22.8 1.6 23.1 1.2

XK7 20.8 1.3 20.7 0.1 21 – 22.3 – 22.4 0.5 22.4 1.4 26.4 – 22.9 1.1 21.6 – 22.3 0.9

Ha7 25.4 0.3 25.1 0.5 24.2 0.4 33.9 – 24.7 1 24.8 0.3 29.3 – 24.9 0.3 24.7 – 26.3 0.5

Ha701 24.7 0.4 24.1 – 23.3 3 21.6 – 23.3 – 24.1 0.5 30.7 – 23.8 – 24 – 24.4 1.3

Ha9 24.3 0.4 24.5 0.1 24 0.6 24.2 – 24 1.4 24.5 0.1 29.2 – 24.6 1.4 24 2.5 24.8 0.9

Ha901 24.2 1.1 24.2 0.4 23.4 1.7 24.7 0.8 23.7 0.3 23.9 0.2 29.4 2.9 23.7 2.7 22.7 0.6 24.4 1.2

ZG2 19.9 – 16.8 0.9 18.7 0.7 20.2 – 16.6 2.5 18.6 1.5 23.7 – 18.3 – 20.3 – 19.2 1.4

ZG5 16.2 1.9 16.2 0.4 16.3 0.5 14.7 – 14.5 3.3 16.6 0.6 24.6 – 15.9 1.6 15.9 2.1 16.8 1

ZG17 20.9 1.1 15.4 0.6 17.8 2.3 21.6 – 26.8 – 14.1 – 23.6 – 11.2 0.4 13 – 18.3 1.1

GL2 14.9 – 18.1 – 19.3 – 13.9 – 18.3 – 21.9 – 14.6 – 14.1 – 16.9 –

TZ83 18 0.7 17.3 0 18 1.4 25.4 – 18.5 3.3 18.5 2.9 24.4 – 18.3 0.6 18.1 – 19.6 1.5

ZS1C 35.9 0.4 33.6 2.4 36.3 0.2 37.9 – 38.9 2.5 38.3 1.8 40.8 – 36.3 0.2 36 0.5 37.1 1.1

ZS5 24.7 – 19.3 0.9 22.1 1 17.6 – 13.2 2.8 18.3 0.4 19.1 – 13.1 1.9 14.8 – 18 1.4

LS2 21.7 0.8 21.7 1.2 22.3 1.2 14.2 – 19.5 0.2 23.3 2.3 27.4 – 23.4 1.1 21.3 0.3 21.6 1.0

Ma3 25.9 – 17.9 2.1 17 – 19.4 – 20.2 1.1 24.6 – 22.9 0.5 28.2 – 21.4 – 22 1.2

Ma4 5.3 0.4 9.5 0.1 13 0.9 18.3 1.6 10.2 1.8 8.5 0.8 10.1 0.5 – – – – 10.7 0.9

Qun6 8.5 2.4 4.9 2.6 6.2 – 2.7 – 5.8 1.1 6.3 1.6 11 – 5.8 – 3.8 – 6.1 1.9

Qun7 7.3 0.1 11.9 0.1 11.9 – 14.5 0.1 12.1 0.2 10.9 0.1 11.7 – 10.2 – 10.7 0.2 11.2 0.1

Tabei oils

Tazhong oils

Southwest oils

dmDBTii dmDBTiii tmDBTi tmDBTii AverageDBT 4-mDBT 2&3-mDBT 1-mDBT dmDBTi
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2D chromatograms for m/z 154 + 168 + 182 from GC×GC-MS analysis of LS2 (Error! 

Reference source not found.a) and ZS1C (Error! Reference source not found.b) oils show 

the occurrence of C1-C2 thiaadamantanes in both oils. However, no C1–C2 (or any other) 

thiaadamantanes were detected in the corresponding analysis of Ma3, or FY202 and ZG2 

(Figure 5.9c-e). The consistent presence of the relatively volatile low MW product 1,1-

biphenyl (m/z 154) in the analysis of all oils (Figure 5.9a-e) indicated none of the oils has 

been topped prior to GC×GC-MS analysis (i.e. absence of thiaadmantanes was not due to 

evaporation).  

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 

 

Figure 5.9 Ectracted ion chromatographs of GC×GC-MS for C1–C2 thiaadamantanes 

(m/z 168 and 182) and 1,1’-biphenyl (m/z 154) in selected Tarim Basin 

oils.  
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In the absence of any evidence indicating TSR had impacted the Ma3 oil, the relatively 

enriched 34SOSC values of this oil (cf. group 1 SW oils) might also reflect the 34S 

signature of a different source – quite possibly (like LS2) from Cambrian sources which 

(unlike LS2) had not been impacted by TSR.  

 

5.3.334S of OSCs thermally released from asphaltene fraction of the 

TSR impacted ZS1C oil  

The HyPy treatment of the asphaltene fraction of the ZS1C oil released a broad distribution 

of thioaromatic compounds (i.e. BTs and DBTs), but few thiadiamondoids. The 

distribution of thioaromatic compounds within the asphaltene hydropyrolysates, analysed 

by GC-MS, is shown in Figure 5.10. The 34S of the HyPy released BTs and DBTS 

measured by GC-ICPMS are shown in Figure 5.11. For comparison, the corresponding 

34S values of these compounds measured in the PdCl2 treated fraction of the ZS1C oil 

(Chapter 2) and also from previously reported data from CSSIA of the aromatic fraction 

of this oil (Li et al., 2015; Cai et al., 2016) are also shown in Figure 5.11. CSSIA of the 

ZS1C oil has consistently displayed a significant differential between the 34S values of 

BTs (more enriched) and DBTs due to the severe TSR impacts on this oil.  

Interestingly, the 34S of values of BTs and DBTs released from the asphaltene fraction of 

ZS1C showed little difference. The average values of 34SBTs (35.9‰) and 34SDBTs 

(36.4‰) values in the asphaltene hydropyrolysates fraction were similar to the average 

34SDBTs (34.4‰) values of the PdCl2 fraction. This result suggests the BTs released from 

the HyPy fraction had not been impacted by TSR (at least not to the same enriched extent), 

unlike the free (maltene phase) BTs in the oil which had become more enriched in 34S due 

to incorporation of the heavier 34S signature of H2S reduced from anhydrites. The 
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seeming imperviousness of TSR on the 34S character of asphaltene BTs suggests covalent 

constraints within the asphaltene network, or occluded sequestration, protects them from 

TSR alteration, potentially maintaining (fully or partially) the isotopic integrity of the pre-

altered oil. The sulfur isotopic preservation of OSCs is similar to the isotopic (13C and 

D) and molecular protection afforded to the hydrocarbon constituents of the asphaltene 

fraction (Pan et al., 2002; Russell et al., 2004; Silva et al 2008).  

 

Figure 5.10 Summed chromatogram (m/z 134+148+162+176+184+190+198+212 

+226) highlighting OSCs detected by GC-MS analysis of asphaltene 

hydropyrolysates fraction of ZS1C oil.  

 

 

Figure 5.1134S of OSCs in maltene and asphaltene hydropyrolysates fraction of 

ZS1C oil.  



Chapter 5 

183 

 

5.4 Conclusions  

The application of CSSIA to Tarim Basin oils can help to define the source inputs of these 

typically mixed and complex oils. Traditional biomarker appraisal of a suite of oils from 

the Tabei Uplift, Tazhong Uplift and Southwest Depression regions of the Tarim Basin 

showed evidence for major Cambrian (high gammacerane) and to a lesser extent 

Ordovician (V-shaped C27–C29 sterane profile) inputs. The aliphatic composition of the 

oils also indicated biodegradation (UCM) — suggesting additional late Devonian input 

which has been previously associated with biodegradation (Zhu et al., 2013), and non-

alteration (low MW n-alkanes) of separate petroleum charges.  

The 34SDBTs values (~17–25‰) of most Tabei and Tazhong oils pointed to their organic 

S being largely sourced from Cambrian strata. Three SW oils had distinctively lower 

34SDBTs values (<11‰) which suggested more significant input of petroleum from 

Ordovician source rocks. The higher values of two other SW oils (LS2 and Ma3) could be 

due to either TSR (confirmed in LS2 by occurrence of thiadiamondoids) or input from 

Cambrian sources (also proposed occurrence on LS2, Zhu et al., 2018). 

