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Definition

Utilization of the rhenium–osmium (Re–Os) radioisotope geochronometer to (1) determine the
depositional age of organic-rich rocks (ORR), (2) establish the Os isotope (187Os/188Os) compo-
sition of sedimentary successions, and (3) date the timing of hydrocarbon (oil) generation related to
thermal maturation of an organic-rich sedimentary rock.

Introduction

The first application of the Re–Os isotope geochronometer to ORR demonstrated that the Re–Os
data, although imprecise, could yield the depositional age of sedimentary successions (Ravizza and
Turekian 1989), a remarkable outcome given the analytical challenges and data uncertainties at the
time. Today, utilizing new analytical and mass spectrometry techniques (see below) and the most
accurate 187Re decay constant (1.666 � 10�11 year�1; Smoliar et al. 1996) has permitted the
determination of precise (in some cases �1 % uncertainty) depositional ages for ORR that possess
�0.5 wt% total organic carbon (TOC) (e.g., Cohen et al. 1999; Georgiev et al. 2011; Kendall et al.
2009a; Selby and Creaser 2005a; Xu et al. 2009; Cumming et al. 2012). These studies have
provided the foundation to apply the Re–Os organic-rich sedimentary rock geochronometer to
yield ages throughout geological time for stratigraphic boundary intervals and major Earth events
(e.g., rise of oxygen, Proterozoic glaciations etc.; Selby and Creaser 2005a; Selby 2007; Anbar
et al. 2007; Xu et al. 2009; Rooney et al. 2011; Yang et al. 2009).

Rhenium–osmium geochronology of ORR utilizes the isochron method, which yields the initial
Os isotope composition (187Os/188Os) for the sampled unit, taken to represent the 187Os/188Os
composition of the water column at the time of deposition (Ravizza and Turekian 1989; Cohen
et al. 1999; Peucker-Ehrenbrink and Ravizza 2000, 2012).

In addition to ORR, hydrocarbon products of such matured rocks, for example, crude oil and
bitumen, have been shown to also be enriched in both Re and Os at the ppb and ppt level,
respectively (Barre et al. 1995; Woodland et al. 2001; Selby and Creaser 2005b; Selby et al.
2007; Finlay et al. 2011). The hydrocarbon Re–Os isotope data from several petroleum systems has
shown that Re–Os systematics of hydrocarbons can provide the timing of petroleum generation
from an oil source rock (Selby et al. 2005; Selby and Creaser 2005b; Finlay et al. 2011), with the
initial 187Os/188Os value derived from Re–Os hydrocarbon data interpreted to reflect the
187Os/188Os inherited from the source rock at the time of petroleum expulsion (Selby and Creaser
2005b; Rooney et al. 2012).
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Methodology: Analytical Protocol and Sampling

Since the pioneering application of the Re–Os chronometer to dating of ORS (Ravizza and
Turkeian 1989), significant analytical advancements in digestion methods, chemical purification,
and mass spectrometry have permitted the determination of precise Re–Os data. Current methods
employ analysis of an aliquot of ground organic-rich rock digested in either inverse aqua regia
(3:6 ml mix of concentrated HCl:HNO3) or 8 ml of 4 N H2SO4 with 0.25 g/g CrO3 along with
a known amount of isotope tracer solution (185Re + 190Os) in a Carius tube at 220�C for 48 h
(Cohen et al. 1999; Selby and Creaser 2003). The use of the CrVI–H2SO4 digestionmethod has been
shown to limit the release of detrital Re and Os from organic-rich rock matrices and as a result
reduce the scatter about the line of an isochron (Selby and Creaser 2003; Kendall et al. 2004). The
inverse aqua regia medium is used for the digestion of hydrocarbons, such as asphaltene and
bitumen. Osmium from the acidic solution is typically isolated and purified by solvent extraction
(CCl4 or CHCl3) and microdistillation (Cohen et al. 1999; Selby and Creaser 2003; Selby et al.
2007). The Os extracted acidic solution is then used to isolate and purify the Re fraction of the
sample. This is achieved by solvent extraction methods and anion chromatography (Selby and
Creaser 2003; Chen et al. 2010). The isotope compositions of the purified Re and Os fractions are
commonly determined by negative thermal ionization mass spectrometry (Creaser et al. 2002 and
references therein).

Re–Os organic-rich rock geochronology requires samples that have not been significantly
affected by postdepositional 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 minimize any postdepositional mobilization
of Re and Os (Kendall et al. 2009a). The application of the isochron method for geochronology
requires two principal criteria: (1) the sample set possesses the same or near-identical initial
187Os/188Os, but has varied parent/daughter ratios (187Re/188Os), and (2) the isotope systematics
is not disturbed. At this time, there is no proxy to determine if a section will have both homoge-
neous initial 187Os/188Os and variable 187Re/188Os (cf. Turgeon et al. 2007; Cumming et al. 2012).
A review of sampling protocols employed in various studies suggests intervals ranging from a few
centimeters to several meters can be used to produce precise ages, with at least 20 g of powdered
sample required to achieve sample Re–Os homogeneity (cf. Creaser et al. 2002; Kendall et al.
2009a).

Hydrocarbon Re–Os geochronology analysis utilizes either the asphaltene isolated from crude
oil or bitumen (Selby et al. 2007). To date, sampling from wells across an oil field has provided
Re–Os data sets that have given valuable age information to determine the timing of hydrocarbon
generation (Selby et al. 2005; Selby and Creaser 2005b; Finlay et al. 2011; Lillis and Selby 2013).

