
Durham E-Theses

Re-Os geochronology and geochemistry of Proterozoic
sedimentary successions

ALAN ROONEY

How to cite:

ROONEY, ALAN (2011) Re-Os geochronology and geochemistry of Proterozoic sedimentary
successions. Doctoral thesis, Durham University.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

• a full bibliographic reference is made to the original source

• a https://etheses.durham.ac.uk/id/eprint/621/ is made to the metadata record in Durham E-Theses

• the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107

https://etheses.durham.ac.uk

https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/621/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk


 
 

Re-Os geochronology and geochemistry of Proterozoic 

sedimentary successions 

  
 
 

Alan David Rooney 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A thesis submitted in partial fulfilment of the requirements for the degree of Doctor of 

Philosophy at Durham University 

 

 
Department of Earth Sciences, Durham University 

2011 



 
 

 

 

 

 

 

 

 

 

“All I am trying to do is help you understand that “The Name of the Rose” is merely a blip 

on an otherwise uninterrupted downward trajectory.” 



 
 
Abstract 
The Re-Os organic-rich sedimentary rocks (ORS) geochronometer has the potential to 

provide precise depositional ages and vital information on the Os isotope composition of 

palaeo-seawater. This thesis presents new geochronology data from Proterozoic 

sedimentary successions and insights into Re-Os systematics of organic-rich sedimentary 

rocks and petroleum products such as bitumen and oil. 

 

New Re-Os ORS geochronology from two drill cores indicate that the Proterozoic Atar 

Group of the Taoudeni basin, Mauritania is ~200 Ma older than previous estimates (1107 ± 

12 Ma, 1109 ± 22 Ma and 1105 ± 37 Ma). Furthermore, this data also provides precise Re-

Os geochronology data from sedimentary rocks that have experienced flash pyrolysis and 

demonstrate that the Re-Os systematics are not disturbed by the effects of very rapid 

heating. Coupled with palaeomagnetic data the Re-Os geochronology suggests that a 

reassessment of the role of the West African craton during the assembly of Rodinia is 

required. 

 

New Re-Os geochronology for the Ballachulish Slate Formation of the Dalradian 

Supergroup, Scotland yields a depositional age of 659.6 ± 9.6 Ma. The Re-Os age 

represents a maximum age for the glaciogenic Port Askaig Formation and represents the 

first successful application of the Re-Os geochronometer in sedimentary rocks with low Re 

and Os abundances (<1 ppb and <50 ppt, respectively). This new age suggests that the Port 

Askaig Formation may be correlative with Sturtian glaciations rather than middle 

Cryogenian events. 

 

Laboratory-based hydrous pyrolysis experiments were employed to evaluate the 

complexation of Re and Os in ORS and their transfer behaviour into petroleum. The 

findings from these experiments demonstrate that the Re-Os geochronometer is not 

disturbed by thermal maturation of whole rocks. Furthermore, the data support the 

hypothesis that the isotope composition of oils and bitumens can be used to fingerprint 

petroleum to specific source rocks.  
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Chapter One – Introduction  

1.1 Re-Os geochronology 

The development of the rhenium-osmium (Re-Os) geochronometer began in the 

1950s and 1960s. This introduction will briefly describe the major developments in 

analytical techniques and our improved understanding of the half-life and decay constant of 
187Re (λ187). Use of the Re-Os isotope system has driven major advancements in our 

understanding of Earth science systems. The Re-Os system has been successfully applied to 

cosmochemistry for determining crystallisation ages of early solar system asteroids and the 

formation of iron meteorites (Walker and Morgan, 1989; Morgan et al., 1990; Horan et al., 

1992; Morgan et al., 1992; Shen et al., 1996; Smoliar et al., 1996). The Re-Os system has 

also played a critical role in dating and understanding sulphide ore genesis and related 

tectonic events, mantle evolution, crustal growth, diamond formation, oceanic osmium 

isotope composition and most recently, organic-rich sedimentary rocks and hydrocarbons 

(Herr et al., 1964; Luck and Allègre, 1982; Hertogen, 1980; Morgan, 1986; Walker et al., 

1988, Walker et al., 1989; Herzberg, 1993; Pearson et al., 1995; Foster et al., 1996; Walker 

et al., 1994; Suzuki et al., 1996; Markey et al., 1998; Pearson et al., 1998; Raith and Stein, 

2000; Ravizza and Turekian, 1989; Cohen et al., 1999; Creaser et al., 2002; Selby and 

Creaser, 2003; 2005a; Kendall et al., 2004; Selby et al., 2005, 2007b). As this thesis 

focuses on Re-Os geochronology and geochemistry of organic-rich sedimentary rocks 

(ORS) I will outline and discuss some of the landmark advances in this young but rapidly 

evolving field. 

Early workers such as Herr et al. (1954) and Hirt et al. (1963) provided 187Re half-

life values of 5 x 1010y-1 and 4.3 ± 0.5 x 1010y-1, respectively. These values were calculated 

from chemical measurements of rhenium and osmium present in molybdenite and are 

considerable improvements on the value of 3 ± 1 x 1012y-1 gained from direct counting of 

Re decay (Naldrett and Libby, 1948). Work by Lindner et al. (1989) provided a half life of 

4.23 ± 0.13 x 1010y-1 which was considerably more accurate and precise than previous 

values. Uncertainties in the decay constant remained a limiting factor in Re-Os 

geochronology but a landmark study by Smoliar et al. (1996) on iron meteorites reported a 

decay constant of 1.666 ± 0.0017 x 10-11y-1. Uncertainty in the decay constant is the 
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principal factor in limiting the accuracy of age determinations from radioactive isotope 

systems (Begemann et al., 2001). As a result, independent confirmation of the accuracy of 

the λ187 was urgently needed. A study by Selby et al. (2007a) combined Re-Os molybdenite 

geochronology from magmatic ore deposits with U-Pb zircon geochronology of the related 

magmatic bodies yielded a λ187 value that was identical to that reported by Smoliar et al. 

(1996). These experiments were repeated on ore systems spanning 2.7 Ga of the geological 

record. The result increased the confidence and reliability of data calculated using the λ187 

value of 1.666 ± 0.0017 x 10-11y-1. 

One of the constant difficulties in Re-Os isotope analysis was the inability to 

precisely analyse low abundances (nanogram and sub-nanogram) of these elements. This 

issue stems from the high ionisation potential of these metals (8.7 eV) which cannot be 

overcome by conventional thermal ionisation mass-spectrometry (TIMS). The analysis of 

Re and Os via mass spectrometry developed sporadically with the earliest studies utilising 

electron bombardment mass spectrometry. Later studies used secondary ionization mass 

spectrometry (SIMS; Allègre and Luck, 1980), resonance ionization mass spectrometry 

(RIMS; Walker and Fassett, 1986), accelerated mass spectrometry (AMS; Fehn et al., 1986) 

and more recently, inductively coupled plasma mass spectrometry (ICPMS; Russ et al., 

1987). A major advancement in Re-Os isotope analysis was the successful development of 

negative thermal ionisation mass spectrometry (NTIMS). The primary benefit of the 

NTIMS method results from coating the sample with Ba(NO3)2 which results in ionization 

efficiencies of up to 6% for Os and >20% for Re. The application of NTIMS for measuring 

Re and Os isotopes resulted in greatly improved sensitivity and ionization efficiency with 

analytical precisions better than ± 2‰ (2σ; Creaser et al., 1991; Völkening et al. 1991).  

1.2  Re-Os geochronology of organic-rich sedimentary rocks (ORS) 

As Re and Os are organophilic and redox-sensitive, Re-Os ORS geochronology has 

the potential to provide depositional ages and vital information on the Os isotope 

composition of palaeo-seawater (Ravizza et al., 1991; Ravizza & Turekian 1992; Colodner 

et al., 1993; Crusius et al., 1996; Selby & Creaser 2003; Kendall et al., 2004; 2009a,b; 

Selby et al., 2005, 2009). Under suboxic, anoxic or euxinic conditions Re is removed and 

enriched in sediments from pore waters near the sediment-water interface (≤1 cm; Colodner 

et al., 1993; Crusius et al., 1996; Morford et al., 2005). Reductive capture of Re from 
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ReVIIO4
- to ReIV has been suggested as the primary mechanism for the removal of Re from 

pore waters (Colodner et al., 1993). For Os, reductive capture has been proposed for the 

removal of Os into sediments. However, the presence of osmium-bearing complexes in 

seawater suggests that Os may be incorporated into reducing sediments through an 

association with organic matter (Koide et al., 1991; Levasseur et al., 1998). 

There are four main assumptions associated with the Re-Os ORS geochronometer 

including: 1) the Re and Os in ORS are hydrogenous in origin; 2) 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; 3) all samples analysed have a consistent initial Os 

isotope composition (Osi) derived from seawater at the time of deposition; and 4) the 

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

Re and Os (Kendall et al., 2004, 2009c). 

The results of Re-Os ORS geochronology are presented in this thesis as isochrons 

and thus a short note detailing the rationale underlying decisions taken in terms of data 

regression and interpretations is required. The data are presented with 2σ uncertainties for 

error propagation of uncertainties in sample-weighing, spike calibration, blank abundances, 

isotope compositions and reproducibility of standard Re and Os isotope values. The Re-Os 

isotope data, 2σ calculated uncertainties for 187Os/188Os and 187Re/188Os ratios and the 

associated error correlation function (rho) are regressed to generate an isochron using 

Isoplot V. 3.0 with the λ 187Re constant of 1.666 x 10-11 a-1 with the intercept recording the 

initial osmium isotope composition at the time of deposition (Ludwig, 1980; Ravizza et al., 

1989; Smoliar et al., 1996; Ludwig, 2003; Selby and Creaser, 2003). By incorporating these 

errors and uncertainties I have compensated for sources of analytical scatter and the data 

produced should only reflect any geological scatter. For the interpretation of these 

isochrons certain principles regarding the fit of data to the isochron line were adhered to. 

