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equilibration are achieved, Os is separated from the rock matrix via solvent extraction 

and Re is separated using anion exchange chromatography (Cohen and Waters, 1996; 

Birck et al., 1997; Shirey and Walker, 1998 and references therein).  

An aspect of Re-Os organic-rich sedimentary rock geochronology that deserves 

to be mentioned is the protocol for sampling appropriate material. It is necessary to 

target samples that have not been significantly affected by post-depositional processes 

such as weathering (Peucker-Ehrenbrink and Hannigan, 2000), metamorphism (above 

greenschist grade; Kendall et al., 2004) and hydrothermal fluid flow (Kendall et al., 

2009b; Rooney et al., 2011), in order to minimise any post-depositional mobilisation of 

Re and Os within the samples (Kendall et al., 2009a). In addition, however, optimal 

sampling strategies need to be determined in order to avoid the generation of 

erroneous and/or imprecise Re-Os dates. The production of a precise Re-Os isochron 

requires that the samples begin with similar 187Os/188Os ratios but have varied 
187Re/188Os ratios (Cohen et al., 1999). In order to achieve this, a thin stratigraphic 

sampling interval is needed to obtain homogenous 187Os/188Os ratios. A review of 

sampling protocols used in various studies suggests intervals ranging from a few 

centimetres to several metres can be used to produce precise ages, with at least 20 

grams of powdered sample required to achieve sample homogeneity (Kendall et al., 

2009a). If Re and Os are distributed heterogeneously in a sample due to incomplete 

powder homogenization this could result in irreproducible sample aliquots and 

therefore produce inaccurate variation within an isochron. The sampling and analytical 

procedures described here are used throughout this study and are also outlined in 

Selby and Creaser (2003) and Selby (2007). 

1.2 Re-Os geochronology and systematics of organic-rich sedimentary 

rocks  

The fundamental conditions required for Re-Os geochronology of marine 

organic-rich sedimentary rocks are that Re and Os are organophilic and also arguably 

redox-sensitive. Simply, this allows uptake of Re and Os into organic matter during 
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deposition of sedimentary rocks permitting depositional age geochronology and 

providing vital information on the Os isotope composition of seawater at the time of 

deposition (Ravizza et al., 1991; Ravizza and Turekian, 1992; Colodner et al., 1993; 

Selby and Creaser, 2005b; Crusius et al., 1996; Levasseur et al., 1998; Kendall et al., 

2009a; Selby et al., 2009).  

1.2.1 Re and Os uptake into organic-rich sedimentary rocks 

Currently there is only a partial understanding of Re and Os uptake into 

organic-rich sedimentary rocks. It occurs at or below the sediment-water interface 

under sub-oxic to anoxic or euxinic conditions (Koide, 1991; Colodner et al., 1993; 

Crusius et al., 1996; Cohen et al., 1999; Morford and Emerson, 1999). These early 

works, and subsequent experimental studies, provide evidence that Re and Os behave 

differently in the water column and that uptake mechanisms are not the same for both 

elements (Sundby et al., 2004; Yamashita et al., 2007; Morford et al., 2009). Rhenium 

is transported to the oceans by rivers and removed from seawater by reductive 

capture (soluble ReVIIO4
- is reduced to insoluble ReIV) under low Eh conditions 

(Colodner et al., 1993; Yamashita et al., 2007). The rate of removal is controlled by 

precipitation kinetics and has been shown to be unaffected by changes in sediment 

accumulation rate and sulphide concentration (Crusius and Thompson, 2000; Sundby 

et al., 2004). The dominant source of present-day seawater Os (~70 - 80%) is derived 

from weathering of the upper continental crust (McDaniel et al., 2004), with the 

remainder from cosmic dust (Peucker-Ehrenbrink, 1996) and hydrothermal alteration 

of oceanic crust and peridotites (~20 - 30%; Ravizza et al., 1996; Sharma et al., 2000, 

2007; Cave et al., 2003; McDaniel et al., 2004). Reduction of dissolved Os species (Os 

[IV]) occurs over a range of Eh and pH conditions and this process is relatively fast 

compared to Re reduction and may occur below the depth of Re enrichment (Poirier, 

2006; Yamashita et al., 2007). Removal from seawater into organic-rich sedimentary 

rocks is directly associated with organic matter (Levasseur et al., 1998), and occurs first 

as Os (IV) and is then further reduced to Os (III) by organic complexation (Yamashita et 

al., 2007; Kendall et al., 2009a).  
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Rhenium and Os concentrations in marine organic-rich sedimentary rocks range 

from average upper-crustal abundances (0.2 - 1 ng/g Re and 30 - 50 pg/g Os; Esser and 

Turekian, 1993; Peucker-Ehrenbrink and Jahn, 2001; Hattori et al., 2003; Sun et al., 

2003) to several hundred ng/g of Re and several ng/g of Os (e.g. Cohen et al., 1999). 

The high 187Re/188Os ratios of organic-rich sedimentary rocks derived from seawater 

(the present day seawater 187Re/188Os ratio is ~3200 to 5300) means that only 

moderate enrichments in Re are required to generate radiogenic present day 
187Os/188Os ratios for ancient organic-rich sedimentary rocks (Kendall et al., 2009). 

Yamashita et al. (2007) note that Re is more readily incorporated into organic-rich 

sedimentary rocks under highly reducing conditions leading to high 187Re/188Os ratios. 

The variable mechanisms of uptake of Re and Os may be what causes Re-Os 

fractionation, but specific controls on fractionation are poorly constrained. It has been 

shown in marine systems that there is no correlation of redox conditions with 
187Re/188Os values of organic-rich sedimentary rocks (Selby et al., 2009), and that Re-Os 

abundances do not always correlate to total organic carbon (TOC) despite the majority 

of these metals being held within the kerogen (Rooney et al., 2010, 2012). Other 

factors such as sedimentation rate, recharge of Re and Os in the water column and 

post-depositional processes have a combined and complex effect on the Re and Os 

uptake and fractionation. This is in agreement with our understanding of the 

enrichment of other metals such as V and Ni in organic-rich sedimentary rocks (Lewan 

and Maynard, 1982; Crusius and Thomson, 2000; Turgeon et al., 2007; Kendall et al., 

2009a). It has also been suggested that there is potentially an unknown method of 

biological uptake of Re over Os (Morford et al., 2009; Georgiev et al., 2011), however, 

there is little data on the biotic enrichment of Re and Os and these elements are 

usually considered to be unrelated to the biological cycle (Crusius et al., 1996). Work in 

restricted basins indicate that organic matter sedimentation draws down dissolved Re 

and Os thus shortening residence time and causing lower abundances and rapid 
187Os/188Os variations (McArthur et al., 2008). McArthur et al. (2008) concluded their 

inability to produce precise Re-Os ages of Lower Toarcian black shales of the Cleveland 

Basin was due to the effect of water mass restriction, which they suggest is more 
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severely restricted than the modern Black Sea. The Black Sea sediments have also been 

analysed for Re-Os isotopic compositions and heterogeneous 187Os/188Os values were 

found and suggested to be problematic for Re-Os geochronology of restricted basins 

(Ravizza et al., 1991). In addition, it has been suggested that Re and Os display no 

correlation to TOC in terrestrial basins and that organic-rich sedimentary rocks 

deposited in terrestrial basins will possess low 187Re/188Os values (<200; Baioumy et al., 

2011). These limited studies on restricted and terrestrial basins suggest that Re-Os 

uptake and fractionation in these systems could hamper Re-Os geochronology. 

1.2.2 Re-Os geochronology of marine organic-rich sedimentary rocks 

The main assumptions associated with the Re-Os marine organic-rich 

sedimentary rock geochronometer are that Re and Os in these marine deposits are 

hydrogenous in origin (derived from seawater); there is rapid immobilisation of Re and 

Os after deposition thus Re-Os dates reflect the age of deposition and not a younger 

diagenetic age; all samples analysed have a consistent initial 187Os/188Os isotope 

composition (Osi) derived from seawater at the time of deposition; and the samples 

have remained in a closed system with little or no post-depositional mobilisation of Re 

and Os (Kendall et al., 2009 and references therein). 

Pioneering work by Ravizza and Turekian (1989) provided a Re-Os depositional 

age for Devonian/Mississippian organic-rich sedimentary rocks, indistinguishable from 

the accepted age of this timescale boundary. Despite the large uncertainty produced 

(~14%) this work highlighted the fact that Re-Os geochronology can provide 

depositional ages of sedimentary successions as well as the Os isotope composition of 

seawater throughout geological time. With the advent of new methodologies a more 

accurate study on Jurassic organic-rich sedimentary rocks yielded depositional ages 

that were identical, within uncertainty (~3 - 7%), to the interpolated stratigraphic ages 

(Cohen et al., 1999). This study also provided estimates of the Osi of the Jurassic 

oceans, allowing inferences to be made on the balances between continental 

weathering and hydrothermal and volcanic activity during the Jurassic.  



Chapter 1    Introduction 

 

 
10 

Subsequent studies began to assess more complex sedimentary systems 

including the Exshaw Formation, a source rock of the Western Canadian Sedimentary 

Basin (Creaser et al., 2002). Re-Os geochronology was evaluated on immature, mature 

and overmature hydrocarbon source rocks (organic-rich sedimentary rocks). The ages 

produced showed no significant variation and were in agreement with known ages of 

the Exshaw Formation. Importantly, Creaser et al. (2002) demonstrated that 

hydrocarbon maturation and migration does not adversely affect Re-Os systematics in 

organic-rich sedimentary rocks. An artificial maturation study of organic-rich 

sedimentary rocks verified the finding that Re-Os systematics are not affected by 

hydrocarbon maturation since only an insignificant portion of Re and Os are 

transferred to hydrocarbons (Rooney et al., 2012). Additional work on the Exshaw 

Formation at the Devonian-Mississippian boundary provided accurate and precise age 

data in excellent agreement with the interpolated age from U-Pb zircon geochronology 

(Selby and Creaser, 2005b). Organic-rich sedimentary horizons often span geological 

boundaries and lack horizons suitable for U-Pb or Ar-Ar geochronology, therefore this 

study highlighted the potential for the Re-Os geochronometer to resolve issues 

associated with calibration of the geological timescale. Further studies have made this 

more apparent, e.g. a Re-Os age for the Oxfordian-Kimmeridgian boundary was ~45% 

more precise than the established age derived from correlation of ammonite zones 

and the M-sequence polarity scale (Selby, 2007). Rhenium-osmium data for the 

Aptian/Albian and Cenomanian/Turonian stage boundaries yielded accurate, but 

imprecise, isochron ages (Selby et al., 2009). The lack of precision is attributed to the 

limited spread in 187Re/188Os ratios, highlighting the need for variation in 187Re/188Os 

ratios but no variation in initial 187Os/188Os to produce precise Re-Os dates. This study, 

however, provided important Osi data that can be correlated with geological processes 

such as increased volcanism associated with large igneous provinces that occurred 

during the Cretaceous. A study by Turgeon et al. (2007) on four TOC-rich shale intervals 

spanning the Frasnian-Famennian boundary reported two precise ages and two 

imprecise ages which are again attributed to a lack of spread in 187Re/188Os ratios. They 

suggest this lack of spread is due to exhaustion of the Re reservoir due to increasing 
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anoxia leading up to the Frasnian-Famennian boundary; however, this has never been 

corroborated. The Osi from the Frasnian-Famennian boundary study also provide 

important insights into continental weathering during this time period and the 

mechanisms of the Late Devonian mass extinction. 

Most early Re-Os studies focused on organic-rich sedimentary rocks with TOC 

of >10% due to an apparent association of Re and Os with TOC (Ravizza and Turekian, 

1989; Cohen et al., 1999; Creaser et al., 2002). Kendall et al. (2004) used low TOC 

(<1%) shales of the Old Fort Point Formation, Australia, and produced precise and 

accurate Neoproterozoic ages. These shales had also experienced chlorite-grade 

metamorphism and so the results from this study indicated that low TOC samples and 

low-grade metamorphism do not have a detrimental effect on Re-Os geochronology. 

This was further corroborated by Rooney et al. (2011) who demonstrated that Re-Os 

geochronology can be successful on rocks of the Dalradian Supergroup of Scotland 

with low TOC that have undergone anhydrous metamorphism. This study also 

demonstrated the first successful application of the chronometer to rocks with Re and 

Os abundances below average upper continental crustal levels (<1 ng/g Re 

and < 50 pg/g Os; Rooney et al., 2011). These studies suggest that TOC of at least 

~0.5% is required for Re-Os enrichment necessary for geochronology (Kendall et al., 

2004; Rooney et al., 2011). Other Proterozoic studies have demonstrated the 

importance of the Re-Os geochronometer in deducing depositional ages of rocks that 

were previously poorly dated. Re-Os geochronology of the Lapa Formation of the 

Vazante Group, Brazil, provided an age of 1100 ± 77 Ma for a unit previously thought 

to be ~700 Ma based on chemostratigraphic correlation (Azmy et al., 2008). Rooney et 

al. (2010) reported similar ages of ~1100 Ma for the Atar Group of the Taoudeni basin, 

Mauritania, which was previously considered to be Mid-Tonian based on Rb-Sr illite 

and glauconite geochronology. These two studies also provided equivalent estimates 

of the Os isotope composition of Late Mesoprotrozoic seawater (~0.3; Azmy et al., 

2008; Rooney et al., 2010). Work by Kendall et al. (2009b) reported accurate and 

precise Re-Os geochronology for the Roper Group, Australia. The Re-Os data was 

coupled with Mo isotope data and used to evaluate changes in redox chemistry of the 
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Therefore knowing the absolute age of petroleum generation provides vital constraints 

for elucidating petroleum maturation and migration. Another study provided evidence 

of the accuracy of the Re-Os hydrocarbon geochronometer by dating bitumen from the 

Polaris Mississippi-Valley-type deposit, Canada, giving an age of 374.9 ± 9 Ma in 

agreement with a paleomagnetic date and an Rb-Sr sphalerite age of mineralisation 

(Selby et al., 2005). This suggests that the migration of fluids associated with sulphide 

mineralisation was contemporaneous with hydrocarbon generation. These studies 

indicated that the Re-Os geochronometer has great potential for understanding 

petroleum system processes. 

These initial studies provided strong evidence that the Re-Os hydrocarbon 

geochronometer could be a valuable tool for petroleum exploration but little was 

known about the systematics of Re and Os in hydrocarbons. Selby et al. (2007b) 

assessed the Re and Os isotopic compositions and abundances in twelve oils from 

various petroleum systems throughout the world. The results indicated that the 

majority of Re (>90%) and Os (>83%) are held in the asphaltene fraction of oil and it 

was postulated that they could be located within metalloporphyrins as Ni and V are 

located in these compounds or heteroatomic ligands due to their abundance in 

asphaltene (Selby et al., 2007b). In addition, asphaltenes were separated from oils 

during this study using n-heptane and the isotopic compositions in the extracted 

asphaltenes were the same as the whole oil. This study advanced the analytical 

application of this tool since separation of asphaltene for Re-Os analysis allows much 

higher abundances to be analysed producing more precise results.  

A subsequent Re-Os study provided further evidence that Re-Os geochronology 

of hydrocarbons records the age of oil generation rather than migration or 

emplacement ages and also that it is unaffected by biodegradation. The study on the 

UK Atlantic margin oil fields provided a Re-Os generation age of 68 ± 13 Ma which 

agrees with basin models and also with an Ar-Ar age of K-feldpars that contain oil fluid 

inclusions (Finlay et al., 2011). Furthermore it provided evidence for Os isotope 
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transfer of Re and Os from source to oil. Unfortunately the experiments found no 

measurable Re or Os in the oils produced since the kinetic parameters needed for 

transfer were not attained in the artificial high temperature and pressure experiments. 

However bitumen formation (a precursor to oil) allowed the Re-Os isotopic systematics 

to be assessed and it was found that hydrocarbon generation does not affect Re-Os 

systematics in source rocks or in generated hydrocarbons. In particular, the 187Os/188Os 

compositions in bitumens were found to be the same as their source rock in both units 

studied, providing strong evidence that Os isotopes can be used as powerful oil-source 

correlation tools. 

The studies described in section 1.3 have all utilised marine petroleum systems 

with hydrocarbons sourced from Type II, II-S and III kerogens (Selby and Creaser, 

2005a; Selby et al., 2005, 2007b, Finlay et al., 2010b, 2011, 2012; Rooney et al., 2012). 

With an increasing need to understand more diverse and complicated petroleum 

systems due to the demand for oil, there is a need to assess the use of Re-Os 

hydrocarbon geochronology and Os isotope fingerprinting in variable petroleum 

systems. 

1.4 Thesis rationale 

This thesis is presented in the format of scientific papers with three main 

research chapters representing the work carried out, which have been written as 

distinct papers. The rationale behind each chapter is presented below. As the chapters 

have been written separately as scientific papers there is minor repetition, particularly 

in the methodology section of each chapter.  