High 34SOSCs values of oils such as the >30‰ values of DBTs in ZS1C oil are an indicator 

of TSR. TSR can lead to an enrichment in the 34S value of the OSCs in oils as they 

incorporate the heavy isotopic signature of anhydrites. Here, for the first time, we show 

that OSCs (i.e. BTs) constrained within the asphaltene fraction of oils — and analytically 

released by HyPy — are isotopically protected from secondary alteration by TSR. The 

34S values of biodegraded oils had previously been considered unreliable for source 

correlation studies, but the present result suggests the 34S values of OSCs constrained 

within the asphaltene fraction of TSR impacted oils may be useful for source appraisals.  
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6 CHAPTER 6 

Conclusions and Recommendations 

 

6.1 Conclusions 

This PhD involved the CSSIA of carefully selected standard compounds and a large range 

of high S content petroleum samples. Several of the key outcomes from this study will 

extend the application of this still relatively novel analytical approach to future petroleum 

exploration and research studies.  

Laboratory experiments with authentic organic sulfur compounds and representative oil 

samples confirmed the S-isotopic integrity of all but the most volatile petroleum OSCs 

through common sample preparation procedures involving large scale solvent 

loss/evaporation or separation of major oil fractions by traditional and newly applied 

methods. The positive evaluation of laboratory procedures enhances the analytical basis 

and confidence of GC-ICPMS measurement and the subsequent interpretation of 34SOSC 

data from petroleum (and other) samples. Specifically, these experiments showed: 

 There was no measurable change in the 34S value of two DCM dissolved OSCs 

(DBT and C18SH) on their partial evaporation following removal of dissolving 

solvent. C12SH, a higher vapor pressure compound, did show a small enrichment 

(+3‰) after ~66% of the compound was lost to evaporation. A separate 

evaporation-34S study (Rosenberg et al., 2017) of standard compounds reported 

similarly small or negligible 34S fractionation of OSCs common to petroleum 

— this study reported a very small 34S enrichment (<‰ in very low molecular 
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weight products (i.e. butyl-thiol, dimethyl-thiophene) of high volatility but no 

shift in the 34S values of BT and DBT.  

 The 34S values of OSCs in the aromatic fractions of two oils were essentially 

the same when isolated by Al2O3 or PdCl2 stationary phase columns. The PdCl2 

column provided higher concentrations of OSCs than the more traditionally 

applied alumina column. Higher analyte concentrations help to maximise the 

numbers of OSCs which can be analysed and the 34S precision of the GC-

ICPMS measurement.  

 The 34S values of thioaromatics (BTs, DBTS) and caged-S compounds (TDs) of 

one oil (ZS1C) separated using a novel methylation/demethylation fractionation 

method were also largely similar to the values of the same compounds in the 

aromatic fraction from an Al2O3 column. The 34S integrity of this quite intrusive 

separation procedure, however, should be further assessed with other samples 

and experiments before it should be considered compatible with CSSIA. 

Application of CSSIA to the selected fractions of oils exposed to regular secondary 

petroleum reservoir processes (i.e. biodegradation, TSR) has also provided new 

information about the associated 34S fractionation of OSCs: The first insight of the 

influence of biodegradation on 34S values of petroleum OSCs was revealed by CSSIA of 

a series of biodegraded oil sands (Athabasca, Canada). A study of oils from Peace River 

wells spanning biodegradation levels of ~3-6 showed: 

 The 34S values of several alkyl-BTs (particularly dimethyl-BTs) in increasingly 

biodegraded oils showed a distinct enrichment (≤6‰) consistent with 

preferential utilisation of the smaller isotope (32S). The higher MW alkyl-DBTs 
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are more resistant to biodegradation and the 34SDBT values of the oils showed no 

change, indicating a stability at biodegradation levels of 3–6. The varied 34S 

sensitivity of different OSCs to biodegradation will assist the high resolution 

characterisation of oil biodegradation levels.  

A number of previous studies (e.g. Amrani et al., 2012; Gvirtman et al., 2015) have 

demonstrated that TSR can lead to the large and varied 34S fractionations of OSCs in the 

free maltene fraction of impacted oils. The present research has established that the 

covalently constrained or sequestered products in the more polar and higher molecular 

weight asphaltene fraction provides some protection to the 34SOSC effects of this 

alteration:  

 The 34S values of BTs and DBTs in the asphaltene hydropyrolysates fraction of 

a severely TSR impacted oil (ZS1C) had similar values of ~35‰. This contrasts 

the substantial isotopic differential (>5‰) these product types show in the 

maltene fraction of this oil. This result confirms OSCs in the asphaltene fraction 

are protected from at least the full isotopic impacts of TSR incident on the free 

fractions and may even maintain the 34S values of diagenetically incorporated 

OSCs in heavily TSR impacted oils. The asphaltene fraction maintenance of 

34SOSC signatures may be beneficial to oil-source correlation studies.  

The analytical development and improved understanding of 34S-petroleum alteration 

relationships from these controlled experiments were complimented with several applied 

studies of high S-oils from three active petroleum regions of China — The Jinxian and 

Dongpu Sags of Bohai Bay Basin (East Central China) and the Tarim Basin (NE China). 

These field studies demonstrate the practical utility of the current CSSIA technology. 
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Specific aims included a greater understanding of the origin and formation pathway of the 

organic S of petroleum reservoirs and occurrences of TSR throughout these oil provinces. 

The source of the sour gas rich petroleum of the Jinxian Sag has been the focus of previous 

attention, up until the closure of these oil wells several years ago on the grounds of safety 

concerns about the high H2S levels. Earlier organic (and inorganic) geochemical appraisal 

of Jinxian Sag petroleum samples, including consideration of bulk 34S values, had led to 

the contrasting assertions by different groups that MSR and TSR were separately 

responsibly for the high S content of the petroleum. The presently conducted CSSIA 

research of two archived oils and several source rock samples from the Zhaolanzhuang oil 

field has led to the proposal of the following sophisticated model of S-cycling in the 

Jinxian Sag:  

 The broad range of 34SOSC values (~0‰ to +20‰) observed amongst the 

different oil and rock samples analysed was attributed to a temporal variation in 

the 34S of reduced S available for organic sulfurization. This implies the 

petroleum system was sulfate restricted, inducing a kinetic control such that 

initially reduced S was 34S depleted and the residual sulfate 34S enriched. Such a 

closed S-system model could account for the general trend of more depleted 

34SOSC values in the deeper Zh rocks (i.e. utilising early generated 32S depleted 

H2S).  

An integrated hydrocarbon composition and CSSIA study of saline and freshwater 

lacustrine oils from Dongpu Sag was able to separate the samples into 5 separate oil 
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families. These results (briefly detailed below) highlight the oil correlation capacity, but 

also potential limitations, of the 34S signatures of S-rich saline lacustrine oils: 

 Differences in the 34SOSC magnitude and profiles of the oils were consistent with 

the hydrocarbon biomarker classification of the five oil families. However, the 

34SOSC data of the Dongpu oils was also influenced by paleo-environmental 

conditions (reflected by C35-/C34-hopanes), thermal maturity (C29 sterane and 

mDBT parameters) and TSR (ΔSBTs–DBTs = 6–12‰) factors. These multiple 

variables warn that the 34S correlation of oils from complex petroleum systems 

should be conducted with caution and where possible integrated with other 

complimentary analytical information.  

The huge petroleum reserves of the Tarim Basin continue to be the target of intensive 

exploration. The consensus is that most of the regional oil is of Cambrian origin, but some 

petroleum might also include a major input from Ordovician sources. Clarification of the 

relative contribution of Cambrian and Ordovician sources to Tarim basin petroleum 

remains an active research question for petroleum and organic geochemists. This issue 

was explored further here by CSSIA (and complimentary hydrocarbon characterization) 

of a selection of oils from each of the Tazhong, Tabei and SW oil fields. Key outcomes of 

this study included:  

 The 34S of OSCs in the oils from Tazhong Uplift and Tabei Uplift demonstrated 

a mixed origin of Cambrian (mostly) and Upper Ordovician source rocks. A 

group of three Southwest oils showed much more depleted 34S values than all 

other oils studied and was attributed to a primary Ordovician source rock origin. 

The relatively enriched 34SOSC values of some oils (> +40‰ in ZS1C) reflected 
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the impacts of TSR which can be supported by the deep depths/high temperatures 

of many Tarim Basin oils.  

The research conducted in this PhD project (highlights above) has revealed new insights 

to the S-cycles of petroleum systems. Several practical benefits achievable from the 34S 

measurement of individual petroleum compounds have been demonstrated. However, a 

higher maturity petroleum (and broader biogeoscience) application of CSSIA will require 

continued development of the analytical technology and application to a wide range of 

high S petroleum (and other organic S) samples from a variety of geological settings. 

Continuous flow CSIA applications of carbon (C) and hydrogen (H) — both developed 

decades earlier than CSSIA — took many years of concerted research to evolve into the 

widely accepted hydrocarbon characterization methods of today. These established CSIA 

approaches are now widely practiced by the international petroleum research and 

exploration communities. A similar trend for CSSIA would see it have a constructive 

future in petroleum characterization endeavors.  