To be confident of generating a ‘true’ isochron representing meaningful data, the mean 

square of weighted deviates (MSWD) was required to be low (<3). Additionally, the Isoplot 

V.3.0 program of Ludwig, (2003), was used to regress the Re-Os isotope data thus 

generating isochrons with varying degrees of assigned errors e.g., Model 1, 2 or 3. The 

Model 1 age represents a fit of the data to a line with the assigned analytical errors 

representing the only reason that the data-points scatter from a straight line. Model 2 ages 

are generated by assigning equal weights and zero error-correlations to each point. This 

avoids weighting the points according to analytical errors when it is clear that some other 
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cause of scatter is involved (cf. Model 1). A Model 3 age assumes that the scatter on the 

isochron is due to a combination of the assigned errors plus an unknown error e.g., 

geological error due to variations in initial isotope ratios (Ludwig, 2003). 

The application of the 187Re-187Os geochronometer to ORS was pioneered by 

Ravizza and Turekian (1989) who provided a whole rock isochron age for a 

Devonian/Mississippian ORS. Despite the large uncertainty associated with this work, (ca. 

14%) the age was indistinguishable from the accepted age of this timescale boundary. This 

work highlighted many of the benefits Re-Os geochronology can provide e.g., depositional 

ages of sedimentary successions and valuable information on the Os isotope composition of 

seawater throughout geological time. The study utilised the now obsolete nickel sulphide 

fire assay technique and measured the isotope ratios using an ion microprobe and plotted an 

isochron using a York regression (York, 1966). Despite the advances in Re-Os ORS 

geochronology over the past two decades, the work by Ravizza and Turekian (1989) is still 

considered to be one of the major advances in the geochronology of sedimentary rocks. 

Furthermore, this study provided the foundations for Earth scientists to further exploit and 

improve the accuracy and precision of Re-Os geochronology. 

Following this initial study, work on Jurassic age ORS yielded depositional ages 

that were identical, within uncertainty, of the interpolated stratigraphic ages (Cohen et al., 

1999). Additionally, this study provided valuable estimates of the initial 187Os/188Os ratios 

(Osi) composition of the Jurassic oceans. These values for Osi allow us to hypothesise about 

the extent of continental weathering and the rate and volume of hydrothermal and volcanic 

activity during the Jurassic. The work also highlighted the important advances in Re-Os 

chemistry e.g., the use of Carius tubes for digestion using aqua-regia at high temperatures 

(200 – 260 °C; Shirey and Walker, 1995). The Carius tube method also resolved issues 

such as digesting phases that were resistant to low temperature (<150 °C) alkaline or acid 

digestion and achieving complete spike equilibration (Walker, 1988; Birck et al., 1997; 

Shirey and Walker, 1998 and references therein). The work presented by Cohen et al. 

(1999) also benefited from a more accurate value for λ187 Re provided by Smoliar et al. 

(1996) and the improved analytical techniques such as NTIMS (Creaser et al., 1991; 

Völkening et al. 1991). 
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1.2.1 Hydrocarbon source rocks 

Building on the initial studies using Re-Os geochronology for ORS, Creaser et al. 

(2002) focused on the Exshaw Formation, an important stratigraphic marker horizon and 

hydrocarbon source rock of the Western Canadian Sedimentary Basin. This work provided 

depositional ages that were within uncertainty of established ages for the Exshaw 

Formation. Furthermore, there was no significant variation in the depositional ages gained 

from immature, mature or overmature hydrocarbon source rocks. As a result, Creaser et al. 

(2002) were able to demonstrate that hydrocarbon maturation and migration does not 

adversely affect the Re-Os systematics in ORS. 

Additional work on the Exshaw Formation detailed the utilisation of CrO3-H2SO4 

for the digestion of ORS for Re-Os geochronology (Selby and Creaser, 2003). This 

technique has the benefit of incorporating predominantly hydrogenous rhenium and 

osmium. Previous work had shown that ORS contained non-hydrogenous Re and Os 

components and that the detrital components are responsible for much of the geological 

scatter about the line of an isochron (Ravizza et al., 1991; Ravizza and Esser, 1993; Cohen 

et al., 1999; Peucker-Ehrenbrink and Hannigen, 2000; Creaser et al., 2002). A further 

benefit of this study is the ability to gain much more accurate data on the osmium isotope 

composition of seawater during the deposition of the respective ORS. 

1.2.2 Hydrocarbon deposits 

A study by Selby and Creaser (2005a) provided accurate age data for the timing of 

hydrocarbon generation and vital information on the migration of hydrocarbon deposits in 

the Western Canadian Sedimentary Basin. The data provided an age of deposition and an 

Os isotope ratio or ‘geological fingerprint’ that ruled out generation driven by orogenic 

events and instead indicated that the hydrocarbons were generated from an older source 

rock. This study illustrated that the Re-Os isotope system has great potential for elucidating 

many of the thermal processes involved in the shallow crust such as hydrocarbon 

generation and migration.  

The possibility of dating hydrocarbon maturation and migration using the Re-Os 

geochronometer was further illustrated by dating bitumen from the Polaris Mississippi-

Valley-type deposit, Canada (Selby et al., 2005). The Re-Os geochronology data indicates 
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that the migration of fluids associated with sulphide mineralisation was contemporaneous 

with those responsible for hydrocarbon generation and migration. 

Work by Selby et al. (2007b) assessed the Re and Os isotope composition and 

abundance of 12 oils from worldwide petroleum reservoirs. The findings indicated that the 

majority (>80%) of Re and Os is located in the asphaltene fraction of the oil. Furthermore, 

the 187Re/188Os and 187Os/188Os ratios in asphaltenes at the time of generation are similar to 

those from the whole oil. The study illustrates the potential for the Re-Os isotope system to 

act as a tracer for hydrocarbons and a correlation tool between source rock and generated 

hydrocarbons. 

1.2.3 Stratigraphic boundaries 

 Sedimentary horizons such as black shales frequently demarcate geological 

boundaries yet often lack horizons suitable for U-Pb or Ar-Ar geochronology. Work by 

Selby and Creaser (2005b) highlighted the potential for using the Re-Os geochronometer to 

resolve issues associated with calibration of the geological timescale. Their work on the 

Exshaw Formation that encompasses the Devonian-Mississippian boundary provided 

accurate and precise age data which are in excellent agreement with the interpolated age 

from U-Pb zircon geochronology (Trapp et al., 2004). The Re-Os geochronology data 

provide a direct date without the need for interpolation of tuff horizons above and below 

the stratigraphic boundary. 

 Work on the Oxfordian-Kimmeridgian boundary provided a Re-Os age that was 

~45% more precise than the established age derived from correlation of ammonite zones 

and the M-sequence polarity scale (Selby, 2007). The use of Re-Os geochronology in 

sedimentary sequences has been shown to help in constraining the rates involved in 

geological processes, e.g., basin dynamics and, in this case, ammonite evolution. 

Additionally, the calculated Osi can provide insights into rates of weathering and the types 

and ages of crustal material being weathered which is ultimately the source of hydrogenous 

Re and Os. The Osi calculated for the Oxfordian-Kimmeridgian suggests that the upper 

crust being weathered was <0.5 Ga (Selby, 2007).  

Work on the Aptian / Albian and Cenomanian / Turonian boundaries provided a 

new U-Pb zircon age for the Aptian / Albian boundary that calls into question the suitability 

of the GL-O glauconite standard for geochronology (Selby, 2009; Selby et al., 2009). The 

Re-Os data for the stage boundaries yield accurate, but imprecise isochron ages. The lack of 
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precision in the Re-Os age data can be attributed to the limited spread in 187Re/188Os ratios, 

but still yield ages that are identical, within uncertainty, to those of the Geological Time 

Scale 2008 (Ogg et al., 2008). Moreover, this study presents Osi data that can be correlated 

with geological processes and events occurring during the Cretaceous such as increased 

volcanism associated with large igneous provinces and ocean anoxia events. Furthermore, 

when combined with geochemical data from previous studies, this work suggests that the 

redox chemistry of the ocean is not the primary controlling factor in Re and Os uptake in 

ORS (Selby et al. 2009). Instead, other factors such as sedimentation rate, recharge of Re 

and Os in the water column and post-depositional processes have a combined effect on the 

Re and Os abundances in ORS. This is in agreement with our understanding of the 

enrichment of other metals such as V and Ni in ORS (Lewan and Maynard, 1982; Crusius 

and Thomson, 2000; Turgeon, 2007; Kendall et al., 2009a).  

1.2.4 Re-Os in Proterozoic sedimentary rocks 

The use of the CrO3-H2SO4 solution for sample digestion and improvements in the 

analytical capabilities of modern TIMS machines has enabled workers to provide absolute 

age data for ORS with uncertainties of <1% (2σ; Selby and Creaser, 2005b; Kendall et al., 

2004, 2006, 2009b). Previous studies focused on ORS with total organic carbon (TOC) 

contents >10% due to an apparent association between Re and Os with TOC (Ravizza and 

Turekian, 1989; Cohen et al., 1999; Creaser et al., 2002). Work by Kendall et al. (2004) 

focused on low TOC (<1%) shales of the Old Fort Point Formation associated with the 

Marinoan glaciation. These shales had experienced chlorite-grade metamorphism and 

deformation as a result of Mesozoic orogenic events that affected the Western continental 

margin of North America. Kendall et al. (2004) presented a precise and accurate 

Proterozoic depositional age for this glacially related formation. The results from this study 

indicate that low TOC samples and low-grade metamorphism are not hindrances for Re-Os 

geochronology. Furthermore, this study provided accurate and precise age data of glacially-

related strata that were previously correlated using relative techniques such as 

lithostratigraphy and chemostratigraphy.  