The aim of the research carried out for this thesis involved widening the 

capabilities of the Re-Os geochronometer in organic-rich sedimentary rocks and 

hydrocarbons. Previous studies have utilised the Re-Os geochronometer with great 

success in marine organic-rich sedimentary rocks increasing our understanding of 

complex sedimentary basins and improving time scale calibration (Cohen et al., 1999; 

Selby and Creaser, 2005b; Kendall et al., 2009a; Yang et al., 2009; Rooney et al., 2010). 
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Eocene (Smith et al., 2008). Lake level fluctuations allowed for deposition of thick 

packages of organic-rich carbonaceous shales interbedded with fluvial clastic deposits 

(Keighley et al., 2003; Pietras and Carroll, 2006). At the maximum extent of these lakes 

they became progressively more saline with a stratified anoxic bottom layer 

developing which was conducive to the preservation of organic-rich sedimentary rocks 

and the sequestration of Re-Os (Boyer, 1982; Colodner et al., 1993; Crusius et al., 

1996; Carroll and Bohacs, 2001). The Green River Formation is also interbedded with 

tuffs, which have been utilised for Ar-Ar and U-Pb geochronology (Smith et al., 2003, 

2006, 2008, 2010). These provide a detailed chronology ideal for assessing the 

accuracy of the Re-Os geochronometer and this succession also provides an ideal 

opportunity for assessing Re-Os systematics in lacustrine systems and Os isotopes as a 

continental weathering proxy. 

Furthermore, the Green River Formation represents a substantial source rock 

and is a characteristic model for lacustrine source rock deposition and hydrocarbon 

generation from these types of source rock facies (Type I lacustrine kerogen; Ruble et 

al., 2001). The Green River petroleum system of the Uinta Basin in northwest Utah 

receives considerable attention as it has generated >500 million bbl oil and has >12 

billion bbl oil inferred in tar sand deposits, along with oil shales containing an 

estimated 1 trillion bbl recoverable oil and solid bitumen deposits (Fouch et al., 1994; 

Ruble et al., 2001; Dyni, 2006). These variable hydrocarbon types make it an ideal 

petroleum system for testing Re-Os hydrocarbon geochronology and Os isotope 

fingerprinting on new hydrocarbon types sourced from a Type I lacustrine kerogen. 

Our understanding of the systematics of Re and Os in hydrocarbons at present is 

limited; we do not fully understand how the elements are transferred and how the 

isotopes fractionate. The Green River petroleum system provides an extensive suite of 

samples from which to assess the behaviour of Re and Os in a natural system. In 

addition, hydrous pyrolysis experiments on the same source rocks allow artificial 

maturation of the source rock to be compared to the natural system in order to gain 

further insights into Re-Os systematics and fractionation.  









Chapter 1    Introduction 

 

 
23 

bitumen Soxhlet extractions. This chapter was written by the author with Drs Selby, 

Lillis and Lewan providing editorial comments and suggestions. A version of this 

chapter will be submitted for publication to Geochimica et Cosmochimica Acta, co-

authored by David Selby, Michael D. Lewan and Paul G. Lillis. 

1.4.3 Chapter Four: Re-Os geochronology and Fe speciation of the Nonesuch 

Formation 

This chapter involves dating the late Mesoproterozoic lacustrine Nonesuch 

Formation, in order to assess Re-Os geochronology in more complex lacustrine 

systems. The depositional setting is assessed using Os isotopes to provide an appraisal 

for this technique. Iron speciation is also employed to assess the water column redox 

conditions of the lake during deposition of the Nonesuch Formation. This is carried out 

because the redox nature of lakes at this time is unknown and has not been previously 

assessed. All outcrop samples were collected in the field by the author and Dr Alan D. 

Rooney of Harvard University. Core samples were collected by Prof. Simon W. Poulton 

of Leeds University from the Michigan Core Repository. All sample preparation, 

laboratory work, data collection and evaluation for Re-Os geochronology and Fe 

speciation was carried out by the author. Iron speciation was undertaken at Newcastle 

University supervised by Prof. Simon W. Poulton. This chapter was written by the 

author with Drs Selby, Poulton and Rooney providing editorial comments and 

suggestions. A version of this chapter is in press at Geology, co-authored by, Simon W. 

Poulton, Alan D. Rooney and David Selby. 

1.4.4 Chapter Five: Conclusions and future work 

The final chapter provides a summary of the work outlined in each chapter and 

the overall conclusions. Furthermore, this chapter provides suggestions of possible 

future work that would build on the findings of the research carried out for this thesis. 
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2.1 Introduction 

Lake systems are common to the continental landscape throughout the world 

and frequently record deposition over millions of years (e.g., Carroll et al., 1992; Olsen, 

1997). Lacustrine sediments provide a valuable archive of continental geological 

processes, responding to tectonic, climatic and magmatic influences. These lacustrine 

records are of a much higher resolution than globally averaged marine records (Pietras 

and Carroll, 2006), and are therefore essential for correlating geological and climatic 

phenomena across continents and furthermore the globe. The importance of 

lacustrine deposits is exemplified by the numerous studies providing vital insights into 

processes such as continental tectonics and magmatism, paleoclimatic fluctuations, 

geomagnetic timescales, Milankovitch cycles, terrestrial biotic evolution and economic 

resources (e.g., Lambiase, 1990; Carroll and Bohacs, 1999; Katz, 2001; Machlus et al., 

2004; Meyers, 2008; Hao et al., 2011). Sedimentation in lake settings can range from 

fluvial to highly organic-rich profundal deposits documenting a complex amalgamation 

of continental and atmospheric processes. A more complete understanding of the 

relationship of lacustrine sediments to global geological systems requires accurate and 

precise geochronological frameworks. Age control in lacustrine settings is often 

hampered by the lack of biostratigraphic constraints common to the marine record. In 

the absence of tuff horizons for U-Pb and Ar-Ar geochronology, or sufficient and 

documented mammalian biostratigraphy, direct dating of lacustrine sedimentary 

stratigraphy is challenging.  

The Re-Os geochronometer is a widely-used tool for determining precise and 

accurate depositional ages of marine organic-rich sedimentary rocks (e.g., Cohen et al., 

1999; Selby and Creaser, 2005; Kendall et al., 2009a; Xu et al., 2009; Georgiev et al., 

2011). These and additional studies have demonstrated that Re-Os systematics are not 

adversely affected by processes such as hydrocarbon maturation and greenschist-

grade metamorphism (e.g., Creaser et al., 2002; Kendall et al., 2004; Yang et al., 2009; 

Rooney et al., 2010, 2012). However, application of the Re-Os geochronometer to 

lacustrine strata has only been partially evaluated (Creaser et al., 2008; Poirier and 
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mudstones and marly oil shales (Tuttle and Goldhaber, 1993; Keighley et al., 2003; 

Smith et al., 2008a). Interbedded tuff horizon Ar-Ar and U-Pb dates provide an 

extensive geochronological framework, which has been tied to mammalian 

biostratigraphy, paleomagnetic and astronomical ages (Smith et al., 2003, 2006, 2008a, 

2010). This temporal framework makes the Green River Formation an ideal natural 

laboratory for testing the applicability of the Re-Os geochronometer to lacustrine 

deposits.  

2.2 Geological setting 

2.2.1 Geology of the Green River Formation basins 

The Green River Formation was deposited in three main continental basins (Fig. 

2.1: Uinta, Piceance and Greater Green River), in Colorado, Wyoming and Utah (Dyni, 

2006). The basins formed east of the thin-skinned Sevier orogenic belt, and are 

separated by Laramide basement-cored uplifts associated with Precambrian and late 

Palaeozoic structures (Johnson, 1992). The extensive Green River lake system (65,000 

km2) was associated with temperate to subtropical climate of the early to middle 

Eocene (Smith et al., 2008a), which resulted in exceptionally high continental 

denudation rates (175 ± 30 m/Myr; Smith et al., 2008b). Sedimentary facies within the 

Green River Formation can be divided into fluvio-lacustrine, fluctuating profundal and 

evaporative facies (Carroll and Bohacs, 1999, 2001; Fig. 2.2). Deposition occurred in 

freshwater to hypersaline lakes with lake-level fluctuations resulting in thick packages 

of organic-rich carbonaceous shales interbedded with fluvial clastic deposits (Keighley 

et al., 2003; Pietras and Carroll, 2006). The final stages of Green River Formation 

deposition occurred at the end of the Laramide orogeny when the basins were infilled 

from the north by volcanics from the Absaroka volcanic field (Johnson, 1992). The 

Uinta Basin was the final basin to be infilled and therefore had the longest-lived lake 

containing the thickest section of Green River Formation (>3 km). Organic-rich units 

from the Uinta Basin were sampled for this study as they record the complete history 

of the Green River Formation. 
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Figure 2.1: Location map displaying the main basins containing the Green River 
Formation, surrounding geology and the location of the sampled Marsing 16 
(M16; 39° 57' 1.4904" N, 111° 1' 37.527" W) and Coyote Wash 1 (CW1; 40° 1' 
22.224" N, 109° 18' 38.4834" W) cores in the Uinta Basin (adapted from Smith 
et al., 2008a). The CW1 core is located in the central depocentre of an 
asymmetric basin structure (See Fig. 2.2, inset A), while the M16 core is 
proximal to the lake margin. Inset map of North America shows the study area.  
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2.2.2 Uinta Basin stratigraphy 

Lacustrine deposition in the Uinta Basin began in the early Eocene following 

eastward retreat of the Late Cretaceous seaway (Ryder et al., 1976). Initial deposition 

began with the Colton Formation (coarse grained clastic beds and red mudstones), 

which was deposited in a fluvial setting. As lake-levels rose the depositional setting 

evolved into fluvio-lacustrine deposition of sandstones interbedded with the base of 

the Green River Formation and at the lake edges (Fig. 2.2). Stratigraphically above the 

Colton Formation the Douglas Creek Member of the Green River Formation was 

deposited in response to rising lake-levels (Bradley, 1931; Tuttle and Goldhaber, 1993). 

The Douglas Creek Member is a siliciclastic-dominated interval with fluvial sandstones 

and siltstones deposited at the edges of the basin and oil shales deposited in the 

central depocentres, considered correlative to the green shale and black shale facies of 

the Green River Formation in other parts of the basin (Remy, 1992; Ruble et al., 2001). 

This depositional model has been attributed to fluctuating profundal facies deposition 

(Carroll and Bohacs, 2001). Following deposition of this interval an increase in salinity 

is attributed to the development of a more arid climate between 49 and 50 Ma (Ryder 

et al., 1976; Tuttle and Goldhaber, 1993). Increased aridity resulted in evaporitic 

deposition of saline minerals interbedded with dolomitic marlstones, mudstones, 

sandstones and oil shales of the carbonate dominated Parachute Creek Member, 

stratigraphically above the Douglas Creek Member (Fig. 2.2). The basal section of the 

Parachute Creek Member (~49 Ma) records a rise in lake-levels to their maximum 

extent that resulted in the deposition of oil shales interbedded with mudstones, 

marlstones and siltstones. This section, the Mahogany Zone, is the most organic-rich 

horizon of the Green River Formation (total organic carbon [TOC] up to 30 wt.%; 

Bradley, 1931; Tuttle and Goldhaber, 1993; Smith et al., 2008a). Deposition in the 

Uinta Basin continued until ~44 Ma with conditions becoming progressively more 

evaporitic (Smith et al., 2008a). Above the Parachute Creek Member red-brown shale 

and fluvial coarse-grained clastics make up interbeds of the Uinta Formation of the 

Green River Formation (Keighley et al., 2003).  
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2.2.3 Previous geochronology 

The current geochronological framework for the Green River Formation is 

based on Ar-Ar ages of interbedded tuffs concentrated in the Greater Green River and 

Uinta Basins (Smith et al., 2003, 2006, 2008a). More recently, the Ar-Ar ages have been 

recalibrated to Fish Canyon Sanidine (KO8) and accurately correlated to U-Pb zircon 

ages from the tuff beds and astronomical ages preserved within cyclical sediments 

(Kuiper et al., 2008; Smith et al., 2010). Uinta Basin deposition began ~52 Ma, but the 

oldest dated tuff is the Curly tuff at 49.32 ± 0.30 Ma lying just below the Mahogany 

Zone (Fig. 2.2). This makes correlation of the older stratigraphy in the Uinta Basin more 

difficult, especially as there is a lack of surface exposure (Smith et al., 2008a). 

Lacustrine deposition ended just after deposition of the Strawberry tuff dated at 44.27 

± 0.93 Ma (Fig. 2.2). Geochronology in the Uinta Basin allows cross-correlation of Re-

Os and Ar-Ar ages in order to assess the accuracy of Re-Os lacustrine organic-rich 

sedimentary rock geochronology. 
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Figure 2.2: Generalised chronostratigraphy displaying the main members of the 
Green River Formation and the location of sampled units. Age constraints 
labelled on the stratigraphic column are based on Ar-Ar dates of interbedded 
tuffs. Lacustrine facies associations of each unit are illustrated in the right hand 
panel of the stratigraphic column; these are adapted from lithostratigraphy of 
Smith et al. (2008a). This lithostratigraphy illustrates the complex nature of 
spatial and temporal variation of units within the Uinta Basin. Nomenclature of 
Smith et al. (2008a) is included in the key in order to aid comparison with Ar-Ar 
ages. Inset A is a simplified cross-section of the Uinta Basin at the present day 
that illustrates the asymmetric nature of the basin and that the erosional 
remnant now outcrops within the southern limb of a gentle syncline, dipping 
<5° to the North. The southern margin of the basin has mostly been eroded, 
with the most continuous exposure in the northeast corner of the basin where 
up to ~4 km of sediment was deposited. With a lack of surface exposure this 
asymmetric nature makes correlation of units challenging. 
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yields an average 185Re/187Re ratio of 0.598071 ± 0.001510 (1 S.D., n = 67), which is in 

excellent agreement with the value reported for the AB-1 standard (Finlay et al., 2010; 

Rooney et al., 2010 and references therein). The Os isotope reference solution (DROsS) 

gave an 187Os/188Os ratio of 0.160892 ± 0.000559 (1 S.D., n = 67), which is in agreement 

with previous studies (Finlay et al., 2010; Rooney et al., 2010 and references therein). 

2.3.3 TOC and Rock-Eval Analysis 

Total organic carbon (TOC) values for the Green River Formation samples were 

determined commercially using a LECO C200 Carbon Analyser at Weatherford labs, 

Houston, USA. A known weight (~0.1 g) of powdered and carbonate free (prior 

removal using HCl) rock sample was combusted in oxygen at a temperature of about 

1200°C. The carbon dioxide produced was passed, via traps for water, sulphur dioxide 

and halogens, into the infrared detector previously calibrated on standard samples. 

Rock-Eval pyrolysis was also performed at Weatherford labs, Houston, USA to 

assess thermal maturity and organic matter characteristics of the samples using a 

Rock-Eval II instrument. Ground samples were heated in an inert environment to 

measure the yield of three groups of compounds (S1, S2, and S3), measured as three 

peaks on a program in mg hydrocarbons per gram of rock (S1 and S2) and mg carbon 

dioxide per gram of rock (S3).  Sample heating at 300°C for 3 minutes produces the S1 

peak by vaporizing the free (unbound) hydrocarbons.  High S1 values indicate either 

large amounts of kerogen-derived bitumen or the presence of migrated hydrocarbons.  

The oven then increases in temperature by 25°C/minute to 600°C, and the S2 and S3 

peaks are measured from the pyrolytic degradation of the kerogen in the sample.  The 

S2 peak is proportional to the amount of hydrogen-rich kerogen in the rock, and the S3 

peak measures the carbon dioxide released (to 390oC) providing an assessment of the 

oxygen content of the kerogen.  The temperature at which the S2 peak reaches a 

maximum, "Tmax", is a measure of the source rock maturity (Tmax accuracy is ±1 - 3°C; 

Peters, 1986).  
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Figure 2.4: Re-Os isochron diagrams for the Douglas Creek Member in the 
Marsing 16 core (A, B and C) and the Coyote Wash 1 core (D and E), and for the 
Mahogany Zone (F). Isochrons A, D and F represent regression of all the samples 
for each horizon and isochrons B, C and E represent regression of samples with 
similar initial 187Os/188Os (see text for discussion). Isochron E provides a precise 
depositional age for the Douglas Creek Member (CW1); however, although it 
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the Uinta Basin would be needed to clarify this further. The oldest dated tuff in the 

adjacent Piceance Creek Basin is the Yellow tuff dated at 51.55 ± 0.52 Ma, which is 

stratigraphically equivalent to the lowest Douglas Creek Member and therefore should 

be and is older than the Re-Os dated sections. This agreement between the Ar-Ar and 

Re-Os geochronology demonstrates that the Re-Os system can be successfully applied 

to lacustrine organic-rich sedimentary rocks to provide much-needed direct 

depositional age constraints in lacustrine basins, especially in the absence of Ar-Ar and 

U-Pb tuff geochronology. The concordance between direct and indirect depositional 

age determinations emphasises the expediency of geochronological methods for 

correlating global phenomena. 