 

6.2 Recommendations from this Research  

In addition to the holistic advice of continued analytical development of the CSSIA 

technology and broader application to a wide range of petroleum samples, several specific 

recommendations are offered to verify some of the newly discovered petroleum-34SOSC 

relationships as well as to address a few stumbling blocks or issues encountered though 

this project.  

 The effect of biodegradation evident from the 34S of OSCs in a set of 

biodegraded oils from the Athabasca oil sands included an anticipated 34S 

enrichment of some compounds (e.g. dmBTs), whereas other compounds (e.g. 

DBTs) showed no 34S variance. The Athabasca oil sands is an extremely 
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complex system due to varied biodegradation, source and thermal maturity 

dynamics. The 34SOSC enrichment observed with biodegradation should be 

verified with further CSSIA studies of appropriate biodegraded samples. Whist 

the initial microcosm experiment did not lead to sufficient biodegradation of 

OSCs in the ZS1C oil, this approach warrants further attention given the capacity 

to control biodegradation as the sole variable. Several modifications to the 

present approach may help to increase the rate of OSC biodegradation. Firstly, 

sulfur-reducing bacteria (SRB) isolates or bacterial consortia enriched in SRB 

could be used instead of the total microfloral population of a common soil. 

Secondly, a S-rich aromatic fraction could be used as the biodegrading fuel, 

rather than a whole oil which contains many preferentially degradable 

hydrocarbons.  

 The relatively low 34S values of BTs in the asphaltene hydropyrolysates fraction 

of the TSR impacted ZS1C oil indicated they had not been enriched like the same 

free compounds in the maltene fraction of the oil. This result indicated covalently 

bound OSCs of the asphaltene fraction are protected from TSR alteration. The 

extent of this protection, however, still needs to be established. Are asphaltene 

OSCs fully protected and thus representative of diagenetically incorporated S, or 

just partially protected such that they are not as enriched to the same extent as the 

free compounds of the maltene fraction? The former outcome would obviously 

be more beneficial to oil correlation studies. Whether all OSCs in the asphaltene 

fraction receive the same level of protection is another query. These issues could 

be investigated by further study and comparison of the asphaltene and maltene 

fractions of TSR impacted oils. Laboratory based TSR simulations with selected 

oils where the 34SOSC composition of respective fractions are known might also 
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help to establish the S-isotopic stability of the asphaltene fraction to increasing 

levels of TSR.  

 Petroleum applications of CSSIA would benefit from an extension of the 

numbers and types of OSCs which are measured by GC-ICPMS. A larger range 

of 34SOSC data would increase the resolution with which source and other 

organic sulfur process controls could be defined. The petroleum OSCs analyzed 

in this PhD project were largely restricted to alkylated thioaromatics (e.g. BTs, 

DBTs) and alkylated thiadiamondoids (TDS). These compounds are typically the 

major products of the easily prepared ARO fraction of petroleum samples. A 

much larger variety of GC resolvable OSCs can occur in petroleum samples (e.g. 

alkylated sulfides, thiols, thiophenes, thianes, thioalanes, etc., Sinninghe-Damste 

et al., 1990), and many other OSCs occur in the polar fraction of oils (typically 

not subjected to GC analysis without derivatization). An historic technical 

challenge for ICPMS measurement of GC resolved compounds has been the 

effective transfer of higher molecular weight compounds. High flows of argon 

and other cooling gases into the ICP torch can impede the transfer of low 

volatility compounds. The development of further technical strategies to support 

the 34S measurement of high molecular weight OSCs related to terpenoid 

biomarkers (e.g. steroid thiophenes, hopanoid sulfides) would provide valuable 

new source relevant information.  

 Improved product assignment of different isomers is another more general 

recommendation for studies concerned with characterization of the organic sulfur 

composition of petroleum samples. The isomer identification of GC resolved 

alkyl-BT and alkyl-DBT isomers in the present study proved challenging and 
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was largely limited to correlation of major isomers present in well studied 

petroleum samples; or previously reported elution orders (Berthou et al., 1984; 

Depauw and Froment, 1997; López García et al., 2002). More extensive product 

assignments could be overcome by a greater availability of standard compounds, 

some of which could be sourced from commercial suppliers whilst others could 

be prepared by synthetic chemistry.  
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8 Appendix 1 

 

Laboratory simulated biodegradation of a S-rich oil 
 

 

Experimental  

Soil and Oil Samples 

The soil used in this study was provided by the soil science group at the University of 

Western Australia (UWA). The soil was originally collected from 0 to 10 cm depth at 

Mount Misery (South Australia). It had no known spill history and was characterized by 

low carbon (4.8%) and macronutrient values (0.007 g total N/kg soil; 0.014g P/kg soil; 

0.21g K/kg soil). It was stored at 4 °C and sieved to 2 mm prior to microcosm incubation.  

The S-rich ZS1C oil from the Tarim Basin (NW China) was used to treat the soils in these 

experiments. This oil was selected because of its rich distribution and high concentrations 

of organic sulfur compounds (OSCs). Previous characterisation of this oil (detailed in 

Chapters 2 and 5 of this thesis) showed it contained high concentrations of thioaromatic 

and thiadiamondoid compounds indicative of severe thermochemical sulfate reduction 

(TSR; Li et al., 2015). Prior to soil application the oil was stored in a glass container at 4 

°C to minimize volatilization and microbial activity.  

 

Microcosms and Incubation  

Soil samples (90 g dry weight) were treated with ZS1C oil (50 mL/kg soil) in glass jars 

(385 mL). Control samples were also prepared without addition of oil. All samples were 

mixed with 100 mg/kg P (as NaH2PO4·2H2O), 100 mg/kg N (NH4NO3) and water (60% 

soil water holding capacity) to promote microbial activity. Samples were incubated in the 
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dark at 25 °C, and watered on a weekly basis to help maintain water holding capacity near 

60% (Carter and Tibbett, 2008). Sub-samples of the treated soils (10 g) were collected for 

gas chromatography-mass spectrometry (GC-MS) analysis on days 30, 60 and 90. 

Duplicated treatments and analyses were conducted. This laboratory-approach has 

previously proved successful for hydrocarbon biodegradation studies of oils (e.g. 

Greenwood et al. 2008).  

 

GC-MS Analyses 

Extracts of the sub-samples were obtained with a mixture of DCM and methanol (v:v, 9:1) 

using a Milestone Start E microwave extraction unit (Milestone Inc., USA). The samples 

were heated from room temperature (~25 °C) to 80 °C over 10 minutes, then held at 80 

°C for 15 minutes. Separate saturated and aromatic hydrocarbon fractions were isolated 

by column chromatography of the extracts on silica gel (pre-activated at 160 °C) with 

hexane and a mixture of hexane and DCM (v:v, 7:3), respectively. GC-MS analysis of the 

saturated and aromatic fractions was conducted with a HP 6890 GC coupled to a HP 5973 

mass selective detector. The compounds were chromatographically separated on a DB-5 

fused silica capillary column (60 m × 0.25 mm i.d. × 0.25 µm film thickness) with 1 

mL/min helium carrier gas. The GC oven was temperature programmed from 40 °C to 

325 °C at 3 °C/min then held isothermally at the final temperature for 45 min. Electron 

impact (70 eV) full scan (m/z 50–550) mass spectral data was acquired.  

 

Results and Discussion  

The alkyl-naphthalene and alkyl-DBT distributions of the fresh ZS1C oil (i.e. at 

commencement of microcosm experiment) and the recovered oil following 90 days of 

microcosm treatment are highlighted by the selected ion chromatograms shown in Error! 

Reference source not found.-1. The alkyl-naphthalenes were only marginally different 
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after 90 days of treatment to the original oil (Error! Reference source not found.-1a). 

There was a very slight reduction in the methyl- and dimethyl-naphthalene abundances 

relative to the higher molecular-weight (and more resistant) dimethyl-naphthalenes. This 

indicates a very low degree of biodegradation, reflected by only minor decreases in alkyl-

naphthalene parameter values sensitive to biodegradation (Fisher et al., 1998; Greenwood 

et al., 2008; Error! Reference source not found.-1 and Figure A1-2).  

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

Figure A1-1. Partial selected ion chromatograms showing alkyl-naphthalene and 

alkyl-dibenzothiophene (DBT) distributions of original ZS1C oil (a and c) 

and soil extracted oil following 90 days treatment (b and d).  

 

 

Figure A1-2. Temporal variations of biodegradation parameters. The parameters are 

plotted as % relative to their values in the original oil .  
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Table A1-1. Biodegradation sensitive parameters measured for the original oil and the soil recovered oils following 30, 60 and 90 days 

treatment.  