 With the evolution of the latest “Snowball Earth” theory there was a renewed 

interest in the Proterozoic Eon, in particular, the sedimentary and biogeochemical record. 

Work by Kendall et al. (2006) focused on the glacial horizons of the Sturtian glacial event 

of southern Australia. This study provided accurate and precise Re-Os age constraints that 
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strongly suggest the Sturtian ‘glaciation’ was actually a series of diachronous glaciations 

produced at uplifted margins during the ‘zipper-rift’ break up of Rodinia.  Additional Re-

Os geochronology on glacially-related strata from Australia yielded data that strongly 

suggest “Sturtian-type” diamictite-cap carbonates cannot be used as chronostratigraphic 

marker horizons (Kendall et al., 2009b). 

 The Lapa Formation of the Vazante Group, Brazil is a post-glacial deposit 

originally considered to be of Sturtian age (~ 700 Ma) based on Sr and C-isotope profiles 

(Azmy et al. 2001; 2006). Using Re-Os ORS geochronology, Azmy et al. (2008) presented 

an age of 1100 ± 77 Ma. This work provided the first evidence of Mesoproterozoic glacial 

horizons and implied that glaciations may have been common throughout the Proterozoic 

Eon and not restricted to the triumvirate of ages that encompassed the “Snowball Earth” 

period.  

1.2.5  Re-Os geochronology and systematics 

Coupled with Mo isotope data Re-Os geochronology can yield valuable information 

on changes in ocean redox chemistry over time. Work by Kendall et al. (2009b) reported 

accurate and precise Re-Os age data for Mesoproterozoic source rocks and associated 

biomarkers and acritarchs from the Roper Group, Australia. The Re-Os and Mo isotope 

data can be used to evaluate changes in redox chemistry of the Roper basin and due to its 

connection with the global ocean, changes in global ocean redox chemistry during the 

Mesoproterozoic. This study also documented post-depositional disturbance of the Re-Os 

isotope system as a result of Re and Os mobilisation caused by fluid flow. This fluid flow 

was attributed to the formation of a Pb-Zn-Ag SEDEX ore deposit ca. 1640 Ma (Southgate 

et al., 2000). The disturbance in Re-Os systematics was highlighted by a very inaccurate 

and imprecise age of 1359 ± 150 Ma and a highly radiogenic Osi value of 3.5 ± 1.5. 

A study focusing on carbonaceous slates of the Superior Province, Canada reported 

Re-Os data that provided the first temporal constraints on sedimentation ages of this 

Archean greenstone belt (Yang et al., 2009). The age data are consistent with our 

understanding of the tectonic deformation and mafic volcanism associated with this 

Archean terrane. However, this study can also be used to highlight some issues regarding 

sampling procedures, the relationship between Re and Os and the meaning of the Osi value 

for ORS. The material used in this study was recovered from two separate drill cores. One 

of the drill cores reported a Model 3 age of 2684 ± 16 Ma and an MSWD of 3.8 but an Osi 
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value of -0.29 ± 0.20. The negative Osi value was reported to be a result of addition of Re 

derived from nearby mafic volcanic rocks and was considered to be evidence of resetting of 

the Re-Os isotope system. This reasoning is debatable as it requires that the amount of Re 

added to be proportional to the amount of Os in each sample to produce an isochron. A 

more likely explanation is that the small amount of sample used (<1 g) does not minimise 

the heterogeneities in Re and Os found within ORS. This explanation is further supported 

by Kendall et al. (2009c) who suggest that >20 g of powder must be sampled to ensure that 

these heterogeneities in ORS are minimised. Furthermore, the study by Yang et al. (2009) 

reported an isochron with a Model 1 age and an MSWD of 0.8 that was produced from 5 

data points that included 3 samples which were in fact repeats. These 3 “samples” all had 

varying Re and Os abundances and thus varying 187Re/188Os and 187Os/188Os ratios as a 

result of improper sampling procedures.  

1.3 Rationale of this thesis 

The research undertaken for this thesis is presented in paper-format with three main 

research chapters representing work carried out and written as distinct papers. The research 

focuses on Re-Os geochronology with three separate studies providing the opportunity to 

evaluate how different geological events affect Re-Os systematics. 

The Taoudeni basin of Mauritania is a vast intracratonic basin covering an area in 

excess of 1 M km2. The sedimentary cover of the basin has very poor geochronological 

constraints in part, due to a lack of horizons suitable for traditional geochronology 

techniques such as U-Pb or fossils suitable for relative dating (cf. Deynoux et al., 2006). 

The lowermost Supergroups have been ascribed as Proterozoic based upon Rb-Sr dating of 

clays and illites (Clauer, 1981). The Taoudeni basin has become a focus for hydrocarbon 

exploration as a lack of traditional, ‘easy’ discoveries has forced oil companies to explore 

new areas and new geological settings. As a result, it is imperative that we improve our 

geochronological knowledge of the Taoudeni basin. Gaining new and precise 

geochronological data for the Taoudeni basin will provide data fundamental to our 

understanding of the geological history of this Proterozoic sedimentary succession. 

Additionally, the sedimentary succession of the Taoudeni basin has been affected by a 

number of igneous intrusions. Use of altered and unaltered ORS from the Taoudeni basin 

allow the evaluation of the affect of flash pyrolysis on Re-Os systematics. 
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The Dalradian Supergroup of Scotland represents ~25 km of Neoproterozoic 

sedimentary units that have experienced polyphase metamorphism and deformation (Harris 

et al., 1994). At present, our understanding of the Dalradian is limited by a lack of reliable 

geochronological data with only two units having reliable radiometric data (Halliday et al., 

1989; Dempster et al., 2002). As a result, it is very challenging to understand the rates and 

durations of geological events recorded in this Neoproterozoic succession. Globally, the 

Dalradian is very important in our understanding of past climates and the rates of climatic 

change during the Proterozoic (Eyles, 1993; Hoffman et al., 1998; Arnaud and Eyles, 

2006). Providing accurate and precise geochronology for the Dalradian Supergroup will 

greatly enhance our understanding of these sedimentary units as well as their relationship to 

other Proterozoic successions.  

At present, we have a very limited understanding of how and where Re and Os are 

complexed in ORS. It has been demonstrated that source rocks, oils and heavy molecular 

weight fractions are enriched in Re and Os. From our understanding of the speciation and 

bonding of metals in oils it is highly probable that Re and Os in oils are transferred from 

the source rock as a result of hydrocarbon maturation. The research carried out as a part of 

this thesis utilises hydrous pyrolysis experiments to mimic natural hydrocarbon maturation 

processes. These experiments provide us with the opportunity to evaluate the behaviour and 

location of Re and Os through various stages of hydrocarbon maturation. 

Chapter Two: Re-Os geochronology of the Atar Group, Mauritania 

This chapter focuses on providing new Re-Os geochronology data for the Atar 

Group of the Taoudeni basin, Mauritania. This second chapter also presents data on the 

effect of flash pyrolysis on the Re-Os geochronometer. An additional aspect of this study is 

the use of Ar-Ar geochronology on plagioclase grains from a dolerite intrusion. All sample 

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

study was carried out by the author. Professor Paul R. Renne carried out the Ar-Ar 

laboratory work, data collection and evaluation at the Berkeley Geochronology Center, 

USA. Determination of total organic carbon (TOC) contents and thermal maturity 

parameters was carried out at the TOTAL organic geochemistry laboratory, Pau, France 

under the supervision of Dr Jean-Pierre Houzay. The chapter was written by the author with 

Drs Selby and Houzay providing editorial comments and suggestions. A version of this 
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chapter has been published in Earth and Planetary Science Letters, 289, 486 – 496, 2010, 

co-authored by David Selby of Durham University, Jean-Pierre Houzay of the Fluids and 

Geochemistry Department of TOTAL and Paul R. Renne of Berkeley Geochronological 

Center and the Department of Earth and Planetary Science, University of California, 

Berkeley, USA 

Chapter Three: Re-Os geochronology of the Dalradian Supergroup, 

Scotland 

This chapter details an attempt to provide Re-Os geochronology for the 

metasedimentary Ballachulish Subgroup of the Appin Group and the Leny Limestone of the 

Southern Highland Group from the Dalradian Supergroup. This research provides Re-Os 

geochronology from a Neoproterozoic metasedimentary unit that has experienced regional 

metamorphism as a result of the Caledonian Orogeny and contact metamorphism related to 

a large granite intrusion. Additionally, the results from the Leny Limestone study yield 

valuable insights into the mechanisms of disturbance of Re-Os systematics. Dr David Chew 

provided samples of the Ballachulish slate. All sample preparation, Re-Os analytical work, 

collection and evaluation of the Re-Os data was carried out by the author. This chapter was 

written by the author with Drs Selby and Chew providing editorial comments and 

suggestions. A version of this chapter has been submitted for publication to Precambrian 

Research, 2010, co-authored by Dr David Selby of Durham University and Dr David Chew 

of Trinity College, Dublin. 

Chapter Four: Evaluation of the complexation location and behaviour of 

Re and Os in response to laboratory simulated hydrocarbon maturation  

This chapter concentrates on evaluating the complexation location in ORS and 

understanding the transfer of Re and Os from ORS to hydrocarbons. This study utilises 

hydrous pyrolysis experiments to further understand the location of Re and Os in ORS and 

their behaviour in response to hydrocarbon maturation. This research provides data on the 

geochemistry of source rocks and organic fractions from immature, mature and overmature 

ORS. Furthermore, this research yields fundamental information on the Re and Os 

abundances and isotope composition of the source rocks and organic fractions. Dr Michael 
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D. Lewan oversaw the hydrous pyrolysis experiments and Soxhlet extractions at the US 

Geological Survey, Denver, USA. Determination of total organic carbon (TOC) contents, 

bitumen extraction and thermal maturity parameters was carried out at the TOTAL organic 

geochemistry laboratory, Pau, France under the supervision of Dr Jean-Pierre Houzay. All 

sample preparation, laboratory work, data collection and evaluation was carried out by the 

author. This chapter was written by the author with Drs Selby and Lewan providing 

editorial comments and suggestions. A version of this chapter will be submitted for 

publication to Geochimica et Cosmochimica Acta, 2010, co-authored by David Selby of 

Durham University, Michael D. Lewan and Paul G. Lillis of the US Geological Survey and 

Jean-Pierre Houzay of TOTAL. 