2.5.3 Re-Os uptake and fractionation 

The current understanding of the definitive controls of Re and Os uptake and 

fractionation in organic-rich sedimentary rocks is incomplete. Here I briefly summarise 

previous findings and reveal how this study contributes to solving the dilemma 

emphasising the complex nature of Re and Os systematics in organic-rich sedimentary 

rocks. Early studies suggested that sub-oxic to anoxic or euxinic conditions must exist 

for Re and Os uptake into organic-rich sedimentary rocks, which occurs at or below the 

sediment-water interface (Koide et al., 1991; Colodner et al., 1993; Crusius et al., 1996; 

Cohen et al., 1999; Morford and Emerson, 1999). These studies and further 

experimental works provided evidence that Re and Os behave differently in the water 

column, with distinct uptake mechanisms and unknown controls on fractionation 

(Levasseur et al., 1998; Sundby et al., 2004; Yamashita et al., 2007; Morford et al., 

2009; Selby et al., 2009). Recent work has also questioned the notion that Re and Os 

are directly linked to TOC values, with correlations occasionally but not always 

apparent despite the majority of these metals being held within the kerogen (Cohen et 

al., 1999; Selby et al., 2009; Rooney et al., 2012). High TOC requires high primary 

productivity with preservation potential reliant on a calm, oxygen-poor water body, 

without scavenging benthic life (Demaison and Moore, 1980; Sageman et al., 2003), 

however, these factors may not solely regulate Re and Os uptake and fractionation. 
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Slow sedimentation has been proposed as one of the key factors in enhanced Re and 

Os uptake as seen for Ni and V enrichment in organic-rich sedimentary rocks (Lewan 

and Maynard, 1982; Crusius and Thomson, 2000; Selby et al., 2009; Rooney et al., 

2012). However, slow sedimentation may adversely affect TOC preservation due to the 

longer residence time for oxidation (Ibach, 1982). Aside from the principal condition 

requiring Re and Os in the water column, other influences that have been proposed to 

control Re and Os enrichment and fractionation are salinity (Martin et al., 2001), post-

deposition mobility of the elements (Crusius and Thomson, 2000; Kendall et al., 

2009a), pH and temperature (Georgiev et al., 2011). Since Re and Os are bound within 

the kerogen of an organic-rich sedimentary rock (Rooney et al., 2012), but enrichment 

is affected by numerous processes beyond TOC preservation, a better appreciation of 

the organic matter chelating precursors of Re and Os is needed. In V and Ni studies it 

has been shown that the chelating precursor is not always preserved proportionally to 

organic matter (Lewan and Maynard, 1982) thus understanding the chelating 

precursor systematics of Re and Os will significantly advance the understanding of the 

Re-Os system. 

My data have shown that Re-Os geochronology can be successfully applied to 

lacustrine organic-rich sedimentary rocks, and that element fractionation and 

abundances are similar to marine systems. However, the results are mixed with an 

accurate and precise isochron for the Douglas Creek Member (M16), but larger age 

uncertainties for the Mahogany Zone and Douglas Creek Member (CW1). I suggest that 

homogenous Re-Os fractionation is the cause of the larger uncertainty in the 

Mahogany Zone geochronology, although the reasons for this are currently ambiguous. 

In order to explain why these units behave differently in terms of Re-Os fractionation, 

TOC and Rock-Eval data are evaluated. These data yield insights into the Green River 

Formation organic matter and hence Re-Os uptake and fractionation in lacustrine 

settings. 
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Figure 2.5: Graphs of total organic carbon (TOC) versus Re (A) and 192Os (B) of 
all the studied Green River Formation units showing linear correlations. 
Common Os (192Os) is plotted to remove the effect of radiogenic in-growth. The 
R2 for each unit is annotated on the graphs. Oxygen index (OI) versus Re (C), 
192Os (D) and 187Re/188Os (E) of all the units are also plotted. The dashed line 
represents the threshold OI below which Re and Os concentrations are 
increased, and 187Re/188Os values are more variable (see text for discussion). 
The black bars represent the amount of variation in Re, Os and 187Re/188Os on 
each side of the dashed threshold line. 
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2.5.3.1 Insights from TOC and depositional conditions 

In the three Green River Formation units a positive but weak linear correlation 

of Re and common Os (192Os) to TOC exists (Figs. 2.5A and 2.5B), with the Mahogany 

Zone displaying the best correlation. Rhenium versus TOC in the Mahogany Zone 

displays a positive trend (R2 of 0.73) yet the Douglas Creek Member shows no 

correlation (R2 of 0.12 [CW1] and 0.17 [M16]). In terms of 192Os versus TOC there is no 

strong correlation in any of the sections and they all have similar R2 values (Mahogany 

Zone = 0.56; Douglas Creek Member CW1 = 0.52; Douglas Creek Member M16 = 0.41). 

Despite weak correlations, the sampled horizons display variable relationships to TOC. 

The Douglas Creek Member (M16) has negligible correlation of both Re and Os to TOC, 

but much higher slopes than the other two units. These findings suggest an uptake 

mechanism possibly unrelated to TOC dominated in this region of the lake/water 

column, in contrast to Re and Os uptake in the Mahogany Zone which has the best 

correlation with TOC. The Douglas Creek Member represents a proximal lake margin 

setting during a time of fluctuating lake-levels producing variation in the sedimentation 

rate and terrigenous input; possibly allowing variable Re-Os uptake and fractionation. 

In contrast, the Mahogany Zone was deposited in the distal lake centre when lake-

levels were at their maximum and enhanced primary productivity and slow and steady 

sedimentation rates in a stratified water column produced an extremely organic-rich 

and homogenous section (Bradley, 1931; Boyer, 1982; Tuttle and Goldhaber, 1993; 

Smith et al., 2008a). The homogenous depositional system of the Mahogany Zone may 

have allowed greater association of Re and Os with organic matter allowing less 
187Re/188Os fractionation making precise Re-Os geochronology challenging. The 

relationship to depositional conditions suggests that, contrary to the Mahogany Zone, 

in the Douglas Creek Member sections the organic chelating components responsible 

for Re and Os uptake are not being preserved uniformly or that there are variable 

chelating surfaces derived from different organic matter types.   

Additional Green River Formation depositional factors to take into account are 

salinity, carbonate content and redox conditions. The Mahogany Zone is more saline 
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source of organic matter, with minimal terrestrial organic matter input (Fig. 2.3). The 

variation in HI and OI values cannot easily be explained by changing maturity as all the 

samples have similar Tmax values (Peters, 1986; Table 2.1). Generally both the Douglas 

Creek Member horizons display more variability in both HI and OI than the Mahogany 

Zone (See inset Fig. 2.3). This is consistent with previous observations that strata from 

the central lake (e.g. Mahogany Zone) contain predominantly alganite organic matter, 

whereas samples deposited nearer the lake margins or during fluctuating lake-levels 

(e.g. Douglas Creek Member) contain alganite but also some vitrinite (Castle, 1990). 

The predominance of alganite in the Mahogany Zone coupled with the lack of Re-Os 

fractionation may suggest that organic matter type is a controlling factor in Re-Os 

fractionation. It has previously been postulated that Re and Os are bound by different 

organic ligands causing variable 187Re/188Os in different organic fractions (Miller, 2004), 

and also that an unknown method of biological uptake of Re over Os may occur 

(Georgiev et al., 2011). The findings from this study suggest that variation in organic 

matter type (e.g. from terrestrial and algal sources) may enable variable 187Re/188Os (as 

is seen in the Douglas Creek Member sections), whereas homogenous algal organic 

matter may lead to homogenous 187Re/188Os (as is seen in the Mahogany Zone) 

through providing uniform chelating sites for both elements. These findings have 

strong implications for any future Re-Os geochronological study, however, further 

studies are required to fully quantify and assess the relationship of Re and Os with 

organic matter. 

Oxygen index is a proxy measurement of oxygen content in kerogen, which can 

be derived from terrestrial organic matter or oxidation of organic matter (Peters, 

1986). There is no correlation between OI and Re and Os abundance (Fig. 2.5C and 

2.5D) but below an OI value of ~15 mg CO2/g TOC, abundances of both Re and Os 

increase. This may suggest that Re and Os enrichment requires lower oxygen-bearing 

kerogen or lower oxygen conditions in which the kerogen was deposited. Vanadium 

and Ni have been found to be bound in tetrapyrroles, of which chlorophyll is the main 

precursor (Lewan and Maynard, 1982). Chlorophyll is sensitive to oxygen as it opens up 

the ring structure making it incapable of hosting metals and so sediments settling in an 
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oxygenated water column will have less chance to bind V and Ni in tetrapyrroles 

(Lewan and Maynard, 1982). The binding sites of Re and Os are unknown, but the 

relationship with OI illustrates the importance of deducing where these metals are 

held. If Re and Os are more enriched at low OI, this suggests that oxygen has a 

significant effect on the chelating precursors of Re and Os during deposition and also 

that the chelating precursors of Re and Os cannot be related to carboxyl complexes. 

The OI also seems to exert a minor control on 187Re/188Os fractionation below 15 mg 

CO2/g TOC (Fig. 2.5E). This would support the findings of Yamashita et al. (2007) who 

note that Re is more readily incorporated into organic-rich sedimentary rocks under 

highly reducing conditions leading to high 187Re/188Os. However, this study and 

previous studies concluded that specific controls on fractionation are poorly 

constrained. For organic matter of lacustrine sedimentary rocks, the non-linear 

relationship between OI and Re and Os potentially suggests that oxygen content in 

kerogen and/or organic matter type have a significant effect on chelation of Re and Os 

and hence Re-Os fractionation. If this proves to be the case in other studied sections, 

OI may provide a means of assessing whether a section may be viable for precise Re-Os 

geochronology providing an understanding of maturity and organic matter variation 

exists as these can affect OI values. However, as OI is a proxy for the atomic O/C ratio, 

future studies of atomic O/C versus Re-Os may shed further light on these findings and 

on the chelating precursors of Re and Os. Previous work has utilised OI as a proxy for 

weathering in order to assess Re-Os isochroneity, with non-isochronous samples 

possessing higher OI suggested to be caused by weathering (Georgiev et al., 2012).  

Disparity in OI can be caused by organic facies and maturity variations and therefore 

can only be a proxy for weathering in a weathering profile of identical strata. As such, 

ranges in OI should not be employed as a tool for estimating weathering intensity of 

differing strata.  

2.5.4 Os isotope systematics 

The Re-Os isotope data yield Osi values of 1.54 ± 0.03, 1.41 ± 0.06 and 1.48 ± 

0.06 (Fig. 2.4) for the Douglas Creek Member (M16), Douglas Creek Member (CW1), 
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furthermore, for understanding and correlating continental geological processes. The 

earliest Re-Os geochronology studies targeted marine black shales (Ravizza and 

Turekian, 1989; Cohen et al., 1999; Creaser et al., 2002), although the technique has 

since been shown to be effective on marine grey shales (Selby et al., 2009). The data 

presented here demonstrate that Re-Os geochronology can be applied to lacustrine 

organic-rich carbonates as well as marine black and grey shales. Recent work has also 

revealed that samples with TOC values as low as 0.5 wt.% can also be successfully 

utilized for Re-Os geochronology (Kendall et al., 2004; Rooney et al., 2011). These 

previous studies coupled with the data from this study suggest that, in general, any 

rock type deposited in conditions where organic matter is preserved and TOC is >0.5 % 

is viable for Re-Os geochronology and the tool is not just restricted to marine black 

shales, making this a far-reaching tool for lacustrine and marine depositional settings 

alike. 

This study brings further to light the complexity of Re-Os systematics in 

organic-rich sedimentary rocks. The Re-Os dates for the Douglas Creek Member are 

controlled by the degree of variability of the initial 187Os/188Os composition within the 

sampled 2 m interval. For the Mahogany Zone the imprecise age relates to a small 

spread in 187Re/188Os values comparable to those seen in some marine systems 

(Turgeon et al., 2007). It is suggested that the controls on Re and Os fractionation 

within organic-rich sedimentary rocks are complex but in this case are related to 

depositional environment (proximal lake shore versus distal lake centre) and organic 

matter type (terrestrial versus algal). The relationship of Re and Os to OI highlights the 

importance of understanding the chelating precursors of Re and Os in organic matter, 

in order to further our knowledge of the Re-Os organic-rich sedimentary rock 

geochronometer.  

In addition to geochronology, the initial 187Os/188Os composition of lacustrine 

organic-rich sedimentary rocks can be used to determine the geochemical signature of 

continental runoff into lake basins. This yields a potential tool to distinguish between 

marine and lacustrine sediments when seawater 187Os/188Os is well characterised (this 
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study; Poirier and Hillaire-Marcel, 2011). Furthermore, Os isotope stratigraphy of 

lacustrine successions can be applied to understanding regional climatic, tectonic and 

magmatic regimes and allows for chemostratigraphic correlations that combine direct 

depositional ages, giving much higher confidence in global correlations.  
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3.1 Introduction 

The majority of large oil discoveries are sourced from marine shales associated 

with major ocean anoxic events of the Jurassic and Cretaceous (Klemme and Ulmishek, 

1991). Such large discoveries are becoming increasingly rare and thus there is a need 

to find smaller petroleum systems and more accurately trace oils to their source in 

order to improve migration pathway models and reserve calculations. A common 

problem for petroleum exploration surrounds understanding the spatial and temporal 

controls on hydrocarbon formation.  Establishing the timing of hydrocarbon generation 

has, to-date, mainly been carried out through the use of basin modelling, often with 

poorly constrained parameters (e.g. Anders et al., 1992; Bredehoeft et al., 1994; Fouch 

et al., 1994). Therefore knowing the absolute age of petroleum generation provides 

vital information and controls on the understanding of a petroleum system.  

The application of the rhenium-osmium (Re-Os) geochronometer to marine 

petroleum systems has permitted the determination of source rock depositional ages 

(e.g. Cohen et al., 1999; Creaser et al., 2002; Selby et al., 2005; Kendall et al., 2009; Xu 

et al., 2009; Rooney et al., 2010) and the timing of petroleum generation (Selby et al., 

2005; Selby and Creaser, 2005a; Finlay et al., 2011). Furthermore, Os isotopes have 

been successfully used in marine basins to fingerprint oils to their source rocks (Finlay 

et al., 2012). Traditionally, oil-source rock correlation uses organic chemical analysis 

(e.g. biomarkers) of light hydrocarbon fractions, however common processes such as 

biodegradation preferentially remove light hydrocarbons from petroleum and 

therefore, even for moderately biodegraded oils, traditional oil to source fingerprinting 

techniques can be compromised. Hydrocarbon Re-Os geochronology and Os isotope 

fingerprinting, however, rely on the heavy fractions of oil (asphaltene; Selby et al., 

2007). The Os isotope fingerprinting tool uses the initial 187Os/188Os composition (Osi) 

of petroleum which reflects that of the source rock at the time of petroleum 

generation (Osg) providing a novel inorganic oil-source fingerprinting technique (Selby 

et al., 2007; Finlay et al., 2011, 2012). As a result, inorganic geochemistry provides a 
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correlation tool where traditional organic methods can be hampered by 

biodegradation (Finlay et al., 2012).  

Despite the promising success of Re-Os hydrocarbon geochronology and Os 

isotope fingerprinting in marine basins, there still remains little knowledge of the 

mechanism of Re and Os transfer from source rocks to oils (Selby et al., 2007; Rooney 

et al., 2012). A hydrous pyrolysis study of the Permian Phosphoria (Type II-S kerogen) 

and Jurassic Staffin Formations (Type III kerogen) involved artificial maturation of the 

source rocks in order to assess transfer of Re and Os from source rock to oil (Rooney et 

al., 2012). These experiments demonstrated that Re-Os systematics in the source rock 

are undisturbed during hydrocarbon maturation as previously suggested in the natural 

system (Creaser et al., 2002; Selby and Creaser, 2005a). However there was limited Re 

and Os in the oils produced since the kinetic parameters needed for transfer were not 

attained in these artificial experiments (Rooney et al., 2012). The bitumen produced 

contained Re and Os and it was found that during hydrocarbon generation the Os 

isotope composition of the source is transferred to the bitumen, providing strong 

evidence that Os isotopes can be used as an oil-source correlation tool, supporting the 

hypothesis derived from natural petroleum system studies (Selby and Creaser, 2005a; 

Selby et al., 2005, Selby et al., 2007; Finlay et al., 2012). However, given that the Re-Os 

hydrocarbon geochronology and Os isotope fingerprinting tools have only been 

assessed in natural marine petroleum systems sourced from Type II and Type II-S 

kerogens (Selby et al., 2005; Selby and Creaser, 2005a; Finlay et al., 2011, 2012), there 

is a need for further assessment and understanding of Re-Os systematics during 

hydrocarbon generation and in variable basin types in order to widen the applications 

of Re-Os hydrocarbon geochronology and Os isotope fingerprinting. 

The Green River petroleum system in the Uinta Basin (Fig. 3.1) contains Type I 

lacustrine source rocks that have produced several different hydrocarbons (oil, tar 

sands and gilsonite) that are both biodegraded and non-biodegraded (Tissot et al., 

1978; Anders et al., 1992; Fouch et al., 1994; Katz, 1995; Ruble et al., 2001). The Green 

River petroleum system therefore provides the ability to test whether Re-Os 



Chapter 3                                                                Re-Os geochronology of the Green River petroleum system 

 

 
73 

geochronology and Os isotope fingerprinting can be applied to different hydrocarbon 

phases, biodegraded and non-biodegraded, and to a petroleum system derived from a 

Type I lacustrine kerogen. Herein I explore the capabilities of Re-Os geochronology and 

Os isotope fingerprinting on a Type I lacustrine kerogen and differing hydrocarbon 

phases to further establish the behaviour of these geochemical systems and widen 

their application to poorly constrained or non-traditional petroleum systems. In 

addition I use hydrous pyrolysis experiments to further elucidate the nature of Re and 

Os transfer to oil in particular with reference to Type I lacustrine kerogen. This data set 

allows valuable comparison of a natural system and an experimental approach on the 

same source rock in order to understand Re-Os systematics within petroleum systems.  