Biodegradation parameters Original oil After 30 days After 60 days after 90 days 

Dimethylnaphthalene ratio (DMNR)  

= 1,6-DMN/1,5-DMN 

6.1 5.9 5.8 5.7 

Trimethylnaphthalene ratio (TMNR)  

= 1,3,6-TMN/1,2,4-TMN 

46.3 41 37.5 35 

Tetramethylnaphthalene ratio (TeMNR)  

= 1,3,6,7-TeMN/1,3,5,7-TeMN 

2.5 2.5 2.4 2.4 

MPI-1 (Methylphenanthrene Index)  

= 1.5*(2-MP+3-MP)/(Phenan+1-MP+9-MP) 

1.26 1.26 1.26 1.26 
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The alkyl-DBT distributions of the fresh oil (Figure A1-1c) and 90 day treated oil (Figure 

A1-1d) were essentially identical, reflecting no biodegradation of these OSCs over the 

duration of the microcosm experiments. Similarly, there was no change in the distribution 

of alkyl-phenanthrenes (similar sized/3-ringed hydrocarbons) indicated by consistent 

MPI-1 values (Table A1-1, Figure A1-2). The lack of any change in the 3 ringed DBTs 

(and alkyl-phenanthrenes) is not surprising given only a slight change was evident in the 

more vulnerable 2-ringed naphthalenes. The ZS1C oil contains low concentrations of 

alkyl-BTs, but none were detected from any of the soil treatments, probably due to their 

relatively high volatility.  
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Compound specific sulfur isotopes of saline lacustrine oils 

from the Dongpu Depression, Bohai Bay Basin, China 

 

Changwei Kea, Sumei Lia,*, Hongan Zhangb, Nannan Hec, Kliti Gricec, Tianwu 

Xub, Paul Greenwoodc, d 

a State Key Laboratory of Petroleum Resources and Prospecting, China University of 

Petroleum (Beijing), Beijing, China 

b SINOPEC Zhongyuan Oilfield Company, Puyang, He’nan, China 

c Department of Earth and Planetary Sciences, Curtin University, Perth, Australia 

d School of Earth Sciences, University of Western Australia, Perth, Australia 

 

Abstract: Lacustrine oils from type I-II kerogen from the Dongpu Depression of 

Bohai Bay Basin have been characterised by compound specific sulfur isotope and 

hydrocarbon biomarker analyses. The sample suite included sixteen saline lacustrine 

oils from the northern part of the Dongpu Depression, most of which (i.e., all but two 

interbedded samples) could be separated into four tectonically aligned oil families 

(OF1-4) on the basis of differences in their hydrocarbon composition (e.g. high MW 

n-alkanes, isoprenoids, polycyclic terpenoids). The other two oils studied were 

freshwater lacustrine oils from the south of the Dongpu Depression, the hydrocarbon 

composition of which indicated a fifth oil family (OF5). The 34S values of organic 

sulfur compounds (34SOSCs) in the oils showed several general differences consistent 

with the five hydrocarbon biomarker defined oil families, including the relative 

magnitude of their 34S values: Ave 34SOSCs values: OF1 = 19‰ (relatively depleted 
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34S); OF2= 28‰ (enriched 34S); OF3 = 24‰ (intermediate 34S); OF4 = 25‰ 

(intermediate 34S); and OF5 = 18‰ (depleted 34S); and the respective 34SOSCs 

profiles of the oils, e.g., the intermediate 34S values of the LT oils (OF3) showed 

little variance with alkylation (< 4‰Table 4.5), whereas the intermediate 34S values 

of the higher maturity Wenliu oils (OF4) showed 34S enriched alkylated DBTs 

compared to base DBT (Δ34SalkylDBT-DBT = +7‰). This demonstrates the potential of 

34SOSC data assisting the genetic correlation of S-rich saline lacustrine oils. However, 

separate correlations between some of the SOSCs data and hydrocarbon indicators of 

paleo-environmental (C35-/C34-hopanes), thermal maturity (C29 sterane and MDBT 

parameters) and TSR (ΔSBTs–DBTs = 6–12‰) impacts suggest each of these factors 

also influenced the S character of the Dongpu oils. Therefore, 34SOSCs data should 

be used cautiously in correlation of oils from complex petroleum systems and where 

possible integrated with other complimentary analytical information.  

  

Keywords: Stable sulfur isotopes; organic sulfur compounds, hydrocarbon 

biomarkers, oil correlation 
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1. Introduction  

 

This study explores the potential of continuous flow compound specific S isotope 

analysis (CSSIA) to help characterise the origin and geochemical history of lacustrine 

oils in the Dongpu Depression of the Bohai Bay Basin. CSSIA was first demonstrated 

a decade ago (Amrani et al., 2009) and has since helped establish the sources and 

genetic types of crude oils and petroleum source rocks, e.g., 34S correlation of 

dibenzothiophenes (34SDBTs) in Lower Paleozoic crude oils of the Tarim Basin with 

regional Lower Cambrian source rocks (Cai et al., 2015, 2016); 34SDBTs correlation of 

oils and source rocks of Kurdistan (Arabian Platform; Greenwood et al. 2018); the 

34S values of sour gas petroleum from Sichuan Basin were attributed to Upper 

Permian mudstones from local (P3l and P3w) formations (Cai et al., 2017a, b). The S-

isotopic character of saline lacustrine oils, however, have not previously been studied 

in detail.   

The petroleum system in the Dongpu Depression is highly complex due to mixed input 

from several major sources and varied paleo-depositional and thermal conditions. 

Lacustrine oils typically derive from non-marine algal and bacterial organic matter and 

have low content of sulfur (Peters, et al., 2005). The high sulfur content of the Dongpu 

sediments and oils can be attributed to bacterial sulfate reduction. Types II–III 

kerogens of the third and fourth members of the Tertiary Shahejie Formation (Es3–

Es4,) are responsible for S-rich oils discovered mostly in the northern (saline lacustrine 

oils) but some also in the southern (freshwater lacustrine oils) regions of the 

Depression (Peng et al., 2003; Change et al., 2007; Chen et al., 2018), although the 

full identity of the active source rocks and their respective quantitative significance 

has not been fully established.  
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Geochemical studies have shown the northern saline lacustrine oils have widely varied 

chemical properties and also span low to relatively high maturities (Zhang et al., 2017; 

Ji et al., 2018) attributed to source rock heterogeneity across several isolated sags. The 

present oil suite may therefore allow further investigation of the effects of depositional 

and thermal dynamics on the 34S character of oils. The 34S of organic sulfur 

compounds (34SOSCs) have previously been shown to be sensitive to secondary 

petroleum alterations by thermochemical sulfate reduction (TSR; Amrani et al., 2012; 

Gvirtzman et al., 2015), increasing oil window maturity (Ellis et al., 2017; Rosenberg 

et al., 2017); as well also as microbial degradation (He et al., 2019). Differences in 

34S values between alkylated dibenzothiophenes (DBTs) and benzothiophenes (BTs) 

or thiadiamondoids (TDs) are very sensitive to early stage TSR (Amrani et al., 2012; 

Gvirtzman et al., 2015) although a higher degree of TSR is still best evaluated though 

traditional indicators such as diagnostic hydrocarbons (e.g., TDs), high H2S levels or 

34S enriched oils or H2S (Zhang et al., 2008; Wei et al., 2012). Ellis et al (2017) also 

showed differences between the 34S values of methyl DBT isomers (i.e., Δ34S =1-

mDBT–4-mDBT) were sensitive to thermal maturity and even more so to TSR.  

 

2. Geological setting 
 

The Dongpu Depression, located in the southwestern part of the Bohai Bay Basin, is a 

typical saline lacustrine basin (Wang et al., 2015). The depression covers an area of 

5,300 km2 with a north-north-east (NNE) topography contour narrowing from 

northeast to southwest (Figure A2-1a), such that the depression is wide in the south 

but narrow in the north (Figure A2-1). The eastern areas and the Luxi Uplift are 

bounded by the Lanliao Fault; the western areas overlie the Neihuang uplift; the 

southern areas are bordered by the Lankao Uplift and the northern areas are connected 
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to the Shenxian Depression. Four separate tectonic units of the depression have been 

defined as: the eastern sub-depression; the western sub-depression; the central uplift 

and the western slope (Figure A2-1; Qi and Yang, 2010). Since the beginning of the 

Cenozoic (Es4–Ed and Ng–Q) there have been two major tectonic cycles which have 

been subdivided into five evolutionary stages (Figure A2-2): initial rifting 

(depositional episode of the Es4 strata); advanced rifting (Es3); post-rifting (Es2–Es1); 

rifting termination (Ed); and subsidence (Ng, Nm, and Q) (Zhang et al., 2007; Gao et 

al., 2009). 