Chapter Five: Conclusions and future work 

The final chapter of this thesis provides an overview and summary of the work 

outlined in this thesis. Additionally, this chapter provides an insight into possible future 

work that builds on the findings of the research carried out for this thesis. 
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Chapter Two – Re-Os geochronology of the Atar Group, 

Mauritania 

 

Re-Os geochronology of a Mesoproterozoic sedimentary succession, Taoudeni basin, 

Mauritania: Implications for basin-wide correlations and Re-Os organic-rich 

sediment systematics* 

*A version of this chapter has been published in Earth and Planetary Science Letters, 289, 

486 – 496, 2010, co-authored by David Selby of Durham University, Jean-Pierre Houzay of 

the Fluids and Geochemistry Department of TOTAL and Paul R. Renne of Berkeley 

Geochronological Center and the Department of Earth and Planetary Science, University of 

California, Berkeley, USA. 

2.1 Introduction 

Proterozoic successions record enormous portions of geological time and yet the 

sedimentary units are poorly constrained in terms of chronostratigraphy. Many of the 

sedimentary successions lack volcanic horizons which can be targeted for U–Pb or Ar-Ar 

geochronology and are bereft of fossils suitable for relative age dating. As a result, accurate 

and precise ages are difficult to determine for these successions and thus hamper regional 

and worldwide correlations. 

For example, the Shaler Supergroup of North America is constrained by upper and 

lower ages of 723 + 4 / - 2 Ma and 1077 ± 4 Ma, respectively (Heaman et al., 1992; 

Rainbird et al., 1994).  Other examples are the Bylot Supergroup of Canada, constrained by 

ages of 723 ± 3 Ma and 1267 ± 2 Ma (LeCheminant and Heaman, 1989; Heaman et al., 

1990), and the Dalradian Supergroup of Scotland, which is constrained by a basal age of 

806 ± 3 Ma and upper ages of 595 ± 4 Ma and 601 ± 4 Ma (Halliday et al., 1989; Noble et 

al., 1996; Dempster et al., 2002). The focus of this study is the Proterozoic sedimentary 

succession of the Taoudeni basin, NW Africa, a Proterozoic basin lacking accurate and 

precise geochronology (Fig. 2.1). Recently, in contrast with the existing Rb-Sr 

geochronology, it has been suggested that the sedimentary succession is much older than 
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previously thought based on δ13C chemostratigraphy (Mesoproterozoic vs. Neoproterozoic; 

Teal and Kah, 2005).  

The Taoudeni basin records a discontinuous sedimentation history from the 

Mesoproterozoic (this study) to the Mesozoic-Cenozoic (Fig. 2.1; Trompette, 1973; 

Bertrand-Sarfati and Moussine-Pouchkine, 1985, 1988; Ahmed Benan and Deynoux, 1998; 

Deynoux et al., 2006). At present, the geochronology of the lowermost Supergroup of the 

basin is constrained only by Rb-Sr illite and glauconite geochronology (Fig. 2.2; Clauer, 

1976, 1981). The Rb-Sr data for the basal Char Group yields a Tonian age (850 – 1000 Ma; 

Ogg et al., 2008) of 998 ± 34 Ma (Clauer, 1981). Unconformably overlying the Char 

Group, the Atar Group was proposed to be Tonian to Cryogenian based on Rb-Sr illite and 

glauconite ages (890 ± 37 Ma to 775 ± 54 Ma) for stratigraphically successive formations 

(Fig. 2.2; Clauer, 1981). However, based on identification of a distinctive negative 

excursion, δ13C chemostratigraphy strongly suggests a Mesoproterozoic age for the Atar 

Group (Teal and Kah, 2005). This excursion is marked by an abrupt decrease of 5‰ over 

~25 m, which is followed by a stepwise increase to initial δ13C values of ca. +3‰ (Kah et 

al., 1999; Kah and Bartley, 2004). This excursion is very similar to C-isotope signatures 

identified in Mesoproterozoic strata from Arctic Canada (Kah et al., 1999) and Siberia 

(Bartley et al., 2001), and is distinct from more muted excursions recorded in 1200 – 1300 

Ma strata (Frank et al., 2003) or the more extreme excursions noted in Neoproterozoic 

strata (cf. Halverson et al., 2005).  

 Since the pioneering work of Ravizza and Turekian (1989), studies have 

demonstrated the successful application of the rhenium-osmium (Re-Os) chronometer for 

both Phanerozoic and Proterozoic sedimentary rocks with age determinations ≤±1% (2σ; 

Selby and Creaser, 2005; Kendall et al., 2006; Kendall et al., 2009a). This precision is 

limited by uncertainty in the value of the 187Re decay constant (~0.31%; Smoliar et al., 

1996; Selby et al., 2007). The Re-Os system also provides valuable information on the Os 

isotope geochemistry of the oceans that is interpreted to reflect changes in continental 

weathering rates and interactions between weathering rates and atmospheric O2 and CO2 

levels (Cohen et al., 1999; Ravizza and Peucker-Ehrenbrink, 2003; Cohen, 2004; Anbar et 

al., 2007; Finlay et al., 2010). 

This study presents Re-Os geochronology data which provide precise depositional 

ages for organic-rich sediments (ORS) of the Atar Group of the Taoudeni basin, 

Mauritania. These ORS have elevated total organic carbon (TOC; 0.8% to 22.6%) levels in 
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comparison with 1.2% for average shale hydrocarbon source rocks as detailed by Hunt 

(1961; Table 2.1). The Re-Os ages strongly suggest that basin-wide correlation of the 

sedimentary succession is possible and provide valuable information for evaluating the 

evolution of the Taoudeni basin. As such, the Re-Os ORS geochronology produces a 

revised sedimentation history for the West African craton. Furthermore, the Re-Os ORS 

geochronology provides absolute ages for the recent chemostratigraphy studies (Kah and 

Bartley, 2004; Teal and Kah, 2005). In addition, this study provides a further understanding 

of Re-Os systematics in ORS which have experienced abrupt hydrocarbon maturation 

(flash pyrolysis) as a result of contact metamorphism by a Mesozoic dolerite sill.  

2.2 Geological setting 

2.2.1 Geology of the West African Craton 

The West African craton records a protracted history of crustal evolution beginning 

with Mesoarchean basement, which was affected by the Eburnean orogeny ca. 2000 Ma. 

This Palaeoproterozoic orogeny is recorded to the north of the Taoudeni basin in the 

Reguibat Shield and to the south in the Leo Shield (Fig. 2.1; Schofield et al., 2006; 

Schofield and Gillespie, 2007). The craton has been considered stable with regard to 

magmatic and major tectonic events since ca. 1700 Ma with the exception of extensional 

tectonics and intrusions related to the opening of the North Atlantic during the Late Triassic 

(Clauer et al., 1982; Villeneuve and Cornée, 1994; Verati et al., 2005; this study). The 

Taoudeni basin evolved as a result of subsidence of the lower crust triggered by the dense 

ferruginous quartzite material associated with aluminous gneisses of the basement (Bronner 

et al., 1980). The duration between craton stabilisation and the onset of sedimentation of 

the Taoudeni basin is advocated to have been ~1 Ga (Deynoux et al., 2006 and references 

therein). This timing will be discussed further based on our new Re-Os ORS 

geochronology data.  

2.2.2 Stratigraphy of the Taoudeni basin  

The sedimentary succession of the Taoudeni basin comprises Proterozoic to 

Palaeozoic units with a thin cover of Mesozoic-Cenozoic units in the basin centre and large 

areas of Quaternary sand dunes (Fig. 2.1; Clauer et al., 1982; Bertrand-Sarfati and 

Moussine-Pouchkine, 1988; Ahmed Benan and Deynoux, 1998; Deynoux et al., 2006). The 
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structural evolution of the basin suggests normal faulting created accommodation zones 

(Bronner et al., 1980). These normal faults delineate horsts and grabens across the basin 

and associated synsedimentary breccias of the basal sedimentary unit can be traced for 

several tens of kilometres across the basin (Ahmed Benan and Deynoux, 1998). These 

large-scale features imply that sedimentary deposition onto the craton was initially 

controlled by tectonic instability (Bronner et al., 1980; Ahmed Benan and Deynoux, 1998).  

Early work on the sedimentary succession of the Taoudeni basin focused on facies 

analyses and stratigraphic correlations on a basin-wide scale using marker horizons of 

tillites and stromatolite morphologies (Bertrand-Sarfati and Trompette, 1976; Deynoux et 

al., 1978; Bertrand-Sarfati and Moussine-Pouchkine, 1988; Ahmed-Benan and Deynoux, 

1998).  