 

Figure 3.1: Map of the Uinta Basin illustrating the location of the sampled 
hydrocarbons and the source rocks sampled from two drill cores; Marsing 16 
(M16; 39° 57' 1.4904" N, 111° 1' 37.527" W) and Coyote Wash 1 (CW1; 40° 1' 
22.224" N, 109° 18' 38.4834" W). The CW1 core is located in the central 
depocentre of an asymmetric basin structure, while the M16 core is on the 
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(~3000 m) of organic-rich carbonaceous shales and oil shales interbedded with fluvial 

clastics to be deposited (Keighley et al., 2003; Pietras and Carroll, 2006). Sedimentary 

facies within the Green River Formation can be divided into fluvio-lacustrine, 

fluctuating profundal and evaporative facies (Carroll and Bohacs, 1999, 2001; Bohacs 

et al., 2000). The most important members of the Green River Formation in terms of 

source rocks are the Douglas Creek Member and Parachute Creek Member. The 

Douglas Creek Member was deposited initially as lake levels rose and represents 

fluctuating profundal deposition (Bradley, 1931; Tuttle and Goldhaber, 1993; Carroll 

and Bohacs, 2001). Here organic-rich units of the informally named black shale facies 

were deposited that are considered by some to be the only units to have generated oil 

(Remy, 1992; Katz, 1995; Ruble et al., 2001). The maximum extent of the lake occurred 

during deposition of the overlying Parachute Creek Member, at this time the most 

organic-rich oils shales (> 30 wt.% TOC) were deposited, named the Mahogany Zone 

(Bradley, 1931; Tuttle and Goldhaber, 1993; Smith et al., 2008). Despite the high TOC, 

this unit is considered not to be a significant source of petroleum due to insufficient 

burial thus it is a target for oil shale extraction (Ruble et al., 2001; Dyni, 2006). Due to a 

lack of detailed biostratigraphy in lacustrine records, the Green River Formation has 

been dated using predominantly Ar-Ar and U-Pb geochronology of interbedded tuffs as 

well as Re-Os dating of the source rock itself, with deposition constrained from ~52 to 

~44 Ma (Smith et al., 2008, 2010; Cumming et al., 2012; Chapter 2). 

The Green River Formation source rocks are deposited throughout the area, 

but are considered to have only been buried sufficiently for oil and gas generation in 

the northeast corner of the Uinta Basin (Tissot et al., 1978; Ruble et al., 2001). The 

thickness and nature of the lacustrine sedimentary facies means that the Green River 

Formation contains not only the source rock for this petroleum system, but also most 

of the reservoir and seal rocks (Fouch et al., 1994). The erosional remnant of the Uinta 

Basin outcrops within the southern limb of a gentle syncline, dipping <5° to the North 

(Keighley et al., 2003). Several oil fields (e.g. Altamont, Bluebell, Duchesne) are 

produced from lenticular lacustrine sandstone and carbonate reservoirs, with alluvial 
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3.3.1.2 Tar sands 

Tar sands were collected from outcrop throughout the Uinta Basin giving a 

wide representation of the instances of oil that has migrated up dip from deeper oil 

fields. Location and names of deposits are reported in Table 3.1 and Figure 3.1. 

Approximately ~500 g of tar sand was collected to ensure enough oil could be 

extracted from it for Re-Os analysis. The tar sands are heavily biodegraded oil 

accumulations the source of which is thought to be the same as the GRA oils (Fouch et 

al., 1994; Lillis et al., 2003; Ruble et al., 2001). 

Oil is separated from the Green River tar sands using a method modified from 

Selby et al. (2005). Approximately 1 g of tar sand was washed in ~1/2 ml of CHCl3 and 

then decanted into a 15 ml centrifuge tube, and repeated until the CHCl3 remained 

clear. The CHCl3 and oil solution was then centrifuged to separate any suspended 

sediment from the solution. Evaporation of the decanted CHCl3 at ~ 60°C on a hot plate 

left the oil remaining. Tar sands are heavily biodegraded and are therefore naturally 

enriched in asphaltene (Evans et al., 1971), with the average for some of the Green 

River tar sands being ~34 wt.% (Table 3.1), rendering separation of asphaltenes for Re-

Os analysis unnecessary (c.f. Selby and Creaser, 2005a). 

3.3.1.3 Gilsonite 

Gilsonite is a solid bitumen deposit of which there are several types in the Uinta 

Basin (ozocerite, albertite, tabbyite and wurtzilite; Ruble and Philp, 1991), with 

gilsonite being the most abundant (Verbeek and Grout, 1992). It crops out in 

northwest trending vertical fractures up to 5 m thick within the middle and upper 

Green River Formation (Cashion, 1967; Anders et al., 1992; Verbeek and Grout, 1992). 

The method of formation is not fully understood with suggestions of oil reservoirs 

penetrated by fractures allowing oil to migrate up the fractures and then solidify from 

inspissation or metamorphosis (Tetting, 1984). Other suggestions are that they are 

derived from early bitumen generation causing over-pressured source beds to initiate 

hydraulic fracturing (Verbeek and Grout, 1992). The fractures containing gilsonite 
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Table 3.2: Re-Os isotope data for the three Green River Formation source rock units
Sample Depth (m) Re (ng/g) ± Os (pg/g) ± 187Re/188Os ± 187Os/188Os ± rho a Osg 

b TOC (wt.%)

Douglas Creek Member, Marsing 16 core (39° 57' 1.4904" N, 111° 1' 37.527" W)

M16-43 290.3 9.6 0.0 278.6 2.0 199.2 1.8 1.614 0.019 0.679 1.53 -

M16-37 304.2 23.0 0.1 223.4 1.3 619.6 3.9 2.054 0.014 0.714 1.80 -

M16-27* 323.8 22.6 0.1 341.3 2.3 390.2 3.3 1.831 0.018 0.722 1.67 5.96

M16-26* 323.9 23.6 0.1 333.5 2.6 418.3 4.1 1.861 0.022 0.718 1.69 6.47

M16-25* 324.0 42.6 0.1 490.0 2.8 518.6 3.3 1.950 0.013 0.680 1.73 9.71

M16-24* 324.0 27.8 0.1 393.8 3.0 417.4 4.0 1.854 0.022 0.704 1.68 7.09

M16-23* 324.5 54.9 0.2 341.6 1.9 997.4 6.5 2.336 0.014 0.819 1.92 8.20

M16-22* 324.6 56.0 0.2 343.1 2.1 1015.2 7.1 2.352 0.016 0.790 1.93 -

M16-21* 324.6 62.4 0.2 392.8 2.5 984.8 6.9 2.326 0.017 0.735 1.92 5.42

M16-20* 324.7 40.1 0.1 351.6 1.5 690.2 3.2 2.079 0.008 0.599 1.79 5.53

M16-19* 324.7 24.5 0.1 263.1 1.4 556.4 3.4 1.982 0.013 0.665 1.75 3.53

M16-18* 324.9 29.2 0.1 273.4 1.5 645.0 3.8 2.078 0.013 0.651 1.81 6.39

M16-16* 325.1 21.0 0.1 178.2 1.2 716.3 5.5 2.145 0.019 0.725 1.85 5.71

M16-15* 325.3 22.9 0.1 297.1 1.6 458.1 2.7 1.923 0.012 0.648 1.73 5.23

M16-14* 325.4 16.8 0.1 300.2 1.8 328.6 2.2 1.819 0.014 0.654 1.68 4.87

M16-06 334.2 13.9 0.0 234.9 1.5 348.0 2.7 1.848 0.017 0.694 1.70 -

M16-01 343.3 8.9 0.0 193.7 1.5 268.4 2.6 1.753 0.021 0.704 1.64 -

Douglas Creek Member, Coyote Wash 1 core (40° 1' 22.224" N, 109° 18' 38.4834" W)

CW1-36 1021.7 14.4 0.4 186.1 1.5 453.0 13.6 1.798 0.023 0.266 1.61 -

CW1-40* 1026.0 23.4 0.1 307.8 1.7 445.0 2.9 1.774 0.012 0.682 1.59 6.01

CW1-41* 1026.1 14.6 0.1 258.5 1.9 326.9 3.2 1.654 0.020 0.699 1.52 7.55

CW1-42* 1026.2 10.5 0.0 184.0 1.5 330.0 3.6 1.657 0.022 0.732 1.52 6.83

CW1-44* 1026.5 14.2 0.1 245.4 1.8 331.7 3.3 1.573 0.020 0.702 1.43 7.07

CW1-45* 1026.6 30.3 0.1 256.7 1.5 711.0 4.7 2.028 0.014 0.728 1.73 9.98

CW1-46* 1026.8 34.9 0.1 303.2 1.6 692.4 4.2 2.036 0.013 0.695 1.75 7.44

CW1-48* 1027.0 15.3 0.1 145.4 1.3 627.6 7.4 1.921 0.027 0.756 1.66 2.67

CW1-49* 1027.2 83.5 0.3 298.9 1.8 1830.5 11.1 2.889 0.018 0.712 2.13 7.85

CW1-50* 1027.4 46.6 0.2 412.1 3.8 675.1 7.6 1.963 0.032 0.635 1.68 15.46

CW1-51* 1027.5 11.5 0.0 114.3 1.1 600.3 8.2 1.936 0.030 0.807 1.69 4.97

CW1-53* 1027.7 17.7 0.1 180.5 1.4 584.4 5.9 1.960 0.023 0.751 1.72 -

CW1-54* 1027.8 39.1 0.1 346.0 1.9 674.9 4.1 1.956 0.013 0.645 1.67 24.70

CW1-55* 1028.0 33.8 0.1 385.3 2.1 519.5 3.1 1.879 0.012 0.635 1.66 16.92

CW1-62 1042.9 40.6 1.1 469.8 2.1 502.6 14.3 1.716 0.008 0.108 1.51 -

CW1-69 1045.8 1.1 0.0 65.1 0.6 98.6 3.3 1.606 0.025 0.339 1.57 -

Mahogany Zone, Coyote Wash 1 core (40° 1' 22.224" N, 109° 18' 38.4834" W)

CW1-01 672.4 20.2 0.1 346.7 2.0 340.6 2.3 1.766 0.014 0.678 1.62 -

CW1-05* 682.5 15.2 0.1 294.0 2.3 301.1 3.2 1.716 0.022 0.719 1.59 11.28

CW1-06* 682.7 28.0 0.1 486.0 2.9 336.0 2.4 1.746 0.014 0.673 1.61 22.78

CW1-07* 682.8 25.5 0.1 464.1 2.8 320.2 2.3 1.730 0.014 0.673 1.60 22.59

CW1-09* 683.2 26.7 0.1 362.6 4.5 433.0 7.8 1.822 0.048 0.668 1.64 25.82

CW1-10* 683.4 20.8 0.1 383.2 3.0 316.4 3.2 1.735 0.022 0.698 1.60 14.47

CW1-12* 683.6 15.5 0.1 264.2 2.8 344.1 5.3 1.765 0.036 0.721 1.62 9.69

CW1-13* 683.7 15.6 0.1 295.3 2.4 307.1 3.4 1.737 0.023 0.717 1.61 9.39

CW1-14* 683.9 16.7 0.1 326.8 3.3 297.9 4.5 1.717 0.034 0.710 1.59 -

CW1-15* 684.3 11.8 0.0 198.4 2.2 349.0 5.8 1.768 0.037 0.742 1.62 10.30

CW1-16* 684.5 14.6 0.1 286.2 2.3 296.6 3.3 1.730 0.024 0.717 1.61 11.35

CW1-20* 684.9 32.7 0.1 426.9 5.3 451.2 8.5 1.837 0.048 0.684 1.65 28.15

CW1-22* 685.2 39.2 0.1 559.9 4.4 411.3 3.8 1.816 0.023 0.612 1.64 21.14

CW1-23* 685.4 20.1 0.1 366.4 3.2 320.1 3.7 1.737 0.026 0.704 1.60 -

CW1-27 696.8 11.2 0.0 214.0 1.6 304.4 3.1 1.713 0.021 0.716 1.59 -

CW1-31 706.8 33.1 0.1 331.7 1.8 593.2 3.6 1.913 0.013 0.688 1.67 -
a �5�K�R���L�V���W�K�H���D�V�V�R�F�L�D�W�H�G���H�U�U�R�U���F�R�U�U�H�O�D�W�L�R�Q���D�W�����1�����/�X�G�Z�L�J��������������* Sample data taken from Cumming et al., 2012.
b Osg = 187Os/188Os isotope ratio calculated at the time of oil generation (25 Ma) All uncertainties are stated as 2 �1  
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hampered by the low precision in the 187Os/188Os ratios because of the very low Os 

abundances, the associated blank correction and propagation of all uncertainties.  

The oils extracted from the tar sands contain 1.50 - 65.15 ng/g Re and 38.28 - 

342.24 pg/g Os (Table 3.3). The tar sands are more enriched than the Green River oils, 

most probably because the tar sands are more enriched in asphaltene where Re and 

Os are known to be held (Selby et al., 2007). The tar sands have 187Re/188Os ratios 

ranging from 69.4 to 506.4 and 187Os/188Os ratios from 1.447 to 1.939. Geochronology 

of all the tar sands yields a Model 3 age of 4 ± 28 Ma (n = 12, MSWD = 29; Table 3.4 - 

Isochron 2). This does not include the outlying sample, VC03-10, which is thought to be 

contaminated by oil from another source (see discussion).  

The gilsonite samples are the most consistently enriched of the Green River 

hydrocarbons in Re and Os, with 9.47 - 51.33 ng/g and 221.76 - 849.01 pg/g, 

respectively.  The gilsonite 187Re/188Os and 187Os/188Os ratios show limited variation in 

comparison to the oil and tar sand samples, ranging from 247.1 to 403.9 and 1.693 to 

1.849, respectively. All the gilsonite samples yield a Model 3 age of 45 ± 42 Ma (n = 12, 

MSWD = 42; Table 3.4 - Isochron 3). The large uncertainty is attributed to the limited 

variation in 187Re/188Os and 187Os/188Os ratios. 
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Table 3.3: Re-Os isotope data for the Green River petroleum system hydrocarbons
Sample Re (ng/g) ± Os (pg/g) ± 187Re/188Os ± 187Os/188Os ± rho a Osi  

b Osi  
c

Re-Os data for the Green River oils.
GR2242A 0.61 0.03 49.51 1.77 70.3 6.2 1.466 0.164 0.555 1.44 1.44
GR2264A 0.97 0.03 26.04 0.93 211.4 18.9 1.527 0.142 0.818 1.44 1.46
GR2269A 0.78 0.03 30.97 0.94 144.8 11.0 1.588 0.125 0.746 1.44 1.54
GR2232A 0.35 0.03 18.63 0.76 106.9 13.5 1.485 0.157 0.697 1.44 1.45
GR2266A 0.38 0.03 18.20 0.84 119.8 16.7 1.504 0.180 0.734 1.45 1.47
GR2267A 1.20 0.03 45.14 1.21 152.7 9.6 1.565 0.110 0.738 1.50 1.52
GR2239A 2.09 0.03 73.87 1.72 163.4 7.9 1.630 0.100 0.721 1.56 1.58
GRB-3885A 1.33 0.03 47.61 1.22 160.7 9.2 1.643 0.110 0.735 1.58 1.59
GRB-1602A 3.05 0.03 144.82 3.16 121.2 5.1 1.629 0.094 0.702 1.58 1.59
GR2268A 0.86 0.04 18.19 0.96 275.5 37.8 1.715 0.236 0.893 1.60 1.63
GRB-827A 15.83 0.06 196.72 4.34 472.6 19.5 1.807 0.104 0.711 1.61 1.66
GR2114A 3.36 0.03 62.07 1.51 316.8 15.7 1.774 0.112 0.757 1.64 1.67
GRB-847A 2.33 0.04 80.17 1.99 169.9 9.0 1.748 0.113 0.733 1.68 1.69
GR2259A 1.62 0.04 48.19 1.38 199.0 12.9 1.863 0.139 0.765 1.78 1.80
GRB-824A 1.75 0.07 60.69 2.16 175.4 15.7 2.141 0.198 0.786 2.07 2.09
Re-Os data for the Green River tar sands
VC03-10 65.15 0.21 95.89 0.95 4021.7 65.8 1.878 0.031 0.940 0.20 0.60
VC25-10 17.75 0.06 151.08 1.36 674.1 9.2 1.590 0.026 0.776 1.31 1.38
VC15-10 5.49 0.16 342.24 4.33 90.6 3.3 1.447 0.042 0.412 1.41 1.42
VC32-10 11.24 0.33 143.11 1.37 452.7 14.6 1.627 0.029 0.359 1.44 1.48
VC02-10 10.16 0.04 116.78 1.43 506.4 10.5 1.724 0.043 0.793 1.51 1.56
VC04-10 9.29 0.04 95.86 1.48 567.0 15.9 1.766 0.061 0.794 1.53 1.59
VC20-10 4.44 0.13 94.02 1.42 272.8 10.9 1.649 0.056 0.533 1.54 1.56
VC14-10 11.92 0.05 183.30 1.83 379.1 5.9 1.733 0.032 0.786 1.57 1.61
VC01-10 5.50 0.04 97.38 1.54 329.1 9.7 1.723 0.061 0.789 1.59 1.62
VC35-10 6.43 0.04 129.95 1.85 287.5 7.1 1.706 0.054 0.740 1.59 1.61
VC33-10 1.50 0.04 124.25 1.84 69.4 2.5 1.622 0.054 0.576 1.59 1.60
VC11-10 4.24 0.13 167.09 2.32 149.4 5.6 1.824 0.055 0.449 1.76 1.78
VC10-10 4.28 0.03 87.28 1.36 292.1 8.2 1.939 0.066 0.772 1.82 1.85
Re-Os data for the Green River gilsonite
VC12-10 21.48 0.62 359.33 2.71 347.0 10.5 1.693 0.021 0.227 1.55 1.58
VC47-10 24.32 0.09 431.97 2.80 327.0 2.7 1.702 0.016 0.696 1.57 1.60
VC16-10 9.47 0.04 221.76 2.00 247.1 3.3 1.670 0.027 0.730 1.57 1.59
VC05-10 26.84 0.09 399.95 2.83 391.3 3.5 1.737 0.019 0.694 1.57 1.61
VC46-10 28.71 0.10 490.41 3.21 341.4 2.7 1.740 0.017 0.670 1.60 1.63
VC45-10 25.07 0.09 426.70 2.74 342.8 2.7 1.744 0.016 0.686 1.60 1.64
VC44-10 34.46 0.12 499.20 3.18 403.9 3.0 1.769 0.016 0.670 1.60 1.64
VC08-10 22.10 0.08 343.99 2.73 376.0 3.9 1.771 0.023 0.716 1.61 1.65
VC07-10 24.95 0.09 412.87 2.89 353.7 3.1 1.773 0.019 0.696 1.63 1.66
VC06-10 33.29 0.11 500.91 4.28 389.8 4.3 1.793 0.026 0.682 1.63 1.67
VC34-10 33.42 0.96 538.62 3.21 364.1 10.7 1.797 0.014 0.155 1.64 1.68
VC09-10 51.33 0.17 849.01 4.26 356.8 1.9 1.849 0.011 0.598 1.70 1.74