The Dongpu Depression is founded on a Mesozoic and Paleozoic basement, with 

significant Cenozoic formations including the Paleogene Shahejie (Es) and Dongying 

(Ed) formations; and the Neogene Guantao (Ng) and Minghuazhen (Nm) formations - 

comprising a total thickness of about 8,000 m (Figure A2-2). The Shahejie Formation, 

with a total thickness of about 1500 m, has been divided into four members (Es1 to Es4; 

Shao et al, 2018). The Es1 and Es3–Es4 strata derive from two separate source rocks 

and the Es3 and Es4 have been further divided into three (Es3
1 to Es3

3) and two (Es4
1 

and Es4
2) sub-members, respectively (Wang et al., 2015; Li et al., 2016; Shao et al, 

2018). The Es3–Es4 intervals comprise the main source rocks for the regional 

petroleum with the Es1 stratum containing immature source rocks.   

The Dongpu Depression can also be divided into two distinct sedimentary facies 

regions separated by the Yellow River: with saline lacustrine facies north of the river 

and freshwater lacustrine facies south of the river (Figure A2-1a; Gao et al., 2015; 

Chen et al., 2018). Furthermore, Type II and Types II–III kerogens of Es3-Es4 intervals 

were responsible for the northern and southern oils, respectively (Figure A2-6a; Peng 

et al., 2003, Chang et al., 2007).  
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Gypsum-salt rocks, distributed in the center of the depression and on slope areas, have 

significantly impacted oil and gas generation in the north of the depression (Figure 

A2-1b; Ji et al., 2015; Jiang et al., 2016). Generally, the gypsum-salt rocks, mud shales, 

and sandstones are mutually intermingled, and form a favorable combination of 

reservoir and seal (Figure A2-1b and Figure A2-2). These rocks do not occur in 

southern areas of the depression where less petroleum has been discovered (Liu and 

Ren, 2007; Gao et al., 2009; Li et al., 2015). 
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Figure A2-1 (a) Regional structural map showing the location of the Dongpu 

Depression; (b) cross section of the North Depression. See (a) for map 

location of the cross section.  
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Figure A2-2 General stratigraphic column of the Dongpu Depression.  
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3. Samples and methods 
 

A total of 18 S-rich lacustrine oils were used in this study. These come from the 

northern Weicheng (WC; 2 oils), Pucheng (PC; 4), Liutun (LT; 2) and Wenliu (WL; 

8) oilfields; and southern Sanchunji (SCJ, 1) and Machang (MC, 1) oilfields (Figure 

A2-1a). GC-MS analysis of the hydrocarbon and organic sulfur composition of all oils 

was first performed to support product identification and traditional molecular 

constraint of the source, depositional environment and thermal history of the oils. The 

34SOSCs values of the oils were measured by gas chromatography (GC) inductively 

coupled plasma (ICP) mass spectrometry (MS). All oils gave 34SOSCs data except the 

MC oil in which the OSCs abundances proved too low for viable 34S measurements. 

 

3.1. GC-MS analysis 

GC-MS analysis of the saturated (SAT) and aromatic (ARO) hydrocarbon fractions of 

the oils isolated by column chromatography was performed using an Agilent 6890 gas 

chromatograph interfaced to an Agilent 5975I mass selective detector (MSD). Internal 

standards were added to the SAT (5α-androstane) and ARO (D50-anthracene) 

fractions to assist quantification. Helium with a purity of 99.999% was used as the 

carrier gas at a flow rate of 1 mL/min; the GC columns used were HP-5MS (30 m × 

0.25 mm × 0.25 μm) and HP-5MS (60 m × 0.25 mm × 0.25 μm) for the SAT and ARO 

analysis, respectively. For the SAT fractions analysis, the GC oven was heated from 

50 °C (held for initial 2 min) at 2 °C/min to 100 °C and then at 3 °C/min to 310 °C 

(held for final 30 min). For ARO fraction analysis, the GC oven was heated from 60 °C 

at 8 °C/min to 150 °C and then 4 °C/min to 320 °C (held for a final 10 min). 70 eV 

electron impact mass spectra were acquired by full scan (FS) and selective ion 
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monitoring (SIM) including m/z 85, 123, 217, 218, 231, 191, 177, 397, 412 for SAT 

and m/z 128, 142, 156, 170, 184, 198, 178, 192, 206, 220, 184, 198, 212, 226, 154, 

168, 182, 196, 234, 228, 242, 256, 252, 166, 180, 194, 202, 216, 231, 245, 121, 135, 

149 for ARO. 

3.2 Compound-specific stable sulfur isotope analyses 

CSSIA of the ARO fraction of the oils was conducted with an Agilent 6890 GC 

coupled to a Thermo Neptune Plus multicollector ICP MS (Greenwood et al., 2018). 

The OSCs were separated with a DB-5MS GC column (30 m × 0.25 mm × 0.1 μm) 

with He carrier gas at a constant flow rate of 3ml/min. The GC oven was heated from 

100 °C (held for 0.5 min) at a rate of 8 °C/min to 300 °C (held for 15 min). Argon gas 

(purity of 99.999%) for the plasma torch was pre-heated and introduced co-axially 

with the analytes from the GC. The ICP MS measured δ34S values were converted to 

true δ34S values using standard compound measured correction factors and reported as 

permil (‰) relative to the international sulfur isotope standard Vienna Canyon Diablo 

Troilite (VCDT). Two pulses of a SF6 gas standard were included at both the start and 

end of all sample analyses to internally calibrate δ34S measurements. 

 

4. Geochemical characteristics and classification of the crude oils  

4.1. Physical properties and group compositions of the crude oils 

The physical properties of Dongpu Depression oils vary considerably (Chen, 2017; Ji 

et al., 2018). Crude oils range in density from 0.80–0.99 g·cm−3 and viscosities from 

4–815 mPa. Their pour points range from 0–40 °C and wax contents vary widely 

within the light-medium oil range (0.2 % to 13.9%). There are large differences 

between the saline lacustrine northern oils and the freshwater lacustrine southern oils 

(Ji et al., 2018). For instance, the northern oils have relatively high densities (Ave 0.87 
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g·cm−3 Cf. 0.83 g·cm−3 in south oils), high viscosity (96 mPa·s north; 17 mPa·s south), 

low pour points (26 °C north; 30–37 °C south) and generally high sulfur contents 

(mostly 0.5-2% north; < 0.2% south). All oils showed regular wax contents (average 

10.3% and 14.5% for the north and south, respectively).  

The relative abundances of the polarity-based fractions of the oils isolated by column 

chromatography (Table A2-1) were largely consistent with their physical properties. 

The SAT (40–95% north; 82–84% south) and ARO (4–46% north; 12–13% south) 

fraction contents of the northern and southern oils spanned slightly different ranges. 

The SAT/ARO ratio also seemed related to thermal maturity, i.e, deep and high 

thermal maturity (R0=1%) LT oils had the highest SAT/ARO ratio (> 10), and 

relatively low resin and asphaltene contents (Table A2-1). 

4.2. Molecular composition and oil families of the crude oils  

4.2.1. Hydrocarbon biomarkers 

The SAT fraction composition of all the northern oils were generally similar with a 

dominant bimodal distribution of n-alkanes extending to beyond nC40 (Figure A2-3). 

The nC21-/nC22+ and (nC28+nC29)/(nC21+nC22) ratios were within the ranges 0.5–3.4 

(Ave 1.0) and 0.5–1.4 (Ave 0.6; Table A2-1), respectively, and are typical values of 

aquatic organism and higher plant sources (Peters et al., 2005). Most of the LT, WL 

and southern (SCJ-MC) oils showed no obvious odd or even carbon preference (CPI 

and OEP both ~ 1; Table A2-1). However, a small even carbon preference was 

observed for the two WC oils and three of the four PC oils (OEP=0.88–0.92; Table 

A2-1), suggesting a relatively lower maturity than the other oils. The relative high 

abundances of phytane (Pr/Ph= 0.4–0.7; Table A2-1, Figure A2-1) and the high MW 

n-alkanes nC37 and nC38 reflect the strong reductive environment (Peters et al., 2005) 
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of the saline lacustrine facies of the northern oils. The aliphatic hydrocarbon 

composition of the two southern oils were also generally similar to the northern oils, 

but notable distinctions such as relatively high abundance of pristane (Pr/Ph > 1) and 

lack of nC37–nC38 predominance are consistent with a weakly reduced depositional 

environment (Connan and Cassou, 1980; Peters et al., 2005).  