 
Fig. 2.1 (A) Regional geological setting for the Taoudeni basin, West Africa.  (B) Inset map showing the 
location of drill cores S1 and S2. Modified from Deynoux et al. (2006). 
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The type section for the Taoudeni basin was described in the Adrar region of the 

Mauritanian section of the basin and in this area four Supergroups are recognized 

(Trompette, 1973; Deynoux et al., 2006). For practical reasons nomenclature proposed by 

Trompette (1973) is retained in a revised form for clarity where possible (Fig. 2.2). The 

first Supergroup was defined as Proterozoic based upon stromatolites that were classified as 

Riphean, the second; uppermost Proterozoic, the third; Upper Ordovician and Silurian and 

the fourth is of mainly Devonian sedimentary rocks (Trompette, 1973; Bertrand-Sarfati and 

Moussine-Pouchkine, 1988, Deynoux et al., 2006). This study presents Re-Os 

geochronology from Supergroup 1, specifically the Touirist and En Nesoar Formations of 

the Atar Group (Fig. 2.2). 

2.2.2.1 Geology of Supergroup 1 

The Atar group at ~800 m thick unconformably overlies the basal Char Group. The 

basin-wide unconformity between these two groups is of an unknown duration (Bronner et 

al., 1980; Ahmed Benan and Deynoux, 1998; Deynoux et al., 2006). The Atar Group 

consists of stromatolitic carbonates interbedded with siliciclastic units deposited in a 

marine setting (Bertrand-Sarfati and Moussine-Pouchkine, 1985). Analysis of the Atar 

Group shales by X-ray diffractometry reveals a mineral assemblage of, in order of 

decreasing abundance, quartz, kaolinite, illite, feldspar and minor amounts of 

pyrite/pyrrhotite (this study). This mineral assemblage suggests that the shales have not 

experienced regional metamorphism and based upon a cratonic geothermal gradient of 25 
oC/km (Girard et al., 1989) and the stratigraphic thickness of the Atar Group (~800 m) were 

buried to a maximum depth of ~3 km, hence have been only subjected to post-depositional 

temperature of <100 oC. 

Present age determinations of the Proterozoic sedimentary succession are 

constrained using Rb-Sr glauconite and illite geochronology (Clauer, 1976, 1981), which 

are discussed below. 

2.2.3 Dolerite intrusion mineralogy and petrology 

This study focuses on ORS retrieved from drill cores that penetrated the Atar Group 

in the Adrar region of the basin (Fig. 2.1b). One of the drill cores intersected ORS that had 

been intruded by a 30 m thick Mesozoic dolerite sill that is part of the Central Atlantic 

magmatic province associated with the initial stages of the opening of the Atlantic Ocean 
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(Verati et al., 2005). Fresh surfaces of the dolerite sill have a fine to medium grained 

texture and a homogenous mineralogy of plagioclase, clinopyroxene with minor amounts of 

quartz, biotite (~5%) and hornblende. The fine to medium grained texture of the sill in 

addition to the homogenous mineralogy is consistent with a shallow depth of emplacement 

(<1 km; Girard et al., 1989). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2.2 Stratigraphy of Supergroups 1 and 2 of the Taoudeni basin. Rb-Sr geochronology data from Clauer 
(1981). Re-Os geochronology data (this study). Stratigraphic nomenclature after Trompette (1973) and 
Lahondère et al. (2003). 

2.3 Analytical methodology 

2.3.1 Sampling 

Samples of ORS from the Atar Group were taken from two exploration wells (S1 

and S2) drilled in 2004 by the petroleum company TOTAL (Fig. 2.1b). The drill cores are 

located; 23o 28’ 60 N / 7o 52’ 0 W and 22o 43’0 N / 9o 37’ 0 W, respectively (Fig. 2.1b). The 
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Atar Group shales from these localities are massive (laminations are typically absent), non-

fissile, organic-rich, black mudstones and are considered to have been deposited in a quiet 

marine environment representative of extensive flooding of the craton (Bertrand-Sarfati and 

Moussine-Pouchkine, 1988; Ahmed Benan and Deynoux, 1998; 2004; Kah et al., 2008). 

Samples were collected from three intervals of the two drill cores; sample intervals 

were selected on the basis of TOC and Tmax data determined at the TOTAL Geochemistry 

and Fluids Laboratory (Pau, France; Table 2.1). Samples were selected from the S1 core at 

depths between 73.15 and 89.50 m; for S2-A at depths between 139.45 and 143.82 m and 

S2-B, 206.70 to 207.60 m. The sampled intervals represent the Touirist and En Nesoar 

Formations (Fig. 2.2; Trompette, 1973; Lahondère et al., 2003). The dolerite sill, although 

assumed to be Mesozoic in age, was sampled for 40Ar/39Ar plagioclase geochronology.  

2.3.2 TOC and Tmax analysis 

The TOC values are derived from combustion of powdered samples using a LECO 

244 carbon analyser. Source rock maturity parameters are indicated by Tmax data. The Tmax 

data was generated using a VINCI Technologies Rock-Eval 6 Turbo at the TOTAL 

Geochemistry and Fluids Laboratory (Pau, France). 

2.3.3 Re-Os analysis 

Prior to crushing, all samples were polished to remove cutting and drilling marks to 

eliminate any contamination. The samples were dried at 60 °C for ~12 hrs and then crushed 

to a fine powder ~30 µm. The samples of ~100 g represent ~2 cm of stratigraphy and were 

broken into chips with no metal contact and powdered in a ceramic mill. Rhenium-Osmium 

isotope analysis was carried out at Durham University’s TOTAL laboratory for source rock 

geochronology and geochemistry at the Northern Centre for Isotope and Elemental Tracing 

(NCIET) using CrVI-H2SO4 digestion and solvent extraction (CHCl3), micro-distillation and 

anion chromatography methods and negative mass spectrometry as outlined by Selby and 

Creaser (2003), and Selby (2007). Total procedural blanks during this study were between 

14.5 and 17.6 pg and 0.20 to 0.83 pg for Re and Os respectively, with an average 
187Os/188Os ratio of ~0.19 (n = 3). 

Uncertainties for 187Re/188Os and 187Os/188Os ratio are determined by error 

propagation of uncertainties in Re and Os mass spectrometer measurements, blank 

abundances and isotope compositions, spike calibrations and reproducibility of standard Re 
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and Os isotope values. The Re-Os isotope data, 2σ calculated uncertainties for 187Re/188Os 

and 187Os/188Os ratio and the associated error correlation function (rho) are regressed to 

yield a Re-Os date using Isoplot V. 3.0 with the λ 187Re constant of 1.666 x 10-11a-1 

(Ludwig, 1980; Smoliar et al., 1996; Ludwig, 2003). 

Table 2.1 TOC and thermal maturity data for S1, S2-A and S2-B samples 
Sample Depth (m) TOC % wt Tmax °C S1 S2 

S1 core Touirist Formation    
S1-14 73.15 7.75 517 0.15 0.32 
S1-16 73.53 9.06 514 0.20 0.31 
S1-18 73.70 8.84 512 0.19 0.30 
S1-3 88.27 1.69 454 0.07 0.04 
S1-6 88.74 2.81 304 0.13 0.10 
S1-20 88.98 2.88 506 0.21 0.28 
S1-22 89.33 3.69 503 0.21 0.47 
S1-23 89.36 4.13 500 0.29 0.57 
S1-25 89.50 0.84 522 0.10 0.02 

      
S2-A Touirist Formation    

S2-7.2 139.45 16.48 435 10.12 114.26 
S2-8 140.77 4.88 433 3.77 60.80 

S2-10 141.08 8.34 431 14.57 152.36 
S2-11 141.25 8.69 432 4.70 67.65 

S2-12.2 141.65 22.56 437 1.79 34.21 
S2-13 142.05 9.37 433 2.54 46.54 
S2-15 142.90 7.41 436 3.02 53.78 
S2-18 143.82 10.38 437 4.81 72.97 

      
S2-B En Nesoar Formation    

S2-25 206.70 13.60 436 8.29 96.72 
S2-26 206.80 6.49 436 2.96 46.19 
S2-27 207.00 2.06 431 0.55 10.51 
S2-29 207.20 7.25 436 2.90 51.47 
23-30 207.40 2.46 435 0.71 14.28 
S2-31 207.60 6.19 436 2.28 44.26 

TOC = total organic carbon 

Tmax = temperature oC of the maximum formation of hydrocarbons by cracking of kerogen and has an uncertainty of ± 
1 - 3 °C (Peters, 1986; Behar et al., 2001). 
S1 = mg of hydrocarbons (free and thermovapourisable) per gram of rock. 
S2 = mg of hydrocarbons (cracking of kerogen) per gram of rock (Peters, 1986). 

 

To ensure and monitor long-term mass spectrometry reproducibility, in-house 

standard solutions of Re and Os (AB-2) are repeatedly analysed at NCIET. The Re standard 

analysed during the course of this study is made from 99.999% zone-refined Re ribbon and 

is considered to be identical to that of AB-1 (Creaser et al., 2002; Selby and Creaser, 2003; 

Kendall et al., 2004). The NCIET Re standard yields an average 185Re/187Re ratio of 
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0.597931 ± 0.00165 (1 SD, n = 94). This is in excellent agreement with the value reported 

for the AB-1 standard (Creaser et al., 2002). The Os standard (AB-2), made from 

ammonium hexachloro-osmate, yields an 187Os/188Os ratio of 0.10681 ± 0.00016 (1 SD, n = 

89). The isotope compositions of these solutions are identical within uncertainty to that 

reported by Creaser et al. (2002) and Selby et al. (2009).  

In addition to monitoring the AB-2 standard this paper details further use of the 

Durham Romil Osmium Standard (DROsS) for monitoring the mass spectrometry 

reproducibility of osmium isotope compositions. The DROsS values recorded during this 

study yield an 187Os/188Os ratio of 0.160965 ± 0.000337 (2 SD, n = 16), which is identical 

to the value of 0.160924 ± 0.000003 (2 SD, n = 21; Nowell et al., 2008).  