a �5�K�R���L�V���W�K�H���D�V�V�R�F�L�D�W�H�G���H�U�U�R�U���F�R�U�U�H�O�D�W�L�R�Q���D�W�����1�����/�X�G�Z�L�J��������������
b Os i = 187Os/188Os isotope ratio calculated at 25 Ma
c Os i = 187Os/188Os isotope ratio calculated at 19 Ma
All uncertainties are stated as 2 �1  
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associated propagation of blank uncertainties (Table 3.7). The free oil and equipment 

rinse ratios had almost 100% uncertainties due to the negligible contents and so are 

not reported. The 187Re/188Os and 187Os/188Os ratios in the original rock and extracted 

rock, and the recovered rock and extracted recovered rock from each experiment 

show no variation within uncertainty. The 187Re/188Os ratios, however, decrease from 

427.4 (original) to 367.3 (330°C) and then increase again to 420.2 (360°C) in the 

Mahogany Zone (see Fig. 3.3). For the black shale facies a similar pattern occurs, 

decreasing from 138.8 (original) to 120.5 (330°C) and then increasing to 129.3 (360°C). 

The 187Os/188Os ratios remain similar throughout, at ~1.8 for the Mahogany Zone rocks 

and ~1.6 for the black shale facies. 

Table 3.8: Mahogany Zone and black shale facies Re-Os isotopic compositions of original 

rock, recovered rock, extracted rock, bitumen, and asphaltene* fraction of the free oil 

Fraction

 Mean  ± Mean  ± Mean  ± Mean  ±

Original Rock 427.4 3.1 1.768 0.014 138.8 2.3 1.640 0.033

Extracted Rock 425.5 2.6 1.766 0.012 138.7 2.2 1.641 0.033

Bitumen 596.0 10.9 2.008 0.040 59.9 2.0 1.607 0.034

330°C for 72h

Recovered Rock 367.3 2.1 1.761 0.011 120.5 2.1 1.631 0.033

Extracted Rock 393.7 2.4 1.761 0.012 123.3 2.1 1.630 0.034

Bitumen 77.2 1.3 1.765 0.026 99.8 1.5 1.615 0.024

360°C for 72h

Recovered Rock 420.2 2.4 1.756 0.011 129.3 2.1 1.626 0.033

Extracted Rock 416.3 2.5 1.754 0.011 138.4 2.2 1.613 0.033

Bitumen 46.6 59.8 0.949 0.536 16.6 17.9 0.320 0.070

Asphaltene* 590.3 23.7 1.519 0.062 209.9 13.7 1.590 0.096

*asphaltenes contain 5.1 and 1.3 ng/g  Re and 48.9 and 35.9 pg/g Os 

for the Mahogany Zone and black shale facies free oils, respectively

Mahogany 930923-8 Black Shale Facies 930922-1
187Re/188Os 187Os/188Os 187Re/188Os 187Os/188Os

 

The bitumen from the original rock and 330 °C experiments show in all cases 

that the 187Re/188Os values decrease, apart from in the bitumen extracted from the 

original rock of the Mahogany Zone, where the values increase, from 427.4 to 596.0. 

For 187Os/188Os ratios of the bitumen, the values all stay the same at ~1.8 (Mahogany 

Zone) and ~1.6 (black shale facies), again apart from in the original rock of the 

Mahogany Zone, where the values are ~2.0. The Re-Os isotope compositions for 

bitumen for the 360°C experiments are not considered because the negligible 
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abundances in these fractions have led to large uncertainties. The asphaltenes derived 

from the free oil of the peak oil generation (360 °C) experiments, show an increase in 
187Re/188Os values from the recovered rock and a minor decrease in the 187Os/188Os 

ratios in the Mahogany Zone to 1.5, but staying the same at ~1.6 for the black shale 

facies. Figure 3.3 illustrates that the hydrous pyrolysis experiments have a more 

significant effect on the Mahogany Zone with larger variations in 187Re/188Os values 

than the black shale facies and also some variation in 187Os/188Os ratios in the bitumen 

extracted from the original rock and the asphaltene extracted from the free oil of the 

peak oil 360°C experiment. 

 

Figure 3.3: Re-Os isotopic data for the products derived from the hydrous 
pyrolysis experiments for both source units used. The Mahogany Zone (930923-
8) is shown in blue and the black shale facies (930922-1) in red. Bitumen from 
the 360°C experiment is not plotted due to the large uncertainties derived from 
very low abundances of Re and Os in this bitumen.  
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3.5. Discussion 

3.5.1 Dating hydrocarbon generation in the Green River petroleum system  

Many petroleum systems, the Green River included, are complex and involve 

multi-stage/on-going generation from a number of source rock intervals, with resulting 

mixtures of oil of different ages or from different sources. If this is the case, care must 

be taken when interpreting Re-Os data for geochronology. In the Phosphoria 

petroleum system a complex charging history and events of mixing and re-migration 

are interpreted to cause scatter about the Re-Os isochron and uncertainty over what 

the age is recording (Lillis and Selby, in press). However, the UK Atlantic margin oils 

provide Re-Os geochronology in excellent agreement with oil generation models and 

Ar-Ar ages of feldspars containing oil inclusions (Finlay et al., 2011). In addition, Re-Os 

geochronology studies of the Western Canadian oil sands (Selby and Creaser, 2005a) 

and bitumen associated with the Polaris Mississippi Valley-type Zn-Pb deposit (Selby et 

al., 2005), have provided Re-Os geochronology in agreement with generation models, 

the latter also agreeing with an Rb-Sr sphalerite date of co-genetic mineralisation. 

3.5.1.1 Previous generation models 

The Uinta basin is currently an active petroleum system (Fouch et al., 1994; 

Ruble et al., 2001). Early oil generation models based on Rock-Eval pyrolysis kinetic 

parameters show oil generation beginning as early as 40 Ma in the lower Green River 

Formation, with the majority of generation in the Douglas Creek Member (containing 

the black shale facies) between 30 and 20 Ma, and then from 20 Ma to the present day 

the generation zone rises up section to the Mahogany Zone (Sweeney et al., 1987; 

Anders et al., 1992; Fouch et al., 1994). More recent hydrous pyrolysis kinetic models 

suggest oil generation began in the lower Green River Formation around 25 Ma, with 

generation moving up-section with time through the Douglas Creek Member, but 

unlikely to have allowed significant generation from the Mahogany Zone (middle 

Parachute Creek Member; Ruble et al., 2001). It is suggested that hydrous pyrolysis 

kinetic parameters for immiscible oil generation are generally consistent with 
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from a mixture of oils from different sources and generated at different times. The 

variation in Osi (1.61 - 1.76 at 25 Ma; Table 3.3) for the gilsonite is much lower than the 

tar sands or oils but the age is imprecise (93 % uncertainty). Considering the method 

and timing of emplacement is poorly constrained and the unusual nature of the 

gilsonite deposits, it is uncertain what may be the main control on the Re-Os system in 

gilsonite, however the large uncertainty could also be caused by the limited spread in 
187Re/188Os ratios (~150 units). The tar sands are migrated deposits of the Green River 

oils (Fouch et al., 1994) and so they can be grouped together with the oils for Re-Os 

geochronology. Regression of all the samples without the gilsonite gives an age of 15 ± 

17 Ma (n = 26, MSWD = 14; Table 3.4 - Isochron 5; Fig. 3.4B), however, the large range 

in Osi still affects the precision of this age.  

3.5.1.2.1 Re-Os geochronology based on Osi composition 

The variation in Osi composition for all the samples can be plotted on a histogram 

showing the most common values (Fig. 3.5). When the Osi values are calculated at 25 

Ma to reflect the oil generation models distinct groups are evident. The histogram (Fig. 

3.5) shows that the mode is at 1.6 and there are two smaller groups at 1.4 and 1.5. 

Calculation of the Osi at 19 Ma reflecting the Re-Os age of all the hydrocarbons also 

yields groups, the mode at 1.6 and other groups at 1.5 and 1.7. Figure 3.5 

demonstrates that the calculation at a younger age yields more radiogenic Osi but 

similar groupings and so the age used for calculation of Osi does not skew oil 

groupings. The different Osi values are interpreted to reflect variation in Os 

composition of the Green River Formation source rock that is then transferred to the 

generated hydrocarbons. Plotting two groups for Re-Os geochronology would reflect 

geochronology of oils derived from different Green River Formation source units (see 

discussion section 3.5.2.2). Based on the Osi calculated at 25 Ma, all the samples can 

be split into two distinct groups; the first with Osi from 1.4 to 1.55 and the second from 

1.55 to 1.70. The first group represents the two largest groups outside the mode and 

the second group incorporates the mode of the samples. All samples with Osi from 

1.40 to 1.55 yield an age of 33 ± 12 Ma (n = 12, MSWD = 6.6, Model 3; Table 3.4 - 
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provides ages in agreement with previous Re-Os geochronology (Isochrons 13 and 14 - 

Table 3.4; Fig. 3.4E,F), but does not provide distinct generation ages for these two 

subsets. This supports findings that suggest that the Green River hydrocarbons are 

geochemically more complex than two end-member hydrocarbon types which reflects 

complex spatial variation in the source rock (Ruble et al., 2001). This source rock 

variation is likely causing the large variation in Osi and is the main reason for producing 

high uncertainties in the Re-Os geochronology as discussed in previous studies (Selby 

et al., 2005; Selby and Creaser, 2005a; Finlay et al., 2011). 

Without considering Osi the Re-Os geochronology derived from the Green River 

hydrocarbons broadly agrees with previous basin models (Fouch et al., 1994; Ruble et 

al., 2001). However, the geochronology is hampered by mixing of oils generated at 

different times and from different stratigraphic intervals of the Green River Formation 

and therefore containing variable Osi as has been seen in previous studies (Lillis and 

Selby, in press). When taking the Osi variation into account the precision of Re-Os 

geochronology improves. Regardless, this study suggests that Re-Os geochronology 

can be applied to Type I lacustrine kerogen derived hydrocarbons including oils and tar 

sands. Both oils and tar sands have previously been successfully dated using Re-Os in 

marine petroleum systems (Selby and Creaser, 2005a; Finlay et al., 2011). This study 

therefore widens the capabilities of Re-Os hydrocarbon geochronology beyond marine 

petroleum systems to lacustrine petroleum systems.  

3.5.2 Os isotope oil to source rock correlation  

3.5.2.1 Previous Green River petroleum system correlation studies 

The source of the Green River petroleum system is known to be the Green 

River Formation. However this unit is over 3000 m thick in places and made up of 

several fluctuating-profundal organic rich-members interbedded with marginal fluvial 

sandstone deposits (Carroll and Bohacs, 2001; Keighley et al., 2003; Smith et al., 2008). 

Thus there is a large diversity of source rock facies available for hydrocarbon 

generation and the exact units within the Green River Formation that are generating 
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oil are ambiguous (Anders et al., 1992; Ruble et al., 2001).  Oil-source rock correlation 

in these settings is complicated as multifaceted lacustrine facies can obscure maturity 

relationships usually distinguished by biomarkers (Ruble et al., 2001). However several 

correlation studies have been attempted (Tissot et al 1978; Anders et al., 1992; 

Hatcher et al., 1992; Ruble et al., 2001; Lillis et al., 2003). Source rock stratigraphy is 

said to control the composition of the oils and though the oil shales (e.g. the 

Mahogany Zone) are organic-rich, they are not considered the dominant source rock. A 

classic correlation study using biomarkers associated the oils with the basal Green 

River Formation (Tissot et al., 1978). Comparison of oils derived from hydrous pyrolysis 

experiments on units from the Uinta Basin with natural oils also found that the lower 

Green River Formation, namely the black shale facies (part of the Douglas Creek 

Member), to be the main source of oils generated in the Uinta Basin (Ruble et al., 

2001). Most studies agree on the lower Green River Formation being the main source 

rock facies, but others do allude to the Mahogany Zone having generated oil based on 

Rock-Eval generation models (Fouch et al., 1994).  While the oils and therefore the tar 

sands too, are sourced from predominantly the lower Green River Formation, gilsonite 

is sourced from the Mahogany Zone, this has been suggested based on infra-red 

spectra (Hunt et al., 1954), carbon isotopes (Schoell et al., 1994) and the observation 

that gilsonite veins are rooted in the Mahogany Zone beds (Verbeek and Grout, 1992). 

Other solid bitumen deposits are associated with different intervals of the Green River 

Formation and the depositional environment is thought to play a significant role in 

controlling what type of bitumen is produced (Hunt, 1963). Gilsonite is predominantly 

derived from an algal source consistent with high lake levels and organic production 

associated with the Mahogany Zone (Ruble et al., 1994; Schoell et al., 1994). 

Comparison of oil geochemical data with source rock geochemical data concluded that 

GRA hydrocarbons (most abundant oils and tar sands) are most likely derived from the 

black shale facies of the lower Douglas Creek Member whereas GRB hydrocarbons 

(some oils and all gilsonite) are derived from the Mahogany Zone (Lillis et al., 2003). 

However, even though these are still the main source units purported, it has also been 
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suggested that the Green River hydrocarbons reflect much more complex mixtures 

rather than two end-member types (Ruble et al., 2001). 