The terpenoid composition of the northern oils showed several characteristics typical 

of saline lacustrine sources, including relatively high abundances of gammacerane (G) 

and C35-hopanes. The G/C31-hopane ratio of the oils ranged from 0.8 - 1.6 (Table A2-

2). Gammacerane typically derives from photosynthetic bacteria and is conspicuous in 

saline lacustrine facies sourced oils and rocks. High abundances of gammacerane are 

also often associated with water stratification and the deposition of organic matter in 

reduced primitive sedimentary environments (e.g. brine). The C35-hopane/C34-hopane 

(C35-H/C34-H) ratios of the oils span a wide range of values (0.2–4.1; Table A2-2) with 

most of the lower maturity (Ro < 0.7) oils having C35-H/C34-H values > 1. The southern 

crude oils generally had a lower abundance of gammacerane (G/C31 hopane = 0.32–

0.39) and no predominance of C35 hopanes (Figure A2-4, Table A2-2) typical of 

freshwater lacustrine oils. Most of the oils showed relatively low abundances of 

tricyclic terpanes (Figure A2-4), consistent with their low thermal maturity 

(Moldowan et al., 1983; Peters et al., 2005).  

Sterane distributions of all northern and southern oils were generally similar. The C27, 

C28, and C29 regular sterane profiles were asymmetric for shallow depth oils; but 

symmetric (V–shaped distribution) for deeper oils (Figure A2-4; Table A2-2). C27 

steroids are indicative of marine algal input, whereas C29 steroids may have originated 

from terrigenous inputs such as higher plants (Peters et al., 2005). Diasteranes and 

pregnanes were both detected in relatively low abundance (diasteranes/regular 
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steranes < 0.25; C21-22-pregnane/C27-29-regular sterane = 0.01–0.11; Table A2-2) 

which is also typical of a low thermal maturity (Peters et al., 2005). Higher levels of 

maturity might have been implied from the upper ranges of C29 20S/(R + S) and 

C29 αββ/(ααα + αββ) sterane maturity indices (0.3–0.5 and 0.3–0.7, respectively, 

Table A2-2; Peters et al., 2005). However, normal–peak oil window maturities were 

further supported by methylphenanthrene (MPI1) calculated vitrinite equivalent 

reflectance values Rc or Ro = 0.6–2.0% (Table A2-2; Kvalheim, 1987; Radke and 

Willsch, 1993; Radke et al., 2000; Peters et al., 2005).  
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Figure A2-3 Total ion chromatogram (TIC) from the GC-MS analysis of the saturate 

fraction of Dongpu Depression oils.  
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Figure A2-4 Mass chromatograms of m/z 217 and m/z 191 of saturates from the 

Dongpu Depression crude oils (A: saline lacustrine oil; B: freshwater 

lacustrine oil). 
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Table A2-1 Group composition and paraffin parameters for the oils from the Dongpu Depression.  

Note: Sat: saturates; Aro: aromatics; Asp: asphaltenes; Sat/Aro: saturates/aromatics; CPI: [(C25+C27+C29+C31+C33)/(C26+C28+C30+C32+C34)+(C25+C27+C29+C31+C33)/(C24+C26+C28+C30+C32)]/2; 

OEP: (Ci+6Ci+2+Ci+4)/(4Ci+1+4Ci+3) or (4Ci+1+4Ci+3)/(Ci+6Ci+2+Ci+4), among which i + 2 is the maximum peak of n-alkanes with i corresponding to odd and even member respectively 

(Scalan and Smith, 1970); Pr/Ph: pristane/phytane; Pr/ nC17: pristane/ nC17; Ph/ nC18: phytane/ nC18; nC21-/ nC22+: ∑nC21-/∑C22+; *: The oils are situated between the Weicheng and Pucheng 

oilfields, which were sealed by salt-gypsum rocks. These two oils were not classified as PC oils from views of both their tectonic situations and different geochemical features from the others. 
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4.2.2. Hydrocarbon classification of oil families  

Molecular hydrocarbon parameters reflective of genetic differences between the 

northern saline lacustrine oils and the southern freshwater lacustrine oils included the 

values of Pr/Ph, C35-H/C34-H, and G/C31-hopane ratios (Figures A2-4–6, Table A2-2). 

The northern oils could be further subdivided into four oil families (OFs), with the 

southern oils a separate fifth OF.  

OF-1 The oils from the WC oilfield were distinguished from other northern 

oils by relatively high abundances of C35 hopanes (C35-H/C34-H= 

1.74–1.87) and thioaromatics (DBT/P= 0.55–0.56; Figures A2-5c, 6b, 

d). They also typically had relatively low Pr/Ph values; high G/C31-

hopane ratios and high overall abundances of steranes and hopanes 

(Figures A2-5a, b; 6f, Table A2-2). 

OF-2 Two crude oils from the PC oilfield (i.e., Pu7-111 and Pu7-18) had 

relatively low Pr/Ph values (0.48–0.50) and high G/C31-hopane values 

(1.07–1.27; Figure A2-5a, b; Table A2-1 & 2). They also had lower 

DBT/P ratios (0.13–0.17) and total abundances of hopanes and 

steranes than OF-1 (Figure A2-5c, f).  

OF-3 LT oils had lower G/C31-hopane ratios (0.78–0.79; Figure A2-5b; 

Table A2-2) and much lower abundances of steranes and hopanes 

(Figure A2-5f; Figure A2-6d, Table A2-2) than OF-1 and OF-2. They 

also contained more prominent tricyclic terpanes relative to 

pentacyclic terpanes (TTs/PTs = 1.23–1.36; Figure A2-4) and 

diasteranes relative to regular steranes (DiaS/RegS = 0.43–0.76; 

Figure A2-5e). Thermal cracking at higher maturities may have led to 
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a reduction of hopanoids/pentacyclic terpanes (Figure A2-4).  

OF-4 WL oils were differentiated by relatively high abundances of 

gammacerane (G/C31-hopane = 0.80–1.61; Figure A2-5b; Table A2-2) 

and low C29-H/C30-H ratios (0.31–0.36, average 0.33) – except 

Wen203-63 oil which had a high thermal maturity (Ro = 1.06%). 

These oils also had generally low DBT/P ratios (0.06–0.21, Ave 0.15; 

Figure A2-5c, Table A2-2), in noted contrast to the WC oils (0.55–

0.56; Figure A2-5c).  

OF-5 The south Dongpu Depression Sanchunji (Chun24-1) and Machang 

(Ma19-30) oils showed typical freshwater lacustrine characteristics 

including Pr/Ph values > 1 (Figure A2-5a) and G/C31H < 0.3 (Figure 

A2-5b).  

These five oil families represent the full oil suite except for Wei 42-26 and Wei42-21. 

Assigned as from PC oil field in Table A2-1, these two wells were actually situated in 

a transitional zone between the PC and WC oilfields (Figure A2-1) and their oil was 

derived from a self-generating and self-preserving laminal reservoir interbedded and 

sealed by gypsum-salt rocks. The biomarker characteristics of these two oils included 

relatively high Pr/Ph, high C29-H/C30-H and low DBT/P values (Figure A2-5a, b and 

d) likely indicative of a distinctive formation background (Figure A2-5; Table A2-2). 

The DBTs of these oils also had enriched 34S values consistent with a major TSR 

event (see Section 5.2.3).
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Figure A2-5 Oil-family classification based on hydrocarbon parameters from GC-MS data.  

Note: OF-: Oil family 1 (oils from the WC oilfield; data shaded purple); OF-2: Oil family 2 (oils from the PC Oilfield; red data); OF-3: Oil 

family 3 (oils from the LT Oilfield; orange data); OF-4: Oil family 4 (oils from the WL Oilfield; blue data); OF-5: Oil family 5 (oils from the 

SSJ-MC Oilfield; green data). 
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Figure A2-6 Plots of geochemical parameters indicating paleoenvironmental and 

organic source input of potential source rocks (a) The relationship of 

Pr/nC18 versus Ph/nC17; (b) Pr/Ph versus DBT/P; (c) C35-/C34-hopanes 

versus gammacerane/C31hopane; (d) C35-/C34-hopanes versus 

steranes/hopanes. 
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Table A2-2 Basic geochemical GC-MS parameters of the oil from the Dongpu Depression.  