2.3.4 40Ar/39Ar plagioclase geochronology 

The dolerite sill was sampled for 40Ar/39Ar analysis of plagioclase which was 

carried out at the Berkeley Geochronology Center. Approximately 500 g of dolerite was 

selected, broken into chips, powdered in a ceramic mill and sieved to grain size 210 – 74 

µm, prior to magnetic separation using a Frantz isodynamic magnetic separator. The 

separated plagioclase grains were washed with MilliQ, rinsed in ethanol and dried 

overnight. The sample was then irradiated for 10 hours in the CLICIT facility of OSTR 

reactor along with Fish Canyon sanidine (FCs) as a neutron fluence monitor, for which an 

age of 28.02 Ma (Renne et al., 1998) was used for age calculations. 

 Approximately 30 mg of the plagioclase was analyzed by incremental heating in 31 

steps with a CO2 laser. The laser beam, of 1.1 to 30.0 W power, was directed through an 

integrator lens to homogenise sample temperature during heating. Heating steps were of 60 

s duration, followed by 120 s of gettering and exposure to a –130 °C cold finger in the 

online extraction system. Mass spectrometry was performed with an MAP 215C sector 

mass spectrometer, by 10 cycles of peak-hopping by magnetic field switching with ion 

beams measured on a Balzers electron multiplier in analogue mode. 
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Blanks comparable to those reported by Vogel and Renne (2008) were measured 

between every three unknowns and average values were used for corrections. Mass 

discrimination (1.00892 ± 0.00179 per atomic mass unit) based on a power law correction 

(Renne et al., 2009) was determined from multiple air pipettes interspersed with the 

analyses. Argon isotope data corrected for blank, mass discrimination and radioactive 

decay are shown in Table 2.2. Ages shown in Table 2.2 incorporate corrections for 

interfering reactor-produced Ar isotopes from Ca and K (Renne et al., 2005) and Cl (Renne 

et al., 2008), and are based on the decay constants and isotope abundances recommended 

by Steiger and Jäger (1977). Age uncertainties do not include contributions from the 40K 

decay constants or the 40Ar*/40K of the standard. 

2.4 Results 

2.4.1 Total Organic Carbon and Tmax results 

The TOC content for samples from the S1 core are between 0.8 to 9.1%, the S2-A 

samples range from 4.9 to 22.6% and the S2-B samples between 2.1 and 13.6% (Table 2.1). 

Rock-Eval 6 Turbo pyrolysis data for the S1 and S2 drill cores indicate that the shales of S2 

are marginally mature (431 to 437 oC) with respect to thermal maturity and that the S1 drill 

core samples are overmature (454 – 522 oC; Table 2.1; Peters, 1986; Behar et al., 2001). 

The sample S1-6 contains <0.2 mg hydrocarbons per gram of rock, which results in Rock-

Eval data giving an anomalously low Tmax value (304 oC; Peters, 1986). The thermal 

maturity data for drill core S1 suggests that the shales are overmature as a result of flash 

pyrolysis associated with contact metamorphism with a large (>20 m diameter) dolerite 

intrusion.  

2.4.2 Immature shale Re-Os geochronology 

The Re-Os abundances and isotope compositions for the Atar Group samples S2-A 

and S2-B are presented in Table 2.3. All of the S2 samples are enriched in Re (14 - 146 

ppb) and Os (0.29 – 2.9 ppb), particularly in comparison with the contents of modern-day 

average continental crust (~1 ppb Re and 30 – 50 ppt Os; Esser and Turekian, 1993; 

Peucker-Ehrenbrink and Jahn, 2001; Hattori et al., 2003; Sun et al., 2003). The 187Re/188Os 

ratios range from 595 to 1041 and are positively correlated with the 187Os/188Os ratios of 

11.3 – 19.7 (Fig. 2.3a). Linear regression of the Re-Os isotope data for the S2-A depth 
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interval yield a Model 1 age of 1107 ± 12 Ma (2σ, n = 8,  Mean Squared of Weighted 

Deviates [MSWD] of 1.13), with an initial 187Os/188Os ratio of 0.28 ± 0.13 (Fig. 2.3a). 

Linear regression of the Re-Os isotope data for the S2-B depth interval yield a Model 1 age 

of 1109 ± 22 Ma (2σ, n = 6, MSWD of 0.73), with an initial 187Os/188Os ratio of 0.31 ± 0.28 

(Fig. 2.3b). 

2.4.3 Overmature shale Re-Os geochronology 

The Re-Os abundances and isotope compositions for the ORS of the S1 drill core 

are presented in Table 2.3. Similar to the ORS of S2, the S1 samples are significantly 

enriched in Re (37 – 198 ppb) and Os (0.79 – 3.7 ppb). The 187Re/188Os ratios range from 

431 to 696 and are positively correlated with the 187Os/188Os ratios of 8.4 – 13.3. Linear 

regression of the Re-Os isotope data for the overmature S1 drill core shale samples yield a 

Model 3 age of 1105 ± 37 Ma (2σ, n = 9, MSWD of 8.8, with an initial 187Os/188Os  ratio 

(hereafter Osi) of 0.31 ± 0.34; Fig. 2.3c). 

2.4.4 40Ar/39Ar geochronology 

The 40Ar/39Ar age spectrum (Fig. 2.4) for plagioclase from the dolerite sill is 

markedly discordant, with initial low temperature steps yielding Proterozoic apparent ages, 

giving way in the last 80% of 39Ar released to apparent ages between 230 and 300 Ma. This 

pattern suggests that the plagioclase contained a significant component of “excess” 40Ar, 

mainly residing in relatively low-retentivity sites, that was probably acquired during contact 

metamorphism of the ORS resulting from emplacement of the sill. As a result, the analysis 

yields a precise, but almost certainly meaningless integrated age of 308.9 ± 1.1 Ma.  The 

data yield no statistically valid isochron, indicating that more than one trapped (i.e., non-

radiogenic) component of Ar is present. These results lead us to conclude that the Ar 

retention age of the plagioclase, recording cooling below 200 – 350 °C (Cassata et al., 

2009) depending on the cooling rate, is less than or equal to the youngest apparent step age 

(233 ± 1 Ma), which is inferred to contain the lowest proportion of excess 40Ar. Thus, this 

maximum cooling age may reflect local cooling of the sill only rather than a regional basin 

cooling, due to the much older ages recorded by the Rb-Sr system in low-retentivity 

minerals as discussed below.  
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Fig. 2.3 (a) Re-Os isochron diagrams for the Atar Group ORS. S2-A horizon of the Touirist Formation 
(139.45 m to 143.82 m depth). The inset highlights the lack of correlation between present day 187Os/188Os and 
1/188Os. (b) S2-B horizon of the En Nesoar Formation (206.7 m to 207.6 m depth). The inset highlights the 
lack of correlation between present day 187Os/188Os and 1/188Os. 
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Fig. 2.3 (c) S1 horizon of the Touirist Formation (73.15 m to 89.50 m depth). The inset highlights the lack of 
correlation between present day 187Os/188Os and 1/188Os. 

2.5 Discussion 

The Re-Os data from ORS of the Atar Group yield ages of 1107 ± 12 Ma; 1109 ± 

22 Ma and 1105 ± 37 Ma, respectively from two drill cores (Fig. 2.3). The 1107 ± 12 Ma 

and 1105 ± 37 Ma ages represent depositional ages for the Touirist Formation. The 1109 ± 

22 Ma represents a depositional age for the En Nesoar Formation which conformably 

underlies the Touirist Formation. The Re-Os ages for these two formations provide accurate 

Mesoproterozoic (Stenian; 1000 – 1200 Ma; Ogg et al., 2008) ages for the deposition of the 

Atar Group of the Taoudeni basin. The larger uncertainty for the S1 age (± 37 Ma) is 

discussed below. 

2.5.1 Previous geochronology and Rb-Sr systematics  

The basal sedimentary units of the Taoudeni basin, including the Atar Group shales, 

were previously defined as Tonian, (Clauer, 1976; Clauer, 1981). For the Atar Group Rb-Sr 

geochronology yields an age of 890 ± 37 Ma (Clauer, 1981), which is ~200 Ma younger 

than the Re-Os ORS dates for this group. The clays analysed by Clauer (1976) were 1M 

polymorphs of illite that are characteristic of low temperature growth and re-crystallisation 

commonly associated with diagenesis (Bailey, 1966; Grathoff and Moore, 1996).  
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Although the Rb-Sr technique has been used to estimate the geochronology of the 

Taoudeni basin, the Rb-Sr systematics of illite and glauconite are known to be susceptible 

to disturbance and hence record anomalously young geological ages that are associated 

with diagenesis (Morton and Long, 1982; Clauer et al., 1987; Ohr et al., 1991; Awwiller, 

1994; Evans, 1996; Gorokhov et al., 2001). Furthermore, previous work has highlighted the 

progressive genesis of glauconites over as much as 5 Ma in samples that have experienced 

a relatively straightforward geological history e.g., GL-O glauconite international standard 

(Odin and Hunziker, 1982; Smith et al., 1998; Selby, 2009).  

Given the three identical, within uncertainty, Re-Os ORS dates from two locations; 

it can be inferred that the Rb-Sr geochronology does not record the depositional age of the 

Atar Group. Although it is beyond the scope of this research to fully elucidate what events 

the Rb-Sr data do record, known metamorphic and tectonic events associated with the Pan-

African orogeny may have had a lasting effect on Rb-Sr systematics. Fundamentally, the 

Rb-Sr systematics are known to suffer from post-depositional events resulting in 

erroneously young ages. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.4 Ar-Ar age spectrum from plagioclase grains of dolerite sill. Sampled at ~90 m depth in the S1 drill 
core. 