3.5.2.2 Os isotope correlation 

During hydrocarbon generation the Os isotopic composition of the source is 

transferred to the produced hydrocarbons (this study; Selby and Creaser, 2005a; Selby 

et al., 2005; Selby et al., 2007; Finlay et al., 2010, 2011, 2012; Rooney et al., 2012). This 

allows Os isotopes to be used as an oil source correlation tool. Oil-source 

fingerprinting using Os is based on the idea that the source 187Os/188Os composition at 

the time oil was generated (Osg) will be transferred to the oil and hence the oils initial 
187Os/188Os (Osi) should have the same composition as the Osg. Due to the lack of 

clarity in the Re-Os oil generation results, the age of oil generation is taken from most 

recent models which suggest it began at ~25 Ma, which is overlapped by the Re-Os 

ages produced in this study (Ruble et al., 2001). This age also represents an average 

age of generation from previous models (Fouch et al., 1994) and therefore is suggested 

to be the most accurate estimate of oil generation. The Osg and Osi are back calculated 

using the Re-Os isotopic compositions, the age of oil generation (25 Ma) and the 187Re 

decay constant (Smoliar et al., 1996). The exact age of oil generation is not pertinent to 

oil-source correlation using Os as the Osg and Osi will generally co-vary when 

calculated with changing oil generation ages and so correlation will still be accurate 

(see Fig. 3.5). Comparison of the Osi of the hydrocarbons to the Osg of various source 

rocks gives the potential to fingerprint the source rock.  For this study three Green 

River Formation source units from the Uinta Basin have been analysed as potential 

source rocks (Table 3.2; Cumming et al., 2012; Chapter 2). Two cores (CW1 and M16; 

Fig. 3.1) provide two sections of the lower Douglas Creek Member; one at the 

southwest edge of the basin and one in the central depocentre that has seen the most 

burial, and one section of the organic-rich oil shale the Mahogany Zone sampled from 

the central depocentre. The variation in the Osg of the source is related to the Osi of 

the sample originating from the composition of Os in the lake water column which is 

derived from weathering of the surrounding crust, the Re content of the sample and 
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the time since deposition (Cumming et al., 2012; Chapter 2). The large variation in Osg 

of the source (1.43 to 2.13) highlights that varying Os isotopic compositions are passed 

onto the hydrocarbons and therefore make precise hydrocarbon geochronology 

challenging. Certainly with generation moving up-section, the hydrocarbons likely 

present a mixture of sources which would account for the large variation seen in Osi, 

particularly in the oils (Osi = 1.44 to 1.78) and tar sands (Osi = 1.31 to 1.82). The lower 

variation in the gilsonite (Osi = 1.61 to 1.76) compared to the oils and tar sands, may 

reflect one source rather than a potential mixture of oils/sources for the oils and tar 

sands. This supports the idea that gilsonite was generated quickly from one source 

(Hunt et al., 1963; Verbeek and Grout, 1992). Solid bitumen deposits such as gilsonite 

have not been assessed using Re-Os before and so the effects on Re-Os systematics of 

the process of solidification of the gilsonite are not known (Hunt et al., 1963; Tetting, 

1984). Bitumen found in the Polaris Mississippi valley-type deposit was dated 

successfully using Re-Os (Selby et al., 2005), but this is interpreted to be a biodegraded 

residue of conventional crude oil (similar to the oil found in tar sands) rather than a 

solidified state (such as gilsonite). 

 

Figure 3.6: Osi histograms 
for the hydrocarbons and 
source rocks calculated at 
25 Ma. The different shades 
of grey (see key) show the 
different hydrocarbon types 
and different source rocks 
analysed. This gives an 
impression of which 
hydrocarbons were sourced 
from each unit sampled.  
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the GRA oils and tar sands is not conclusive from this study, but it would seem both 

the Douglas Creek Member (CW1) and the Mahogany Zone (CW1) are likely source 

units based on Os, or that the source may have originated in un-sampled strata 

between these two units. Based on previous studies, the GRA oils and tar sands should 

be sourced from the lower Green River Formation (Douglas Creek Member or black 

shale facies; Tissot et al., 1978; Fouch et al., 1994; Ruble et al., 2001; Lillis et al., 2003), 

however, they are geochemically complex rather than two end-member types and so 

the source rock may not be restricted to a specific interval. The Os data support this 

finding, therefore suggesting that Os isotopes provide a valuable means for oil-source 

correlation. The Os isotope fingerprinting tool may not be able to differentiate 

between complex lacustrine facies within the Green River Formation, but certainly the 

Os isotope composition is passed from source to hydrocarbons and can be used as a 

robust fingerprinting tool, despite biodegradation and unusual mechanisms of 

formation of solid bitumen (e.g. gilsonite).  

3.5.3 Hydrous Pyrolysis insights into Re-Os systematics 

3.5.3.1 Re-Os abundances and isotopic compositions of Hydrous Pyrolysis products 

Hydrous pyrolysis has previously been used to assess Re and Os transfer to oils 

in Type II-S and Type III marine kerogens (Rooney et al., 2012). The findings from their 

study demonstrated that >95% of Re and Os remain within the extracted rock implying 

that thermal maturation at oil generative levels does not result in significant transfer 

of Re and Os into liquid organic phases and that the majority of Re and Os are 

complexed within the kerogen fraction of an organic-rich rock.  Additionally, they 

found only minor variations in 187Re/188Os and 187Os/188Os ratios in the original rock, 

recovered rock and extracted rock from each experiment, suggesting that thermal 

maturation does not affect Re-Os systematics in organic-rich sediments of different 

maturities as seen in natural systems (Creaser et al., 2002; Kendall et al., 2004; Selby 

and Creaser, 2005b; Rooney et al., 2010). This study further corroborates these 

findings; only minor discrepancies in Re and Os abundances are recorded in the 
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original rock, recovered rock and extracted rock (Table 3.7) which are most probably 

due to natural variations seen in the different aliquots being used for analysis. This 

study also only sees <5% transfer of Re and Os into liquid organic phases from the 

source rock. The analysis of the extracted rock effectively represents analysis of the 

kerogen as the soluble bitumen has been removed and so the extracted rock contains 

only insoluble organic matter. Since the Re-Os digestion method preferentially digests 

organic matter only the kerogen will be analysed (Selby and Creaser, 2003; Kendall et 

al., 2004; Rooney et al., 2011). The finding that 187Re/188Os and 187Os/188Os ratios in the 

original rock and extracted rock, and the recovered rock and extracted rock from each 

experiment (Table 3.8) show only variations that are within uncertainty of each other 

provides evidence that Re and Os reside in the kerogen of a Type I lacustrine organic-

rich rock and that maturation does not affect the systematics and abundances of Re 

and Os in these source rock types. This allows us to conclude that Re-Os 

geochronology of Type I lacustrine kerogen is not adversely affected by hydrocarbon 

maturation, just as is seen in marine kerogens (Creaser et al., 2002; Selby and Creaser, 

2005a; Rooney et al., 2010, 2012; Cumming et al., 2012; Chapter 2).  

The experimental conditions for the hydrous pyrolysis experiments undertaken 

in this study are based on a previous study on the same samples where a series of 

experiments allowed peak bitumen and peak oil generation to be deduced (Ruble et 

al., 2001). These temperatures of 330°C and 360°C, respectively, were employed in this 

study to enable assessment of Re and Os transfer and systematics at peak bitumen and 

peak oil generation for the two different Green River source rocks. In this study it is 

found that there is limited transfer of Re and Os to the free oil or bitumen during high 

temperature (360°C) hydrous pyrolysis experiments and also that there is limited 

transfer to the free oil during the 330°C experiment. This was also reported by Rooney 

et al. (2012) and it was suggested that the kinetic parameters fundamental for the 

transfer of Re and Os to oils are not achieved during hydrous pyrolysis experiments at 

the high temperatures and short durations employed. The peak bitumen 330°C 

experiments, however, do see transfer of Re and Os to the bitumen fraction. They 
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contain ~2 orders of magnitude less Re and Os than the source rock, but roughly two 

orders of magnitude more than the bitumen in the 360°C experiments and the free oils 

from both experiments (Table 3.7). Rooney et al. (2012) found that both Re and Os 

concentrations in bitumen increase with rising bitumen generation, until substantial oil 

generation occurs (>300°C) when the bitumen is thermally decomposing to oil and/or 

pyrobitumen. This study mimics these findings as in the peak oil generation 

experiments (360°C) there is limited Re and Os in the extracted bitumen. This suggests 

that the Re and Os in the bitumen could be assimilated into pyrobitumen by cross-

linking reactions rather than transferring into the expelled oil during thermal cracking 

(Lewan, 1997; Rooney et al., 2012). This finding is also observed in V and Ni studies of 

hydrous pyrolysis products which found significant transfer to the bitumen but only 

minor amounts to the oils. The proportions of V to Ni stay the same indicating no 

preferential transfer of one element to another, suggesting they are bound in similar 

compounds (Lewan, 1980).  

Assessment of 187Re/188Os and 187Os/188Os ratios in the rocks and extracted 

bitumens allow the relative systematics of Re and Os transfer to be assessed (Table 

3.8; Fig. 3.3). Because of negligible abundances in the free oil these samples had large 

uncertainties (up to 100%) due to blank corrections and so are not reported. The 
187Re/188Os ratios show slight variation from original rock to recovered rock in the 

330°C experiment, but the 187Os/188Os ratios remain similar throughout, around 1.8 for 

the Mahogany Zone rocks and 1.6 for the black shale facies rocks. This suggests no 

appreciable disturbance to Os isotopic compositions in the rocks. In the naturally 

occurring bitumen extracted from the Mahogany Zone original rock both 187Re/188Os 

and 187Os/188Os ratios are higher than the original rock (427.4 to 596.0 and 1.768 to 

2.008, respectively), which is not observed in the black shale facies experiment. 

Rooney et al. (2012) saw a large increase in the bitumen 187Re/188Os ratios (more than 

doubling) from the original rock and a slight increase in the187Os/188Os ratios in 

hydrous pyrolysis experiments on the Phosphoria Formation.  This was interpreted to 

be due to preferential transfer of Re over Os into the bitumen giving high 187Re/188Os 
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facies. Overall, 187Re/188Os ratios tend to be decreasing in the bitumen relative to the 

original rock and then increasing slightly in the asphaltene of the expelled oil, which 

suggests some variation in the relative transfer of Re. The reason for the decrease in 
187Re/188Os ratios may be that Re is more tightly bound in a Type I kerogen (compared 

to Type II-S and Type III; Rooney et al., 2012) and less is transferred to the bitumen 

during thermal cracking as evidenced by the low values in the 187Re/188Os bitumen. 

However, when the free oil is generated, there is enough temperature/pressure for Re 

to be transferred, hence the higher 187Re/188Os ratios in the asphaltene. On the other 

hand, 187Os/188Os ratios are very stable throughout thermal maturation, with the only 

exception of the asphaltene of Mahogany Zone free oil that reduces to 1.52 from 1.76. 

This may relate to the asphaltene extraction as incomplete extractions have previously 

been suggested to affect the Re-Os systematics in asphaltenes derived from artificial 

experiments (Reisberg et al., 2008). The similarity of Os compositions throughout 

thermal maturation is also found in Type II-S and Type III kerogens (Rooney et al., 

2012) and confirms that Os can be a very useful correlation tool from oil to source as 

suggested in previous studies (Selby and Creaser, 2005a; Selby et al., 2007; Finlay et 

al., 2011, 2012; Rooney et al., 2012). The slight variation in both the 187Re/188Os and 
187Os/188Os in the Mahogany Zone (Fig. 3.3) may suggest that the two source rocks 

contain different organic compounds where Re and Os are held, yielding different 

systematics, exemplified by their greatly different abundances of Re (24.61 and 3.88 

ng/g for the Mahogany Zone and black shale facies, respectively) and Os (0.337 and 

0.161 ng/g for the Mahogany Zone and black shale facies, respectively). The Mahogany 

Zone and black shale facies are known to be contain variation in their kerogen and 

were deposited under different conditions (Castle, 1990; Tuttle and Goldhaber, 1993; 

Ruble et al., 2001; Smith et al., 2008). The concentration of the precursors of the 

compounds responsible for chelating Re and Os may be different as a result of 

different depositional settings. Metal enrichment in sediments is a complex process 

where many variables are concerned, including sedimentation rate, type of organic 

matter and depth of the oxic-anoxic transition (Lewan and Maynard 1982; Selby et al., 

2009; Rooney et al., 2012). The enigmatic chelating precursors of Re and Os may be 







Chapter 3                                                                Re-Os geochronology of the Green River petroleum system 

 

 
115 

expulsion product that is immature with thermal maturity equivalent to a vitrinite 

reflectance value of 0.5% Rm (Ander et al., 1992; Verbeek and Grout, 1992). The free oil 

from the peak oil experiments, interestingly, contains similar abundances to the lower 

abundance whole oils from the natural Green River petroleum system. This again 

reflects proportionality in transfer from the lower abundance sources to the free oil. 

These results suggest that the hydrous pyrolysis experiments are producing Re and Os 

abundances similar to the natural system and so may in fact be mimicking natural Re 

and Os transfer in a Type I lacustrine kerogen, unlike previous hydrous pyrolysis 

experiments (Rooney et al., 2012). This suggests that the kinetics achieved during 

hydrous pyrolysis of a Type I lacustrine kerogen allow Re and Os transfer and 

fractionation to occur in a similar fashion to natural Re and Os transfer.  

In order to compare this with another system that has been assessed from a 

natural generation and hydrous pyrolysis generation perspective, data for the 

Phosphoria Formation petroleum system were plotted on Figure 3.7. The hydrous 

pyrolysis data are taken from Rooney et al. 2012 and the natural oil data are taken 

from Lillis and Selby (in press). The Phosphoria petroleum system shows a trend similar 

to the Green River petroleum system although with slightly more scatter. The 

Phosphoria source rock has Re and Os contents an order of magnitude higher than the 

Green River Formation. The natural oil asphaltenes are only an order of magnitude less 

than the Phosphoria source rock and the whole oils (based on asphaltene contents) are 

only again an order of magnitude less than the asphaltenes. This signifies that the 

Phosphoria whole oils are only two orders of magnitude less enriched in Re and Os 

than the source, compared to four orders of magnitude less for the Green River 

petroleum system. This suggests that the higher abundance source is delivering higher 

levels of Re and Os to the oils and the higher asphaltene contents of the oils (Lillis and 

Selby, in press) means that they are proportionally more enriched than the Green River 

natural oils, suggesting that source abundance and asphaltene content are controlling 

factors in Re and Os enrichment of hydrocarbons. The products from the Phosphoria 

hydrous pyrolysis experiments show that the peak bitumen Re and Os contents are 
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only slightly higher than the whole oils, compared to over an order of magnitude 

higher in the Green River Formation experiments. In stark contrast to the Green River 

Formation hydrous pyrolysis experiments, the Re and Os contents of the Phosphoria 

asphaltene from the free oil at peak oil generation has one to two orders of magnitude 

less Re and Os than most of the natural Phosphoria whole oils. The whole oil values for 

the free oil cannot be calculated as the asphaltene contents are not known and the 

whole free oil contained no measurable Re or Os. The hydrous pyrolysis asphaltene is 

almost three orders of magnitude lower than the natural oil asphaltenes in the 

Phosphoria system. This indicates completely different systematics in the Phosphoria 

system compared to the Green River petroleum system and suggests that kerogen 

type may play an important role in Re and Os transfer to hydrocarbons. It certainly 

indicates that the transfer seen in the Green River Formation hydrous pyrolysis 

experiments may be mimicking the kinetics achieved in the natural system, whereas 

the kinetics in the Phosphoria Formation hydrous pyrolysis experiments do not 

(Rooney et al., 2012). Although kerogen cracking may be different between the two 

types and certainly affects Re and Os transfer during hydrous pyrolysis experiments, 

the Re-Os isotopic compositions remain similar throughout both sets of experiments. 

The similarity in 187Os/188Os compositions of the source rock and produced 

organic phases in the hydrous pyrolysis experiments provides strong support for 
187Os/188Os compositions as an oil-source correlation tool as has been employed in the 

natural Green River petroleum system for this study. In the hydrous pyrolysis 

experiments the Mahogany Zone source rock has an 187Os/188Os composition of ~1.8 as 

does the produced bitumen (Fig. 3.3). In the black shale facies the 187Os/188Os 

composition is ~1.6, the same as the produced bitumen and asphaltene from the free 

oil (Fig. 3.3). The majority of Os compositions of the natural oils and sources is ~1.6, 

which is comparable to the hydrous pyrolysis experimental products.  The similarity in 

compositions through the hydrous pyrolysis experiments shows that there is direct 

transfer of these isotopic compositions during oil generation and so the assumption 

that generated hydrocarbons will have the same Os isotopic composition as the source 
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at the time the hydrocarbons were generated is a correct assumption. This is strong 

evidence that the Os fingerprinting tool is robust and suggests that this tool can be 

successfully applied to multiple petroleum system types and with different 

hydrocarbons phases. 

 

 

Figure 3.7: Log-log Re and Os abundance graph for the Green River and 
Phosphoria natural and hydrous pyrolysis systems. The Phosphoria natural data 
is taken from Lillis and Selby (in press) and the hydrous pyrolysis data is taken 
from Rooney et al. (2012). The Re and Os abundances of the source rocks are 
calculated on a TOC basis so as to see relative transfer from kerogen to 
hydrocarbons. The green arrows show approximate transfer from the source to 
the natural oils and the hydrous pyrolysis free oil for the Green River Formation. 
The purple arrows show approximate transfer from the source to the natural oil 
asphaltene and the hydrous pyrolysis free oil asphaltene for the Phosphoria 
Formation. Asphaltene is compared for the Phosphoria system as there are no 
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values for the free oil derived from hydrous pyrolysis experiments as the 
abundances were too low to measure (Rooney et al., 2012). The figure shows 
that the Green River hydrous pyrolysis experiments mimic the natural system 
much better than the Phosphoria system, which would be even more 
exaggerated if data for the Phosphoria free oil was able to be compared. See 
key for sample details. GR = Green River; HP = hydrous pyrolysis; MZ = 
Mahogany Zone; BSF = black shale facies; UCC = upper continental crust 
(Peucker-Ehrenbrink and Jahn, 2001); PUM = primitive upper mantle (Becker et 
al., 2006). 