 
Note: C27(%): C27 Regular steranes/ (C27 Regular steranes+ C28 Regular steranes+ C29 Regular steranes); C28(%): C28 Regular steranes/ (C27 Regular steranes+ C28 Regular 

steranes+ C29 Regular steranes); C29(%): C29 Regular steranes/ (C27 Regular steranes+ C28 Regular steranes+ C29 Regular steranes); 20S: C29 steranes 20S/(20R+20S); αββ: C29 

steranes αββ/(ααα+αββ); C3122S: C31 hopanes 22S/(22S+22R); Ster/Hop: Steranes/Hopanes; Dia/Reg: Diasteranes/ Regular steranes; (C21+C22)/(C27-C29): (C21+C22) 

pregnane/(C27-C29) regular sterane; G/C31H: Gammacerane/C31-Hopane; C35-H/C34-H: C35-hopane/C34-hopane; C29/C30H: C29-/C30-hopane; T/P: Tricyclic/pentacyclic terpane; 

Ste+Hop: The absolute abundance of steranes and hopanes (μg/g oil); MPI1 = 1.5 × (2–methylphenanthrene + 3–methylphenanthrene)/(1-methylphenanthrene + 9-

methylphenanthrene +phenanthrene); MPI2 = 3 × 2–methylphenanthrene /(1-methylphenanthrene + 9-methylphenanthrene + phenanthrene); Rc: Vitrinite reflectance 

equivalent calculated from MPI-1 for Ro < 1.35 (Rc=0.6*MPI-1+0.4); Ro: Vitrinite reflectance equivalent predicted by F1 (F1 = (2- + 3-methylphenanthrenes)/(2- + 3- + 1- + 

9-methylphenanthrenes)), as defined by Kvalheim et al. (1987) (Ro=-0.166+2.242*F1). DBT/P: Dibenzothiophene/Phenanthrene; mDBT/mP: methyl-

dibenzothiophenes/methyl-phenanthrenes; 4-/1-mDBT: 4-methyldibenzothiophene/1-methyldibenzothiophene. 
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4.3. Sulfur isotopic composition and oil family classification  

4.3.1. 34S values of OSCs  

The ARO fraction of the oils contained a range of organic sulfur compounds (OSCs). 

A wide distribution of alkylated (≤C3) dibenzothiophenes (DBTs) were detected in all 

oils. Additional series of alkylated (C2-C4) benzothiophenes (BTs) were detected in 

three samples (Wen203-63, Ming85, Wei77-10) and 1-3 caged thiadiamondoids were 

detected in two oils (Pu7-111 and Pu7-18).  

34S measurements (Table A2-3) were generally achievable for the three methyl-DBT 

resolved peaks (4-m; coeluting 3&2-m; 1-m), three isomerically unassigned dimethyl 

DBTs (dmDBTi-iii) and two isomerically unassigned trimethyl DBTs (tmDBTi-ii). The 

34S analyses of BTs in the three oils they occurred extended to four C2-BT isomers 

(C2BTi, C2BTii, C2BTiii, C2BTiv), four C3-BT isomers (C3BTi, C3BTii, C3BTiii, C3BTiv) 

and two C4-BT isomers (C4BTi, C4BTii). 34S analysis of TDs in the PC oils included 

of one thiaamantane compound (Ai), two thiadiamantane compounds (Di-ii), and five 

thiatriamantane compounds (Ti-v).  

The 34SOSC data measured in 17 of the Dongpu oils analysed spanned a wide range of 

values from +10.9‰ to +47.8‰ (Table A2-3).  
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Table A2-3 Compound specific sulfur isotope values (‰) of Dongpu oils. 

 
Notes: Note: C3BTi, C3BTii, C3BTiii and C3BTiv represent three isomers of benzothiophenes with 3 carbon atoms in alkyl group; C4BTi, C4BTii, C4BTiii, C4BTiv represent four 
benzothiophenes with 4 carbon atoms in alkyl group; C5BTi and C5BTii represent two isomers of benzothiophenes with 2 carbon atoms in alkyl group; mDBT: methyl 
dibenzothiophenes, dmDBTi, dmDBTii and dmDBTiii represent three isomers of dimethyl dibenzothiophenes; tmDBTi and tmDBTii represent two isomers of trimethyl 
dibenzothiophenes; Ai: One adamantane compound; 2Di-ii: Two diamantane compounds; 3Ti-v: Five triamantane compounds; Δ34S1-mDBT–4-mDBT: 34S1-mDBT–34S 4-mDBT; 
Δ34SBTs–DBTs: Difference of average 34S of benzothiophenes and average 34S of dibenzothiophenes; Δ34STDs–DBTs: Difference of average 34S of thiadiamondoids and 
average 34S of dibenzothiophenes. *: Y41 and Y33 were freshwater lacustrine oils collected from Tabei Uplift of the Tarim Basin used for a comparison. 
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4.3.2. Sulfur isotopic classification of oil families  

The 34S characteristics of the four northern and one southern oil families can be 

summarized as follows:  

OF1 The DBTs in the WC oils had relatively depleted 34S values (+18 to 

+25‰; Figure A2-7a; Table A2-3). The BTs were notably more enriched 

in 34S (34S  +25 to +40‰). The difference between the average values 

of alkyl BTs and alkyl DBTs (i. e, Δδ34SBTs-DBTs) of Ming85 and Wei77-

10 in the WC oilfield was 11.7‰ and 6.3‰, respectively (Figure A2-7a; 

Table A2-3).  

OF2  The OSCs measured in the PC oils generally had the heaviest 34S 

values (average +30‰) and included very 34S enriched TDs (δ34S 

approaching 40‰; Figure A2-7b; Table A2-3) indicative of TSR. The 

sulfur isotope difference between TDs and DBTs was large (Figure A2-

7b; Table A2-3) - the Δδ34STDs–DBTs of Pu7-18 and Pu7-111 was 7.3‰ 

and 5.4‰, respectively. A decline in 34S values with increasing 

alkylation (34SDBT ~ 34SmDBT > 34SC2DBT) observed in the two 

interbedded oils (Wei42-21 and Wei42-26, Figure A2-7f) situated 

between the WC and PC oilfields, also sometimes typical of TSR altered 

oils (discussed infra.), distinguished these oils from the two other PC 

oils (OF-2) 

OF3 The LT oils (OF-3) had intermediate34S values (+21 to +25‰; Table 

A2-3) showing little variance with alkylation (Figure A2-7c).  

OF4 The WL oils showed a relatively broad range, but of mostly 

intermediate34S values (+10.9 to +25.2‰; Table A2-3). The methyl 
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DBTs in the higher (oil window) maturity WL oils had relatively 

constant 34S values, but all notably more enriched than DBT. Alkyl BTs 

detected in Wen203-63 were also more 34S enriched than the alkyl DBTs 

(Δδ34SBTs-DBTs= 11.8‰). The alkyl DBTs in two of the lower maturity 

WL oils (Wen13-429; Wen92-60) had more depleted 34S values (Ave 

= 13.4−16.7‰), slightly more depleted even than the WC oils (OF-1; 

Ave =20.1−23.2‰). One contrast to the WC oils was the slight depletion 

in 34S with increasing alkylation observed for Wen13-429 and Wen92-

60 i.e., 34S1-mDBT > 34SdmDBTiii > 34StmDBTii (Figure A2-7d). The low 

maturity Wen72-53 oil showed the opposite trend of enrichment in 34S 

with increasing DBT alkylation which suggests a mixed oil source 

(Zhang et al., 2017).  

OF5  The DBTs in the southern Sanchunji oil (Chun24-1) had quite depleted 

34S values (Ave 18.4‰), which remained relatively constant with 

increasing alkylation. We previously observed similar 34S distributions 

of OSCs from two freshwater lacustrine oils from the Tabei Uplift of the 

Tarim Basin (i.e., Y33 and Y41; Li et al., 2010) and for comparison 

include these previously unpublished data in Table A2-3 and Figure A2-

7e. 

There was a general trend of decreasing 34S values for oils along a north to south 

gradient with the PC oils most enriched in 34S, followed by the LT and high maturity 

WL oils. The low maturity WC and WL oils had similar 34S values, and the southern 

SCJ/MC oils were mostly depleted in 34S (Figure A2-7 & 11). A plot of 34SDBT versus 
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Δ34S1m-4mDBT (the 34S difference between 1-methyl DBT and 4-methyl DBT) provided 

a good separation of the four northern oil families (Figure A2-5 & 6). 

 

 

Figure A2-7 Distribution patterns of the compound specific sulfur isotope of the crude 

oils. Note: Y41 and Y33 were freshwater lacustrine oils collected from 

Tabei Uplift of the Tarim Basin used for a comparison.  
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Figure A2-8 Genetic relationship between isomers of sulfur compounds (a) 34SDBT 

versus 34S2&3-mDBT; (b) 34S4-DBT versus 34SdmDBTi); and classification 

of the crude oils based on 34S values (c)34SDBT versus Δ34S(1-mDBT-

4-mDBT); (d)  34S2&3-mDBT versus Δ34S(1-mDBT-4-mDBT). 