 

2.5.2 TOC versus Re and Os abundance 

At present our understanding of the mechanisms by which Re and Os are 

complexed into ORS is incomplete. Studies of Re and Os in marine sediments suggest the 
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complexation is driven by a combination of reductive capture and adsorption onto 

organocomplexes in seawater (Koide et al., 1991; Colodner et al., 1993; Crusius et al., 

1996; Levasseur et al., 1998; Oxburgh, 1998). However, a direct link between TOC and Re 

and Os abundances for all ORS is unlikely as samples with low or high TOC content can 

have high Re/Os (0.5 – 30% and 300 to 800 units, respectively; Kendall et al., 2004; Selby 

et al., 2009). Other important factors include recharge of Re and Os into the water column 

(Turgeon et al., 2007) and post-deposition affects (Crusius and Thomson, 2000; Kendall et 

al., 2009b). Despite the strong correlation between Re and Os with TOC in the ORS 

reported in this study the relationship is not consistent. Jurassic ORS possess little or no 

correlation between TOC content and Re and Os abundance (Cohen et al., 1999). 

Furthermore, low TOC (<1%) samples of the Neoproterozoic Old Fort Point Formation 

contain elevated Re and Os abundances (16 ppb and 249 ppt, respectively) further 

indicating that Re and Os enrichment is not directly linked to TOC content (Kendall et al., 

2004). 

As the relationship between Re and Os with TOC content is distinct for differing 

ORS, their enrichment factor may be related to local factors such as: duration that the pore-

water sediment interface is open; changes in the oxic-anoxic boundary of the water column; 

and input of Re and Os from varying sources (e.g. continental weathering, hydrothermal 

flux and cosmic input). Considering the behaviour and destination of other redox sensitive 

elements such as Ni and Mo there is a strong argument that the dominant factor controlling 

Re and Os enrichment in ORS is sedimentation rate (Lewan and Maynard, 1982; Kendall et 

al., 2009a, b). 

2.5.3 Conditions of flash pyrolysis and non-disturbance of Re-Os systematics 

associated with flash pyrolysis 

It is unlikely that the slightly larger uncertainty of the Re-Os isotope data from the 

S1 core compared to the uncertainties of the S2 core is caused by significant disturbance of 

the Re-Os systematics (1105 ± 37 Ma; 1107 ± 12 Ma and 1109 ± 22 Ma, respectively). 

Two studies provide evidence that the Re-Os systematics in ORS can be disturbed and/or 

reset (Kendall et al., 2009b; Yang et al., 2009). Work focusing on Mesoproterozoic shales 

from the McArthur basin, Australia reported an imprecise age, a large MSWD (86) and 

highly radiogenic Osi (3.5 ± 1.5; Kendall et al., 2009b). These factors were attributed to 
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disturbance of the Re-Os systematics in this example, by hydrothermal fluid flow 

associated with ore deposition. Kendall et al. (2009b) also reported an increase in the 
187Os/188Os composition as an indication of disturbance, either by mobilisation of Os 

relative to Re or addition of Re relative to Os. 

In addition, a Re-Os data set for Archean carbonaceous slates generated a 

meaningful Re-Os age, but produced negative Osi (Yang et al., 2009). These authors 

concluded that the Re-Os systematics had been affected by the recent addition of 187Re 

from weathering of adjacent mafic rocks, and that the addition of 187Re was proportional to 

the 187Os concentration of each sample.  

However, another explanation for the Re-Os data of the Archean carbonaceous 

slates may relate to the small amount of material prepared (<1 g) for the Re-Os analyses. 

As a result, these small aliquots do not minimise the Re-Os heterogeneity known to occur 

in ORS (Kendall et al., 2009a).  

 The 187Re/188Os ratios for the S1 core are slightly lower than those from the two S2 

core analyses (Table 2.3; Fig. 2.3; 431 to 696 compared with 594 to 865 and 683 to 1041, 

respectively). In addition, the 187Os/188Os ratios for the S1 core are also less radiogenic (8.4 

to 13.3) than those from the S2 core analyses (11.3 to 16.4 and 13.0 to 19.7; Table 2.3; Fig. 

2.3). However, both cores are significantly enriched in Re and Os, particularly in 

comparison to average continental crust.  Although the Re-Os age for the S1 core is 

nominally identical for those determined for the S2 core (Fig. 2.3), it possesses a larger 

uncertainty (± 37 Ma). This may relate to the cluster of points between 520 and 580 on the 

S1 isochron and not disturbance of the Re-Os systematics by hydrothermal fluid flow 

and/or hydrocarbon maturation and migration. Evaluation of the Re and Os isotope data can 

reveal whether or not Re-Os systematics have been disturbed. The scattered relationship 

between present day 187Os/188Os and 1/188Os indicate that the Re-Os systematics has not 

been disturbed (Fig. 2.3 insets). 

The Osi of the S1 and S2 cores are identical within uncertainty (0.31 ± 0.34; 0.28 ± 

0.13 and 0.31 ± 0.28, respectively) and are interpreted to record the Os isotope composition 

of seawater at the time of deposition (Fig. 2.3). Any disturbance of Re and/or Os isotope 

values would result in large variations and a radiogenic Osi as seen in the Mesoproterozoic 

Velkerri Formation (Kendall et al., 2009b). 
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Together, enriched levels of Re and Os, the positive correlation between 187Re/188Os 

and 187Os/188Os ratios and the identical Osi values indicate that the Re-Os geochronology 

data of the S1 core are recording the depositional age of ORS from the Touirist Formation.  

 The 40Ar/39Ar dating of the dolerite sill that intersects the ORS of the S1 core yields 

an age of ~230 Ma indicating that the sill was intruded nearly 900 Ma after deposition of 

the Atar Group (Fig. 2.4). The age of the intrusion suggests that it is related to the opening 

of the North Atlantic during the late Triassic/early Jurassic.  

The ORS of S1 are baked black 20 m above and 5 m below the contact between the 

S1 shales and the intrusion. Quantifying the grade of metamorphism is restricted by a lack 

of index minerals present in the S1 shales. Thin section and XRD analysis of the 

overmature S1 shales reveal compositions similar to the immature S2 shales, but with 

minor amounts of pyrrhotite. Pyrrhotite is a common mineral in metamorphosed graphitic 

rocks and generally forms under reducing conditions at temperatures >200 oC (Lambert 

1973; Hall, 1986; Gillett, 2003; Pattison, 2005). The absence of extensive metamorphism 

can be explained by a low geothermal gradient, burial limited to ~3 km, a low country rock 

temperature (<100 oC) and a short duration of heat transfer due to a rapid cooling of the 

intrusion (Delaney and Pollard, 1982; Delaney, 1987; Raymond and Murchison, 1988; 

Galushkin, 1997). The overmature shales (S1) and borderline mature shales (S2) of this 

study both have elevated TOC (0.8 to 22.6%; Table 2.1). The TOC of overmature shales 

consists of a carbon-rich hydrogen-poor residue. In contrast, TOC of borderline mature 

shales consist of ‘extractable organic matter carbon’ and ‘convertible carbon’ (Jarvie, 

1991). 

Gaining a precise intrusion temperature of the sill and the extent of heating of the 

surrounding ORS is beyond the scope of this research. However, previous studies have 

modelled palaeotemperatures that sedimentary rocks experienced during intrusion of 

igneous bodies (Galushkin, 1997; Barker et al., 1998; Kalsbeek and Frei, 2006). From the 

mineralogy and petrology of the sill it can be estimated that the temperature of intrusion 

was between 1000 and 1200 oC and the shales of S1 were buried to depths <3 km with 

corresponding burial temperatures less than 100 oC (Girard et al., 1989; Deynoux et al., 

2006). Using the equation (Tcontact = (Tmagma + Thost)/2), where T = temperature (Carslaw 

and Jaeger, 1959), the ORS experienced temperatures between ~550 to 650 oC at the sill / 

ORS contact. 
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Mean vitrinite reflectance data can be used to estimate the maximum peak 

temperature experienced by the ORS. However, because of the absence of vitrinite in 

Proterozoic ORS, bitumen reflectance data (BRo) has been converted into vitrinite 

reflectance data (Ro) using Ro = 0.618BRo + 0.4 (Jacob, 1989). Two values of BRo, taken 

from above and below the sill, were provided by TOTAL and yield a mean vitrinite 

reflectance value (Rv-r) of 2.91. The mean vitrinite reflectance data is then used to estimate 

the maximum peak temperature (Tpeak) experienced by the ORS by Tpeak = (ln (Rv-r) + 

1.19/0.00782; Barker and Pawlewicz, 1994). This gives a peak temperature of ~288 oC 

experienced by the altered S1 shales. Convective and/or conductive cooling would have 

lowered the temperature from ~550 to 650 oC at the contact to ~288 oC through the rest of 

the altered shales (Barker et al., 1998). Together the occurrence of pyrrhotite, Tmax data, HI 

data and the estimated peak temperatures provide strong evidence that the shales from the 

S1 core have experienced maturation and expulsion of hydrocarbons as a result of flash 

pyrolysis. The Re-Os ORS geochronology data indicate that flash pyrolysis has not 

significantly affected the Re-Os ORS systematics. 

2.5.4 Implications for basin correlation, craton-craton correlation and Rodinia 

reconstructions  

The current age for the Char Group which unconformably underlies the Atar Group 

is from Rb-Sr illite and glauconite geochronology and gives an age of 998 ± 34 Ma (Clauer, 

1981). The Atar Group Mid-Stenian Re-Os ORS ages (~1100 Ma) strongly suggest that the 

Char Group is also much older than previously thought. As the unconformity between the 

Char and Atar Groups is basin-wide in scale it is impossible to extrapolate an age for the 

Char Group from the depositional age of the Atar Group. However, based upon the 

increased age (older by 24%) the Re-Os geochronology for the Atar Group suggests that the 

Char Group may also be ~200 Ma older than the Rb-Sr derived age of 998 ± 34 Ma. The 

new geochronology data for the Atar Group enables us to provide improved models of 

sedimentation for the West African craton and enhance existing models of sequence 

stratigraphy as presented by Bertrand-Sarfati & Moussine-Pouchkine (1988). 