 

3.6. Conclusions 

This study presents Re-Os geochronology of hydrocarbons derived from the 

Green River petroleum system that broadly agrees with previous petroleum 

generation basin models (Ruble et al., 2001). This suggests that Re-Os hydrocarbon 

generation geochronology can be applied to variable hydrocarbon phases (oils, tar 

sands and gilsonite) derived from lacustrine Type I kerogen just as successfully as when 

it is used in marine petroleum systems (Selby et al., 2005; Selby and Creaser, 2005a; 

Selby et al., 2007; Finlay et al., 2011). However, in this case of the Green River 

petroleum system, the young age and long-term oil generation possibilities make 

interpretation of Re-Os geochronology challenging. The large uncertainties (Table 3.4) 

produced for the hydrocarbon Re-Os geochronology are derived from variation in the 

Osi of the Green River source rocks, which is transferred to the hydrocarbons during 

generation. This variation is due to it being a petroleum system with multiple 

generation events and multiple sources (within the ~3000 m thick Green River 

Formation; Fouch et al., 1994; Ruble et al., 2001) and therefore creating a mixture of 

Os isotope compositions in the produced hydrocarbons hampering Re-Os 

geochronology. When separating the samples based on Osi, the precision of the 

geochronology increases as well as when separating them based on organic 

geochemical properties. The Green River oils also have very low Re and Os abundances 

which hampers precise determinations of isotope compositions, and reduces the 
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precision of Re-Os geochronology. A fundamental aspect of precise Re-Os hydrocarbon 

geochronology therefore requires samples with abundances at least above average 

upper continental crust (Fig. 3.7) in order to allow accurate analyses and also for 

samples to be sourced from a discrete source unit which would transfer similar Os 

isotopic compositions.   

Oil to source fingerprinting using Os isotopes is also effective in lacustrine 

systems as exemplified by this study. The Osi values of ~1.6 for the gilsonite and GRB 

oils deduces their source as the Mahogany Zone which has an Osg value of ~1.6. The 

Osi also suggests the lower Douglas Creek Member (CW1) as the most probable source 

of the GRA oils and tar sands. These Os isotope fingerprinting results are consistent 

with previous correlation studies in the Green River petroleum system. The Douglas 

Creek Member from the M16 core has Osi higher than all the hydrocarbons (>1.7) and 

as it is from an area that is not buried sufficiently for oil generation, it is likely that this 

this unit has not generated oil. This illustrates the ability of Os isotopes to elucidate the 

spatial variations within a petroleum system.  

Hydrous pyrolysis experiments on the Green River Formation source rocks 

show that Re and Os transfer are mimicking the natural system unlike a previous study 

on the Phosphoria (Type II-S) and Staffin (Type III) Formations (Rooney et al., 2012). 

This transfer from source to bitumen to oil does not affect source rock systematics or 

Os isotopic compositions. This confirms that Os isotope compositions are transferred 

intact from source to hydrocarbon during hydrocarbon generation and so can be used 

as a powerful correlation tool. In addition these experiments further confirm that Re-

Os systematics in source rocks are not adversely affected by hydrocarbon maturation. 

Overall this study illustrates that the Re-Os hydrocarbon geochronometer and Os 

isotope fingerprinting tools can be used on a wide range of hydrocarbon phases 

sourced from variable kerogen types. Furthermore, hydrous pyrolysis experiments 

corroborate the findings from the natural system giving much stronger support for 

these tools.  
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understanding of sulphur isotope fractionation, a more direct assessment of the redox 

state of the terrestrial realm during the late Mesoproterozoic is clearly warranted. This 

study focusses on the Nonesuch Formation, deposited within the ~1100 Ma 

intracratonic Mid-Continent Rift System of central North America (Ojakangas et al., 

2001). Like the Torridon Group of NW Scotland, the Nonesuch Formation contains a 

rich record of eukaryotic life (Pratt et al., 1991; Strother and Wellman, 2010) and thus 

represents an ideal locality to assess possible links to early terrestrial oxygenation. To 

evaluate this system, Fe-S-C systematics are utilised to assess water column redox 

conditions, coupled with Re-Os geochronology to provide a depositional age for the 

Nonesuch Formation, and Os isotope systematics to yield insight into the nature of the 

depositional setting.  

4.2 Geological setting 

4.2.1 Stratigraphy and sedimentology 

The Mesoproterozoic Nonesuch Formation was deposited in the intracratonic 

Mid-Continent Rift System of central North America which reached >2000 km in 

length, with extension of <100 km due to rift failure as a result of the onset of the 

Grenvillian Orogeny to the east (Ojakangas et al., 2001). In the Lake Superior region, 

~30 km of volcanic and sedimentary rift-fill sequences make up the Keweenawan 

Supergroup, which comprises 20 km of predominantly flood basalts overlain by post-

rift fluvial and alluvial red beds of the Oronto and Bayfield Groups (Ojakangas et al., 

2001; Fig. 4.1). The Oronto Group consists of fluvial and alluvial volcaniclastics, with 

the exception of the Nonesuch Formation, a 40 to 200 m thick succession of organic-

rich grey to black siltstones and shales. Overlying the Oronto Group, the Bayfield 

Group is predominantly made up of fluvial and alluvial sandstones. Lacustrine and 

marginal lacustrine facies assemblages have been documented in the Nonesuch 

Formation (Elmore et al., 1989). The lacustrine assemblage consists of laminated dark 

shales, siltstones and minor carbonate laminites, and suggests deposition in a 

progressively shallowing perennial lake (Elmore et al., 1989). Bacterial and algal 
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organic matter accumulated in the lacustrine facies with seasonal carbonate laminites 

that are a product of precipitation of calcite through intense planktonic blooms 

(Elmore et al., 1989; Imbus et al., 1992). These carbonate laminations are interbedded 

with siltstone, mudstone and shale facies. The marginal lacustrine facies contains 

interbedded lithic sandstones, siltstones and mudstones and also sandstone-shale 

couplets interpreted to have been deposited on a sandflat-mudflat (Elmore et al., 

1989).  

 

Figure 4.1: A. Geological map of the Lake Superior region showing the location 
of the main Keweenawan Supergroup units. The Nonesuch Formation is 
situated between continental red-beds of the Copper Harbour Conglomerate 
and the Freda Sandstone and now outcrops on the southern shores of Lake 
Superior. B. Schematic stratigraphy of the Keweenawan Supergroup, showing 
depth variations for each unit. Locations of the Re-Os (1078 ± 24 Ma; this study) 
and U-Pb (1087.2 ± 1.6 Ma; Davis and Paces, 1990) ages are labelled. Figures 
adapted from Elmore et al. (1989) and Ojakangas et al. (2001). 

4.2.2 Current geochronology 

Geochronological constraints of the Keweenawan Supergroup are derived from 

U-Pb zircon ages of rift-related volcanics (Davis and Paces, 1990). An existing LA-ICP-
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continuously in a low angle southeast-dipping section along the river for ~200 m 

(Suszek, 1997). Upper and lower contacts are not directly exposed. There is a 

predominance of fine-grained siltstones and fine sandstones in coarsening upward 

sequences. The lower section of the Nonesuch Formation contains finely-laminated 

organic-rich siltstones and shales that were sampled ~30-40 m above the Copper 

Harbour Conglomerate. Samples of  ~100 g were taken at 1 m intervals for 12 m along 

a horizontal bed ~20 cm thick trending NE-SW (NS1 begins in the SW). Further 

sampling at 50 cm intervals between the NS1 samples provided an NS2 sample set. 

Outcrop samples in excess of 100 g were cut to remove any weathered material from 

the surface and polished to remove any metal contamination from the rock saw. 

Several samples were large enough (>150 g) to sub-divide into multiple parts which are 

regarded as individual samples e.g., A, B and C and do not refer to repeats. All samples 

were air-dried at 60 °C for 24 h before crushing to a powder (~30 µm) using a 

zirconium dish in a shatterbox which avoids metal contact. More than 30 g of sample 

was powdered to homogenize any Re and Os heterogeneity within the sample (Kendall 

et al., 2009a). 

Samples for Fe speciation and S isotopes were collected from drill core PI-1 

(drilled by the Bear Creek Mining Company) located in western Michigan near the 

shores of Lake Superior, west of the Big Iron River. Core PI-1 has a nearly complete 

section of the Nonesuch Formation including upper and lower contacts (Pratt et al., 

1991). Sampling encompasses the entire Nonesuch Formation starting at the contact 

with the Copper Harbour Conglomerate at 109.42 m, and including seasonal carbonate 

laminites in some samples. Samples of ~20 g were taken every ~2 to 3 m until a depth 

51.21 m.  

The Nonesuch Formation contains copper mineralisation at its base in the 

White Pine mine area, associated with faults (Mauk and Hieshima, 1992). In order to 

avoid sampling any mineralised zones, the White Pine mine area and heavily faulted 

beds were avoided. The Cu contents of the samples were also analysed (Table 4.2) in 

order to rule out any influence from the fluid flow driving Cu mineralisation. 
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uncertainty, to those reported by Rooney et al. (2010). The measured difference in 
185Re/187Re values for the Re standard solution and the accepted 185Re/187Re value 

(0.5974; Gramlich et al., 1973) is used to correct the Re sample data. Results and 

blanks are presented in Table 4.1.  

 

 Table 4.1: Re-Os isotope data for the Nonesuch Formation outcrop samples

Sample Re (ng/g) ± Os (pg/g) ± 187Re/188Os ± 187Os/188Os ± rho* Osi �•

NS1-11 1.74 0.01 54.12 0.59 256.7 3.0 5.137 0.071 0.746 0.65

NS1-6A 2.40 0.01 65.32 0.64 317.5 2.6 6.213 0.065 0.647 0.66

NS1-4A 1.53 0.01 42.67 0.51 305.0 4.3 6.000 0.093 0.801 0.67

NS1-1A 2.80 0.01 72.42 0.78 346.9 3.2 6.739 0.079 0.682 0.68

NS1-9A 1.79 0.01 49.53 0.58 309.0 4.0 6.075 0.089 0.783 0.67

NS1-8B 3.22 0.01 76.91 0.96 401.2 4.3 7.718 0.111 0.673 0.71

NS2-9B 4.48 0.01 109.07 1.19 389.4 3.5 7.534 0.087 0.669 0.73

NS1-2B 2.77 0.01 71.36 0.77 352.3 3.2 6.882 0.081 0.682 0.72

NS1-7C 1.90 0.01 53.89 0.61 297.6 3.6 5.923 0.083 0.764 0.72

NS2-9A 3.59 0.01 87.30 0.96 390.9 3.6 7.595 0.089 0.676 0.76

NS1-8A 2.66 0.01 67.29 0.78 363.7 4.2 7.124 0.096 0.754 0.77

NS1-3B 2.30 0.01 63.97 0.73 314.7 3.6 6.366 0.087 0.746 0.87

NS1-7A 1.81 0.01 54.07 0.73 281.3 5.3 5.803 0.114 0.845 0.89

NS1-2A 2.79 0.01 74.60 0.97 335.9 5.2 6.766 0.115 0.826 0.90

NS1-5B 1.49 0.00 44.75 0.62 279.1 3.8 5.773 0.109 0.687 0.89

NS2-5A 4.14 0.01 105.39 1.18 367.5 3.7 7.334 0.091 0.709 0.91
�
���5�K�R���L�V���W�K�H���D�V�V�R�F�L�D�W�H�G���H�U�U�R�U���F�R�U�U�H�O�D�W�L�R�Q���D�W�����1�����/�X�G�Z�L�J��������������

 

 

4.3.3 Iron Speciation, C, Al, Cu and S analytical methodology 

Iron speciation was determined via the sequential extraction technique of 

Poulton and Canfield (2005). This method extracts different operationally-defined Fe 

pools, including Fe carbonates such as siderite (Fecarb), ferric oxides such as goethite 

and hematite (Feox), and magnetite (Femag). These minerals define an Fe pool which is 
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 Table 4.2: Fe speciation, C, Al, Cu and S isotope data for the Nonesuch Formation core 
 and outcrop samples, ND = not determined
Sample Height Corg Al Cu FeT Fecarb Feox Femag Fepy FeHR FePRS �w34S 

i.d. (m) (wt.%) (wt.%) (ppm) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) ���Å��
  Core PI-1 samples

NS29 51.21 1.81 7.33 53.08 4.66 0.526 0.106 0.530 1.146 2.31 2.024 10.05
NS30 55.17 0.39 7.91 61.06 5.33 0.518 0.126 0.557 1.383 2.58 2.525 9.56
NS23 58.22 0.73 8.07 67.87 5.74 0.436 0.108 0.495 1.369 2.41 2.682 2.41
NS24 59.13 0.57 7.91 118.33 5.59 0.494 0.136 0.555 1.139 2.32 2.384 5.28
NS25 60.05 1.11 7.83 51.44 4.65 0.318 0.081 0.347 1.307 2.05 1.572 0.97
NS26 60.96 0.50 7.81 65.99 5.82 0.604 0.129 0.428 1.238 2.40 2.388 4.07
NS27 61.87 1.59 8.05 81.49 4.84 0.313 0.086 0.301 1.136 1.84 2.286 7.02
NS28 62.79 0.40 8.14 59.11 4.95 0.552 0.129 0.656 0.103 1.44 3.055 14.30
NS17 63.40 0.63 7.82 56.34 4.32 0.326 0.088 0.406 0.442 1.26 2.281 10.06
NS18 64.62 0.60 7.84 60.38 4.45 0.517 0.123 0.575 0.401 1.62 1.916 10.33
NS19 65.23 0.68 7.62 285.20 4.94 0.433 0.108 0.451 0.761 1.75 3.063 9.82
NS20 65.53 0.62 8.00 83.18 5.57 0.784 0.185 0.871 0.249 2.09 3.008 8.89
NS11 65.84 0.16 8.20 75.25 6.05 0.556 0.153 0.869 0.024 1.60 3.089 ND
NS21 66.14 1.45 7.34 82.02 4.46 0.432 0.100 0.417 1.210 2.16 1.551 -1.55
NS22 66.45 0.22 8.33 73.48 6.70 0.569 0.151 0.896 0.029 1.64 5.124 13.28
NS12 66.60 0.25 8.05 58.17 5.48 0.712 0.181 0.955 0.082 1.93 2.309 10.08
NS13 67.36 0.13 8.27 77.80 6.01 0.766 0.241 1.091 0.006 2.10 4.541 ND
NS14 68.12 0.11 7.54 80.83 5.27 0.644 0.262 0.908 0.012 1.83 2.741 ND
NS15 68.88 0.13 8.27 128.55 6.49 0.551 0.320 0.810 0.038 1.72 3.523 4.63
NS16 69.19 0.15 8.46 66.91 6.75 0.434 0.411 1.149 0.011 2.00 3.342 7.67
NS6 69.49 0.19 8.13 47.70 5.79 0.479 0.323 0.954 0.020 1.78 3.506 ND
NS7 70.41 0.14 8.40 220.97 7.85 0.967 0.246 1.296 0.019 2.53 5.670 6.41
NS8 71.32 0.44 7.56 14.84 3.95 0.284 0.085 0.421 0.190 0.98 1.906 -12.52
NS9 72.24 0.18 8.10 119.93 6.70 0.595 0.362 0.942 0.038 1.94 4.595 10.88
NS10 73.76 0.13 7.36 96.52 5.97 0.401 0.321 0.938 0.016 1.68 4.042 ND
NS1 75.59 0.47 8.04 111.11 7.84 1.116 0.514 1.598 0.009 3.24 1.336 6.55
NS2 75.90 0.17 8.44 110.43 7.76 0.771 0.422 1.494 0.038 2.72 4.743 8.01
NS3 76.50 0.13 7.89 125.79 7.07 0.634 0.325 0.937 0.022 1.92 4.832 ND
NS4 77.11 0.17 7.88 129.87 6.00 0.732 0.457 1.270 0.022 2.48 3.510 8.86
NS5 77.72 1.11 8.36 104.69 7.29 0.692 0.426 1.817 0.015 2.95 3.997 10.39
NS31 79.25 0.14 7.90 101.64 7.99 0.588 0.267 1.058 0.084 2.00 4.076 9.94
NS32 81.08 0.14 7.97 79.87 6.55 0.541 0.311 0.905 0.058 1.81 2.791 7.68
NS33 81.38 0.13 8.14 166.05 7.36 0.552 0.283 1.030 0.042 1.91 5.043 7.23
NS34 87.17 0.32 7.02 51.79 5.19 0.486 0.124 0.627 0.319 1.56 2.162 9.54
NS35 87.48 0.53 5.42 88.40 4.02 0.452 0.099 0.332 0.942 1.83 1.289 9.99
NS36 89.92 1.00 7.29 56.94 5.22 0.652 0.142 0.505 0.684 1.98 2.885 10.30
NS37 90.53 0.22 7.55 81.46 5.24 0.459 0.129 0.495 0.094 1.18 3.712 ND
NS38 95.10 0.05 5.35 816.88 6.66 0.704 0.572 1.210 0.016 2.50 4.689 6.36
NS39 97.54 0.88 7.94 1996.29 7.56 0.607 0.391 0.950 0.044 1.99 4.641 16.06
NS40 99.36 0.22 7.84 5208.63 5.74 0.431 0.232 0.865 0.109 1.64 3.751 -2.29
NS41 103.63 0.17 6.80 5393.00 5.15 0.333 0.344 0.518 0.110 1.30 2.697 28.70
NS42 105.46 0.07 7.79 182.71 7.35 0.195 1.261 0.854 0.001 2.31 3.549 ND
NS43 106.68 0.99 7.41 76.78 7.37 0.062 3.301 0.579 0.001 3.94 2.319 ND
NS44 109.42 0.13 7.66 59.75 7.57 0.033 2.926 0.745 0.001 3.70 3.144 ND