 

5. Controls and implications of compound specific sulfur isotope 

5.1. Sedimentary environment  

The C35-H/C34-H ratios of the PC and WL oils showed a general trend with 34SDBT 

values and the C35-H/C34-H ratios of nearly all oils had an inverse relationship with 

the Δ34S1m–4mDBTs (Figure A2-9a and b). Molecular parameters such as C35-H/C34-H 

(and others like Pr/Ph) are sensitive to the salinity and redox conditions of depositional 

environments (Peters et al., 2005). The S-isotopic relationships identified here with 



Appendix 2 

271 
 

C35-H/C34-H values suggest that 34SOSCs values are strongly influenced by the salinity 

levels of sedimentary environments. Specifically, a brackish/saline paleo-environment 

might be conducive to oils with enriched 34S. This environmental control might also 

account for the depleted 34SOSCs values of the freshwater lacustrine SCJ oil. The bulk 

34S values of marine carbonates and saline lacustrine crude oils have generally been 

heavier than those of marine mudstone and freshwater lacustrine oils (Amrani et al., 

2005; Zhang et al., 2005; Xue et al., 2014). A similar relationship was not evident 

between 34SDBT and Pr/Ph values (Figure A2-9c) which are sometimes sensitive to 

salinity, but also strongly responsive to changing redox conditions.  

With increasing C35-H/C34-H/salinity the 34SOSCs values generally increased (Figure 

A2-9a), whereas the Δ34S1m–4mDBTs decreased (Figure A2-9b). This latter trend, evident 

for all but some WC oils, suggests that with increasing salinity 4-mDBTs were 

enriched in 34S at a quicker rate than 1-mDBT. This also led to a reduction in the (initial 

4‰) isotopic difference between these two mDBT isomers. The Δ34S1m–4mDBTs 

parameter did show an increase with the “resin + asphaltene” content of the oils, likely 

due to the relatively high S-content of these polar fractions, with salinity potentially 

having less influence on the strong covalently bound S within these moieties.  
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Figure A2-9 Cross plots of sulfur isotopic and hydrocarbon parameters (a) C35-

H/C34-Hopane with 34SDBT ; (b) C35-H/C34-Hopane with Δ34S1-mDBT-

4-mDBT; (c) Pr/Ph with 34SDBT ratios and (d) “resin + asphaltene” with 

Δ34S1-mDBT-4-mDBT.  

 

5.2. Thermal maturity and34S  

The 34SDBT and Δ34S1m–4mDBTs values of the oils were compared to established 

sterane (C29 sterane 20S/(S+R); C29 sterane ; diasteranes/regular 

steranes) and methyl-dibenzothiophene (4-mDBT/1-mDBT) maturity parameters 

(Figure A2-10). There was a reasonable correlation between these maturity parameters 

and the 34SDBT values of the WL oils (OF-4; Figure A2-10 left). However, the other 

oils, particularly the PC (OF-2) and WC (OF-1) oils, generally deviated from the 
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thermal trend suggested for the WL oils. This departure suggests a larger influence of 

other controls (e.g., depositional environment, TSR) on the 34SDBT values of these oils. 

For instance, the heavy 34SDBT values (>29‰) of the PC oils is a typical TSR effect 

(see 5.2.3).  

The difference in the 34S values of the 1-mDBT and 4-mDBT isomers of several oils 

also suggested a potential relationship with the molecular based thermal maturity 

parameters (Figure A2-10 right). The Δ34S1m–4mDBTs values showed a strong inverse 

relationship with the sterane (C29 20S/(S+R), r=0.74) and mDBT maturity 

parameters (r=0.82) suggesting a certain level of thermal impact on 34SmDBT values. 

A decrease in the magnitude of Δ34S1m–4mDBTs with increasing maturity can be 

attributed to the different thermal stabilities of mDBT isomers (4-mDBT > 1-mDBT) 

and the general homogenization of OSCs with increasing maturity (Amrani, 2014; 

Ellis et al., 2017). Several samples (e.g., Wei42-21, Wen203-63 and Pu7-18) which 

deviated from this general trend may have been impacted by TSR - Nb., TSR 

diagnostic thiadiamondoids were detected in the Wen203-63 and Pu7-18 oils (and also 

Pu7-111) by GC-MS and at higher sensitivity by Electrospray ionization Fourier 

transform ion cyclotron resonance mass spectrometry (Unpublished results).  

There was no obvious relationship however between Δ34S1m–4mDBTs and two other 

sterane maturity parameters (i.e., C29  and diasteranes/regular 

steranes). The complexity of the Dongpu petroleum system is likely responsible for 

varied relationships observed for particular 34S and hydrocarbon-based parameters.  
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Figure A2-10 Cross plots of sulfur isotopic level with thermal maturity and/or the 

relevant parameters.  
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5.3. Molecular evidence of TSR and its impact on 34S values  

TSR typically occurs at high geological temperatures (> 120°C), although certain 

conditions can lead to lower temperature initiation (> 120°C; Orr, 1974). Much of the 

low maturity saline lacustrine oils in the northern Dongpu Depression were sourced 

from Es3~Es4 source rocks with a burial depth greater than 3000m (Zhang et al., 2017). 

Burial history and well-testing data imply the reservoir temperatures at these depths 

were greater than 110 °C. Fluid inclusion data also indicated temperatures of 125-

140 °C for the Wei42-21 and Wei42-26 wells (Jiang et al., 2016). Furthermore, free 

sulfur and authigenic pyrites, both reagents and products of TSR, have been commonly 

observed in drill cores from the clastic reservoirs of the Dongpu Depression (Orr, 1974; 

Zhang et al., 2008).  

The 34SOSCs data of several WL and PC oils were consistent with TSR impacts. The 

34S values of the C2–C4-BT detected in two OF-1 oils (Ming 85, Wei77-10; Figure 

A2-7a) and one OF-4 oil (Wen203-63; Figure A2-7d) were significantly heavier than 

the alkyl DBTs in these oils. The Δ34SBTs–DBTs for Ming85, Wei77-10 and Wen203-

63 were 11.66‰, 6.28‰ and 11.77‰ (Table A2-3), respectively. The 34S values of 

thiadiamondoids (TDs) detected in the two PC (OF-2) oils were similarly enriched 

relative to DBTs (Figure A2-7b) - with Δ34STDs–DBTs of 7.27‰ (Pu7-18) and 5.38‰ 

(Pu7-111; Table A2-3), respectively. The 34S difference between these compound 

classes has been attributed to their respective stabilities to TSR, with BTs and TDs 

inheriting the 34S enriched reduced S of TSR utilized anhydrites at a faster rate than 

DBTs (Amrani et al., 2012; Gvirtzman et al., 2015). The TDs are themselves 

diagnostic compounds of TSR (Wei et al., 2012).  
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The alkyl DBTs of most oils showed some variance in 34S values, although the two 

LT oils (OF-3) and the southern Chun24-1 (OF-1) had a more linear alkyl DBT 34S 

profile (Figure A2-7c). TSR can also lead to large Δδ34S1mDBT–4mDBT values (Ellis et 

al., 2017) such as observed for several oils across most of the four northern oil families 

(Ming85, Wei77-10, Wei42-21, Wei42-26, PS18-2, and Wen203-63; Figure A2-10b, 

d, h). 

 

6. Conclusion 
 

The 34S values of OSCs in oils from the Dongpu Depression (Bohai Bay Basin) 

showed several differences consistent with five biomarker defined oil families, 

suggesting good potential for the use of compound specific sulfur isotopes in genetic 

classification of saline and freshwater lacustrine oils. Saline oil samples generally had 

greater 34S values than the freshwater oils and a general trend of increasing 34S 

values along a southerly gradient was consistent with increasing salinity or gypsum 

development.  

The potentially over-lapping influences of S-sources/deposition environment and 

geochemical processes such as thermal maturity and thermochemical sulfate reduction 

on the 34S values of petroleum S analytes, however, encourages a cautious approach 

to S-isotopic based oil-source correlations. The 34S values of OSCs and a variance in 

values of different isomers (Δ34S1mDBT–4mDBT = 34S 1-mDBT–34S 4-mDBT) increased by 

up to several ‰ with increasing oil maturity as indicated by established hydrocarbon 

and DBT maturity parameters (i.e., C29 steranes Dia/Reg steranes; mDBT index). 

TSR led to even larger enrichments (up to ~ 10 ‰) of some product groups, with 

Δ34S > 5‰ between products having a different sensitivity to TSR (e.g., 34SBTs–
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34SDBTs; 34STDs–34SDBTs). A general model of the tectonic belt/oil reservoir setting 

of the Dongpu Depression and the influences of salinity as well as thermal maturity 

and TSR on the 34SOSC values of the oils is illustrated in Figure A2-11. 

 

Figure A2-11 A summary model of the distribution characteristics of the compound 

specific sulphur isotopes in the crude oils from the Dongpu Depression. 
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