Organic-Rich Rocks: Rhenium–Osmium Geochronology and Systematics

Rhenium and Os are organophilic, enabling the uptake of hydrogenous Re and Os into organic
matter during deposition of ORS (Ravizza and Turekian 1989; Cohen et al. 1999; Selby and
Creaser 2003). The Re and Os concentrations in marine and lacustrine ORS range from average
upper-crustal abundances (0.2–1 ppb Re and 30–50 ppt Os; e.g., Peucker-Ehrenbrink and Jahn
2001) to several hundred ppb/ppt of Re and Os, respectively (e.g., Baioumy et al. 2011; Cohen et al.
1999; Creaser et al. 2008; Georgiev et al. 2011; Rooney et al. 2010; 2011; Poirier and Hillaire-
Marcel. 2011; Cumming et al. 2012). Although organophilic, Re and Os abundances do not always
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correlate to TOC despite the majority of these metals being held within the kerogen (Rooney et al.
2010, 2012; Cumming et al. 2012).

From the first Re–Os ORR study (Ravizza and Turekian 1989), numerous studies have reported
accurate and precise Re–Os depositional ages of organic-rich marine and lacustrine sedimentary
units (e.g., Cohen et al. 1999; Creaser et al. 2002; Cumming et al. 2012; Turgeon et al. 2007;
Rooney et al. 2011; Xu et al. 2009). Studies also indicate that hydrocarbon maturation and/or low-
grade metamorphism does not appreciably disturb the Re–Os systematics (Kendall et a. 2004;
Rooney et al. 2010, 2011, 2012; Yang et al. 2009). In contrast to studies yielding highly precise
Re–Os ages, the Re–Os data for the Aptian/Albian, Cenomanian/Turonian, and Frasnian–-
Famennian stage boundaries give accurate, but imprecise ages (Turgeon et al. 2007; Selby et al.
2009). This imprecision 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. The lack of spread is considered to be due to exhaustion of the Re reservoir due to
increasing anoxia leading up to the Frasnian–Famennian boundary (Turgeon et al. 2007). However,
no correlation is evident between redox conditions and 187Re/188Os values of ORS (Selby et al.
2009). Alternatively, organic matter type may control Re–Os fractionation in ORS (Cumming et al.
2012; Harris 2012).

Rhenium–Osmium Hydrocarbon Geochronology and Systematics

Petroleum exploration is often hampered by the lack of spatial and temporal controls on hydro-
carbon formation. Traditionally, dating the timing of hydrocarbon generation involves basin
modeling using estimated parameters (e.g., Ruble et al. 2001). Therefore, knowing the absolute
age of petroleum generation provides vital constraints for elucidating petroleum maturation and
migration. A pioneering study (Selby et al. 2005) provided evidence of the ability of the Re–Os
hydrocarbon geochronometer by yielding an accurate age for bitumen (374.9 � 9 Ma) from the
Polaris Mississippi-Valley-type deposit, Canada, that was in agreement with paleomagnetic and

Rb–Sr sphalerite age constraints for mineralization. Further to this, the Re–Os geochronometer has
also been applied to the tar sands of the Western Canadian Sedimentary Basin and provided an
accurate age (112 � 5.3 Ma) for the timing of hydrocarbon generation, suggesting that Re–Os
hydrocarbon geochronology records the age of oil generation (Selby and Creaser 2005b).
A subsequent Re–Os study of oils from the UK Atlantic margin oil fields provided a Re–Os
generation age of 68 � 13 Ma that agrees with basin models and Ar–Ar ages for K-feldspars
bearing oil-rich fluid inclusions and demonstrated that the Re–Os hydrocarbon systematics is
unaffected by biodegradation (Finlay et al. 2011).

Both Re and Os in hydrocarbons have been shown to be held in the heavy molecular fraction of
oil (asphaltene) and suggested to reside within metalloporphyrins similar to Ni and V or
heteroatomic ligands due to their abundance in asphaltene. The asphaltene fraction is shown to
possess the same isotopic compositions to that of the whole oil. This study advanced the analytical
application of this tool as the separation of asphaltene for Re–Os analysis allows much higher
abundances to be analyzed, yielding more precise Re–Os data (Selby et al. 2007).

Oil-to-source correlation is most commonly carried out by using carbon isotopes and/or bio-
markers, but these methods can be hampered by biodegradation as they rely on the light fractions of
oil that are removed by biodegradation (Peters et al. 2005). The initial 187Os/188Os value derived
from the Re–Os hydrocarbon data is interpreted to reflect the 187Os/188Os inherited from the source
rock at the time of petroleum expulsion (Selby and Creaser 2005b; Selby et al. 2005, 2007; Finlay
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et al. 2011, 2012). The reliability of Os as an oil-to-source fingerprinting tool was further
corroborated experimentally (Rooney et al. 2012). This involved artificial maturation of the source
rocks coupled with Re–Os analysis of the original rocks and the products derived from the hydrous
pyrolysis experiments in order to assess transfer of Re and Os from source to oil. 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.

Although the petroleum Re–Os systematics is not appreciably disturbed, biodegradation studies
have indicated that the systematics can be affected by the interaction of mantle fluids (Finlay et al.
2011) and TSR (Lillis and Selby 2013). These studies demonstrated the importance of Os in
understanding crustal-scale fluid dynamics, oil migration pathways, and Re–Os hydrocarbon
systematics.

Summary

Rhenium–osmium analysis of marine and/or lacustrine ORR permits the age of deposition of the
sediment to be established. This method also yields the osmium isotope composition of the water
column associated with the deposition of the sediment. The Re–Os systematics of ORR is not
disturbed by processes associated with oil generation and/or low-grade metamorphism.
Rhenium–osmium analysis of oil generated and migrated from ORR has been shown to yield the
timing of hydrocarbon maturation. Further the petroleum Os isotope data have been shown to be
a potentially powerful tool to aid in fingerprinting an oil-to-source ORR.
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