  Outcrop samples
NS1-4A 0.40 3.84 72.18 2.29 0.276 0.044 0.162 0.648 1.13 ND 14.70
NS1-8A 0.69 4.86 118.22 3.00 0.271 0.064 0.219 0.902 1.46 ND 14.81
NS2-5A 1.06 5.34 80.54 3.47 0.428 0.069 0.295 1.115 1.91 ND ND
NS1-8B 0.79 4.93 72.76 2.99 0.307 0.071 0.155 0.727 1.26 ND ND
NS1-5B 0.44 4.38 73.45 2.58 0.273 0.047 0.191 0.883 1.39 ND ND
NS1-6A 0.59 4.53 134.00 2.82 0.227 0.046 0.201 0.747 1.22 ND 14.60
NS1-9A 0.46 4.73 62.50 2.79 0.276 0.044 0.192 0.864 1.38 ND ND
NS1-2A 0.67 4.65 78.40 2.92 0.265 0.070 0.215 0.776 1.32 ND ND
NS1-1A 0.68 4.61 79.04 2.88 0.257 0.049 0.211 0.809 1.33 ND 13.50
NS1-3B 0.64 4.73 189.53 2.91 0.303 0.062 0.234 0.783 1.38 ND ND
NS2-9B 0.86 7.10 73.23 5.98 0.394 0.100 0.283 1.329 2.11 ND ND
NS1-11 0.62 8.00 45.01 5.57 0.784 0.185 0.871 0.249 2.09 ND ND

NS2-9A 0.83 7.15 72.99 5.91 0.509 0.106 0.338 1.255 2.21 ND ND
NS1-7A 0.75 4.52 39.20 3.80 0.380 0.071 0.231 0.953 1.63 ND ND
NS1-7C 0.88 4.85 42.32 3.81 0.403 0.077 0.257 0.947 1.68 ND ND
NS1-2B 0.71 3.77 34.35 3.43 0.287 0.089 0.215 0.765 1.36 ND ND

 Sample split into light (L) and dark (D) sections
NS31 L 79.25 ND ND ND 5.280 1.053 0.558 0.890 0.020 2.521 2.364 ND
NS31 D 79.25 ND ND ND 9.180 1.151 0.754 1.355 0.030 3.289 5.283 ND
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4.4.2 Redox conditions 

4.4.2.1 Fe speciation 

Water column redox conditions during deposition of the Nonesuch Formation 

were evaluated using Fe speciation. Modern and ancient sediments deposited under 

anoxic conditions commonly have FeHR/FeT ratios >0.38, in contrast to oxic depositional 

conditions, where ratios are consistently below 0.22 (Poulton and Canfield, 2011). 

About 40% of drill core samples (Fig. 4.4), and all outcrop samples (Table 4.2), were 

clearly deposited from an anoxic water column with FeHR/FeT >0.38, while others fall 

within the equivocal range (FeHR/FeT = 0.22 - 0.38). These equivocal samples may 

reflect the masking of water column FeHR enrichments due to rapid sedimentation or 

transformation of non-sulfidized FeHR to clay minerals during burial diagenesis or 

metamorphism (Poulton and Raiswell, 2002; Poulton et al., 2010). The latter possibility 

can be evaluated by considering Fe/Al ratios (Fig. 4.4), whereby significant enrichments 

in Fe relative to both average shale (Lyons and Severmann, 2006) and typical oxic 

lacustrine sediments (e.g., Kemp and Thomas, 1976; Fagel et al., 2005) throughout the 

Nonesuch Formation provide strong evidence for anoxic depositional conditions. Post-

depositional loss of FeHR can also be assessed through an extraction that targets Fe 

associated with clay minerals (termed poorly reactive silicate Fe; FePRS) (Poulton et al., 

2010). Extreme enrichment in FePRS in the Nonesuch Formation (FePRS/FeT values are 

well above the modern and Phanerozoic averages; Fig. 4.4; Poulton and Raiswell, 2002) 

suggests that significant loss of FeHR through authigenic clay mineral formation was 

responsible for reducing original depositional FeHR/FeT ratios (Poulton et al., 2010), 

supporting anoxic deposition for all Nonesuch Formation samples. For samples 

showing evidence of anoxic deposition, the extent to which the FeHR pool has been 

pyritized (Fepy/FeHR) can then distinguish euxinic (Fepy/FeHR >0.7 - 0.8) from ferruginous 

(Fepy/FeHR <0.7 - 0.8) depositional conditions (Poulton and Canfield, 2011). All of the 

Nonesuch Formation samples have FePy/FeHR ratios well below the euxinic threshold 

(Fig. 4.4), indicating anoxic ferruginous depositional conditions throughout and thus 

refuting the suggestion of a possible euxinic depositional setting (Imbus et al., 1992).  
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Figure 4.4: Geochemical 
profiles for the 
Nonesuch Formation 
core samples. For the 
FeHR/FeT and FePy/FeHR 
graphs the dashed lines 
show the fields for oxic 
or anoxic deposition 
and ferruginous or 
euxinic deposition, 
respectively (Poulton 
and Canfield, 2011). On 
the FeT/Al graph the 
dashed line represents 
average anoxic shale 
(Lyons and Severmann, 
2006). On the FePRS/FeT 

graph the dashed lines 
represent modern 
(Raiswell and Canfield, 
1998) and Phanerozoic 
(Poulton and Raiswell, 
2002) averages. CHC 
stands for Copper 
Harbour Conglomerate. 
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of sulphur isotope fractionation even if oxidative sulphur cycling and 

disproportionation reactions were prevalent (Canfield and Raiswell, 1999). This is 

consistent with multiple (32/33/34S) sulphur isotope systematics in marine sediments, 

which suggest that microbial sulphur disproportionation was prevalent by at least 1.3 

Ga (Johnston et al., 2005), but was only manifest in the major (32/34S) sulphur isotope 

record after a later Neoproterozoic rise in atmospheric oxygen led to a significant 

increase in seawater sulphate concentrations (Canfield and Teske, 1996). Thus, rather 

than reflecting high sulphate concentrations (Hieshima and Pratt, 1991) potentially 

attributable to extensive oxygenation of the continents under high atmospheric 

oxygen, Fe-S-C systematics in the Nonesuch Formation suggest low sulphate 

concentrations, ferruginous conditions and only modest atmospheric oxygenation. 

In light of this, the sulphur isotope data for the Stoer and Torridon Groups may 

reflect either an unusually sulphate-rich environment that allowed maximum 

expression of sulphur isotope fractionations (Parnell et al., 2010), or the preservation 

of large sulphur isotope fractionations through bacterial sulphate reduction alone 

(Canfield et al., 2010; Sim et al., 2011). Thus, while it remains possible that sulphur 

isotope systematics in the Torridon and Stoer Groups may be providing an early record 

of terrestrial oxygenation; the redox and sulphur isotope data for the Nonesuch 

Formation suggest that early terrestrial oxygenation was not a pervasive feature of the 

localities that preserve evidence for diverse eukaryotic life. Instead, the redox 

characteristics display strong similarities to the marine realm (Poulton and Canfield, 

2011), implying that in terms of water column and atmospheric oxygenation, 

terrestrial environmental conditions were likely no more pre-disposed towards 

eukaryote evolution than shallow marine environments. It is suggested that the 

identification and detailed redox evaluation of other late Mesoproterozoic terrestrial 

sediments should be a priority in order to more precisely evaluate potential links 

between the redox evolution of aquatic systems and the rich terrestrial biological 

record. 
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interbedded U-Pb and Ar-Ar tuff geochronology. The Re-Os dates for the two Douglas 

Creek Member sections provide the most precise dates (49.2 ± 1.0 Ma and 48.7 ± 0.6 

Ma) although the precision of the ages are controlled by the degree of variability of the 

initial 187Os/188Os composition within the sampled intervals. The Mahogany Zone gives 

the most imprecise age (47.8 ± 9.9 Ma) related to a small spread in 187Re/188Os values, 

which are comparable to those seen in some marine systems (e.g. Turgeon et al., 

2007). Because the same problem of limited spread in 187Re/188Os values is found in 

marine systems (Turgeon et al., 2007; Selby et al., 2009), it is suggested that there is a 

fundamental aspect of Re-Os geochronology (specifically Re-Os fractionation between 

the water column and the host organic matter) that is not fully understood in both 

lacustrine and marine systems.   

Assessment of Re-Os systematics by comparison to organic geochemical 

parameters derived from Rock-Eval pyrolysis suggests that the controls on Re and Os 

fractionation within organic-rich sedimentary rocks are complex. In this case controls 

are related to depositional environment (proximal lake shore versus distal lake centre) 

and organic matter type (terrestrial versus algal). However, the relationship of Re and 

Os to oxygen index (measure of oxygen content of kerogen) suggests there appears to 

be a threshold below which enrichment and fractionation are optimal. This data 

highlights the importance of understanding the chelating precursors of Re and Os in 

organic matter. We currently do not have strong constraints on where Re and Os are 

held within organic matter. Most studies suggest them to be held in porphyrins similar 

to Ni and V (Lewan and Maynard, 1982; Miller, 2004; Selby et al., 2007; Rooney et al., 

2012), but this is still an area of research that needs to be more fully addressed as Re 

and Os do not always behave in the same manner as Ni and V.  Oxygen index is a proxy 

for the atomic O/C ratio, so in order to investigate this link further, studies comparing 

Re-Os and atomic O/C could be a starting point. However, most crucial is the ability to 

separate organic matter into its components and assess Re and Os abundances and 

fractionation in each one and hence define the chelating precursors of Re and Os. 

However, there currently does not exist a method to do this without disturbing Re-Os 

systematics, so this is an urgent area of research.  
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It is clear from this study that the main controls on Re and Os uptake and 

fractionation will require more studies to pin down, but I think it is important to 

highlight one other aspect. That is the relationship of Re and Os with organic matter, 

particularly prior to sequestration within an organic-rich unit. We currently have 

limited knowledge of how Re and Os relate to the biological cycle and whether this has 

any impact on where and why it is held in kerogen. Both elements are generally 

thought to be unrelated to the biological cycle (Crusius et al., 1996). However, this 

study suggests that the type of organic matter (algal versus terrestrial) has a bearing 

on Re-Os fractionation, and so it is essential that these areas are investigated further in 

order to further our knowledge of the Re-Os organic-rich sedimentary rock 

geochronometer.  

In addition to geochronology, this study highlights the initial 187Os/188Os 

composition (1.41 - 1.54) of lake water at the time of deposition derived from Re-Os 

data of these lacustrine organic-rich sedimentary rocks. This can be used to determine 

the geochemical signature of continental runoff into lake basins, derived from 

weathering of the geological hinterland of the Green River Formation. Firstly, this is a 

potential tool to distinguish between marine and lacustrine sediments when seawater 
187Os/188Os is well characterised (Chapter 2; Poirier and Hillaire-Marcel, 2011). 

However, in order for this method to be accurate throughout geological time, the 

seawater Os isotope curve needs a huge amount more work particularly pre-Cenozoic, 

where most constraints are limited by individual geochronological studies. The critical 

difference between Os isotope stratigraphy and other chemostratigraphic tools is that 

the Re-Os geochronometer can provide direct age constraints giving much higher 

confidence in global correlations. Secondly, Os isotope stratigraphy of lacustrine 

successions can be applied to understanding fluctuations in continental climatic, 

tectonic and magmatic regimes through its record of runoff. An area of research that 

would be very interesting would be to make further assessments of the Os 

composition of runoff into lake basins through geological time. Currently we have no 

means of assessing the Os composition of runoff throughout history and so it can be 

difficult to make inferences on the causes of variations in the Os isotope composition 
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of seawater. A more complete picture of runoff Os composition would aid this 

research, but would need to be cautious to take into account individual catchments 

and their relation to global scale dynamics. 

This study has demonstrated that the Re-Os geochronometer can be 

successfully applied to lacustrine organic-rich sedimentary rocks, providing a valuable 

tool for determining the direct depositional history of lacustrine systems and 

furthermore, for understanding and correlating continental geological processes. 

Lacustrine sedimentary successions provide exceptionally high-resolution records of 

continental geological processes, responding to tectonic, climatic and magmatic 

influences. These successions are therefore essential for correlating geological and 

climatic phenomena across continents and furthermore the globe.  

5.2 Re-Os geochronology, Os isotope fingerprinting and hydrous 

pyrolysis of the Green River petroleum system 

This chapter details Re-Os systematics and geochronology for the Green River 

petroleum system hydrocarbons in the Uinta Basin, including oils, tars sands and 

gilsonite. The Re-Os geochronology derived from all the hydrocarbons of the Green 

River petroleum system (19 ± 14 Ma) broadly agrees with the most recent petroleum 

generation basin models (25 Ma; Ruble et al., 2001). However, a long and variable 

generation history and a very thick source unit (>3000 m) has made Re-Os 

geochronology challenging. Previous studies have suggested that a fundamental aspect 

of precise Re-Os hydrocarbon geochronology requires samples to be sourced from a 

discrete source unit that will transfer similar Os isotopic compositions to the 

hydrocarbons (Lillis and Selby, in press).  This then allows deduction of precise 

isochrons as they will have started with similar initial Os isotopic compositions (Osi). 

This study corroborates these findings. The large uncertainties produced for the Green 

River hydrocarbon Re-Os geochronology are clearly derived from variation in the Osi of 

the Green River source rocks, which is transferred to the hydrocarbons during 

generation. The Green River Formation has experienced multiple generation stages 
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River Formation (Type I) and whether kerogen type is a major controlling factor in Re-

Os geochemistry.  

This study has successfully demonstrated that Re-Os hydrocarbon 

geochronology and Os isotope fingerprinting can be applied to variable petroleum 

systems and hydrocarbon types, whether they are biodegraded or not. This is 

particularly important to the petroleum industry where smaller and more unusual 

plays are being explored much more frequently and so inorganic tools for elucidating 

the nature of these systems are of utmost importance.  

5.3 Re-Os geochronology and Fe speciation of the Nonesuch Formation 

This chapter involves dating the late Mesoproterozoic lacustrine Nonesuch 

Formation in order to assess Re-Os geochronology in more complex lacustrine systems. 

This North American rift succession only contains geochronology in the volcanics 

associated with rifting; the overlying post-rift sediments contain no age constraints. 

The most precise Re-Os depositional date is 1078 ± 24 Ma for samples with similar Osi, 

which agrees with the underlying U-Pb ages. There is a large variation in Osi in the 

Nonesuch Formation as well as a low range in 187Re/188Os ratios, which hamper 

geochronology. This is similar to geochronology of some of the Green River Formation 

units (Chapter 2) and may suggest that lacustrine depositional systems have an effect 

on Re-Os fractionation. Certainly in these systems it may be possible that the residence 

time of Os is lower than the ocean and so changes in the inputs of Os are more easily 

recorded in the sediments. However this would require further research of several 

different lake systems in order to try to quantify the variation in residence time of Os 

that occurs in a lake. In order to explain the homogeneity in 187Re/188Os ratios, an 

increased understanding of the influences on Re-Os fractionation is required as 

highlighted in section 5.1. 

In this study I also use Os isotopes to gain a better understanding of the 

depositional setting providing an appraisal for this technique defined in chapter 2. The 

arguments against a lacustrine environment of deposition for the Nonesuch Formation 
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are weak, but here we assess the depositional setting using Os. The Os composition is 

compared to two studies of marine systems at this time that have Osi of ~0.3 (Azmy et 

al., 2008; Rooney et al., 2010). As these are the only studies from this time period, we 

extrapolate that the marine Os value is not likely to have deviated much from this 

value. Because the Nonesuch Formation has consistently more radiogenic Osi values 

(0.65 to 0.91), we suggest that it is a lacustrine signal derived from input from the 

surrounding continental crust, making it more radiogenic than seawater and so arguing 

against an influx of seawater that would likely overcome this value. These conclusions 

would greatly benefit from better constraints on the seawater Os isotope curve as well 

as the residence time of Os in lakes (as discussed in section 5.1).  

The Fe speciation technique is also employed during this study to assess the 

water column redox conditions of the lake during deposition of the Nonesuch 

Formation. A significant body of evidence suggests that the marine environment 

remained largely anoxic throughout most of the Precambrian. In contrast, the 

oxygenation history of terrestrial aquatic environments has received little attention, 

despite the significance of such settings for early eukaryote evolution. The Fe 

speciation technique allows distinction between euxinic (H2S-bearing) and ferruginous 

conditions (Fe-rich). The Fe-S-C systematics for the Nonesuch Formation suggest that it 

was deposited from an anoxic ferruginous water column. Thus, similar to Mid-Late 

Proterozoic oceans, anoxia persisted in terrestrial aquatic environments, and euxinic 

water column conditions were apparently not widespread. This new data refutes 

suggestions that oxygenation of the terrestrial realm was pervasive based on S 

isotopes alone (Parnell et al., 2010). Therefore, oxygenation of the terrestrial realm 

may not have preceded that of the marine environment, signifying a major 

requirement for further investigation of links between the oxygenation state of 

terrestrial aquatic environments and eukaryote evolution. This area of research 

requires further redox studies of these environments to establish how and when they 

became oxygenated. 
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