Previous correlations of the Atar Group ORS from drill core and outcrop were 

based on matching high TOC horizons and using distinct stromatolite morphology as 

marker horizons (Bertrand-Sarfati & Moussine-Pouchkine, 1985; 1988). These methods are 
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unsuitable for the large distances involved in basin-wide hydrocarbon exploration because 

of the large range in TOC levels (0.8 to 22.6%; Table 2.1) within individual formations of 

the Atar Group. The Atar Group biostromes consist of juxtaposed stromatolites which 

record growth at different times in distinct environmental settings (Bertrand-Sarfati & 

Moussine-Pouchkine, 1988; Kah et al., 2008). As a consequence, the biostrome horizons 

cannot be used as marker horizons for correlation on a basin or craton-wide scale.  

The two cores were drilled in regions separated by >200 km and the suggesting that 

Re-Os ORS geochronology can provide precise depositional ages for hydrocarbon source 

rocks and permits correlations between source rocks on a basin-wide scale.  

The new Re-Os ORS geochronology provides absolute age data that supports 

chemostratigraphy evidence that the West African craton has a depositional history that 

predates 1100 Ma (Teal and Kah, 2005). From this, it can be suggested that sedimentation 

onto the cratonic platform began ~1.2 Ga rather than at 1 Ga which is implied by the Rb-Sr 

geochronology. The new geochronology data have implications for the development of 

sedimentation histories and basin modelling used for hydrocarbon exploration in cratonic 

settings. 

It has been suggested that the Taoudeni basin is a vast ‘super basin’ consisting of a 

number of sub-basins (Villeneuve and Cornée, 1994; Lottaroli et al., 2009). The Re-Os 

geochronology is recording deposition of the Touirist Formation possibly in separate sub-

basins of the Taoudeni ‘super basin’. The similar Osi values of the S1 and S2 cores are 

suggested to be recording the osmium isotope composition of local seawater at the time of 

deposition (Ravizza and Turekian, 1989; Cohen et al., 1999; Selby and Creaser, 2003). 

Therefore, the Osi values for this ‘super basin’ may be used as a proxy for global seawater 

Os isotope composition at 1100 Ma.  

The Re-Os geochronology for the Atar Group provides a depositional age that is 

consistent with sedimentation histories of other cratons involved in the formation, and 

subsequent break up, of the supercontinent Rodinia. However, because of the lack of 

available palaeomagnetic data for the West African craton its palaeogeography is poorly 

constrained (Li et al., 2008). Despite this, work on the West African, Amazon and Rio de la 

Plata cratons proposed the existence of a mega-craton that existed during the Meso- and 

Neoproterozoic (Onstott and Hargraves, 1981; Trompette, 1994; Zhao et al., 2006). There 

is strong evidence to suggest that the West Africa craton was linked with the São Francisco 

craton of South America during the Mesoproterozoic (Onstott et al., 1984; D’Agrella-Filho 



2 – Taoudeni basin 
 

 39

et al., 1990; 2004; Zhao et al., 2006; Li et al., 2008). The new Re-Os geochronology data 

require a reassessment of the drift histories of the West African craton as discussed by 

Tohver et al. (2006).  

The Re-Os ORS geochronology suggests that the Atar Group sedimentary rocks of 

the Taoudeni basin are approximately equivalent to Mesoproterozoic sedimentary rocks 

found on the São Francisco craton (Fairchild et al., 1996; Geboy, 2006; Zhao et al., 2006; 

Azmy et al., 2008; Li et al., 2008). The Vazante Group of the São Francisco craton has two 

Re-Os datasets that yield ages of 1126 ± 47 Ma and 1100 ± 77 Ma for the Serra do Poço 

Verde and Lapa Formations, respectively (Geboy, 2006; Azmy, 2008). These two 

formations are separated by an unconformity of unknown duration. Both of the Re-Os ages 

from the Vazante Group are identical, within uncertainty, to the Re-Os ages of the Atar 

Group (this study) and suggest that these successions were deposited coevally onto the 

passive margins of the São Francisco and West African cratons. The São Francisco, 

Amazon, Congo and West African cratons are speculated to have been separated by the 

Brasiliano Ocean at ~ 1100 Ma and were not involved in the formation of Rodinia at this 

time  (Kröner and Cordani, 2003; D’Agrella-Filho et al., 2004). The Atar Group of the 

Taoudeni basin provides a rare record of exceptionally well-preserved sedimentary rocks 

that were possibly deposited in basins that existed between the West African, São Francisco 

and Amazon cratons during the Mesoproterozoic. 

2.6 Conclusions 

1. The Re-Os ORS geochronology of the Atar Group suggests that sedimentation of 

the Taoudeni basin began prior to 1100 Ma. This age is >200 Ma older than 

previous ages based upon Rb-Sr illite and glauconite geochronology (Clauer, 1976, 

1981). 

2. The Re-Os ages from both immature and overmature ORS strongly suggest that the 

Re-Os ORS systematics are not significantly affected by flash pyrolysis associated 

with contact metamorphism of mafic intrusions. 

3. The new Re-Os ages highlight implications for supercontinent reconstructions 

involving the West African craton. The Re-Os data records the onset of 

sedimentation on the passive margin of the West African craton prior to 1100 Ma. 
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The new Re-Os data strongly suggest that a reassessment of the role of the West 

African craton in the Rodinia supercontinent configuration is required. 
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Chapter Three –Re-Os geochronology of the Neoproterozoic - 

Cambrian Dalradian Supergroup of Scotland and 

Ireland: Implications for Neoproterozoic stratigraphy, 

glaciations and Re-Os systematics 

 
Re-Os geochronology of the Neoproterozoic – Cambrian Dalradian Supergroup of 

Scotland and Ireland: Implications for Neoproterozoic stratigraphy, glaciations and 

Re-Os systematics* 

*A version of this chapter has been submitted for publication in Precambrian Research, co-

authored by David Chew of Trinity College, Dublin and David Selby of Durham 

University. 

3.1 Introduction 

Neoproterozoic strata record a number of significant events such as the transition 

from stratified Proterozoic oceans with oxic surface waters and anoxic deep waters to a 

more-or-less fully oxygenated ocean (Anbar and Knoll, 2002; Knoll, 2003; Fike et al., 

2006; Halverson and Hurtgen, 2007; Canfield et al., 2008). Major changes in biological 

systems and evolutionary developments occurred towards the end of the Proterozoic 

including the evolution of metazoans (Logan et al., 1995, 1997; Vidal and Moczydlowska-

Vidal, 1997; Jensen et al., 2000; Martin et al., 2000; Narbonne and Gehling, 2003; Knoll et 

al., 2006; Macdonald, 2010a,b). Additionally, the Neoproterozoic was a time of major 

climatic fluctuation with a number of extreme glacial events recorded in the rock record 

(e.g., the “Snowball Earth” of Kirschvink, 1992; Hoffman et al., 1998; Hoffman and 

Schrag, 2002 or the “Slushball Earth” of Hyde et al., 2000). However, there is, at present, 

no consensus as to the cause, extent, duration or number of these glacial events (Kennedy et 

al., 1998; Evans, 2000; Fairchild and Kennedy, 2007). The lack of precise and accurate 

geochronological data has severely hindered attempts to develop a chronological 

framework for the Neoproterozoic. In particular, understanding and constraining the extent 
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and duration of these glacial events has relied upon lithostratigraphy and chemostratigraphy 

with only a few glaciogenic successions constrained by robust geochronological data 

(Hoffmann et al., 2004; Zhou et al., 2004; Kendall et al., 2004; 2006; 2009a; Condon et al., 

2005; Bowring et al., 2007; Macdonald et al., 2010a).  

During the Neoproterozoic, the continental masses of Laurentia, Baltica and 

Amazonia were juxtaposed as a result of various orogenic events to form the supercontinent 

Rodinia (Li et al., 2008 and references therein). During the break-up of Rodinia which 

commenced ca. 750 Ma there was a period of intracontinental extension and basin genesis 

along the eastern margin of Laurentia (Harris et al., 1994; Soper, 1994; Cawood et al., 

2007). Scotland occupied a unique position within the Rodinia supercontinent lying close to 

the junction of the Laurentian, Baltica and Amazonian continental blocks (Dalziel, 1994). 

The sedimentary basins that formed during the formation and breakup of Rodinia are 

preserved in Scotland as the Torridonian, Moine and Dalradian Supergroups (Anderton, 

1982, 1985; Rainbird et al., 2001; Strachan et al., 2002; Cawood et al., 2003, 2004, 2007). 

The Dalradian Supergroup of Scotland and Ireland is a metasedimentary succession 

which records deposition on the eastern margin of Laurentia during the late Neoproterozoic 

and Early Cambrian (existing constraints imply the base is younger than 800 Ma and it 

extends to at least 510 Ma; Harris et al., 1994; Smith et al., 1999; Prave et al., 2009a). 

Despite its importance in regional and global studies of the Proterozoic, our understanding 

of the Dalradian suffers from a lack of absolute radiometric ages (Halliday et al., 1989; 

Dempster et al., 2002). In an attempt to improve the chronostratigraphy of the Dalradian, 

several workers have applied lithostratigraphic and chemostratigraphic tools with varying 

levels of success (Prave, 1999; Brasier and Shields, 2000; Condon and Prave, 2000; 

Thomas et al., 2004; McCay et al., 2006; Prave et al., 2009a; Sawaki et al., 2010). These 

studies have improved our knowledge of the Proterozoic ocean chemistry and the 

environmental conditions of deposition within the Dalradian sedimentary basins. However, 

chemostratigraphic tools cannot provide absolute age data and ultimately rely upon 

correlation with sequences which have robust radiometric and / or biostratigraphic age 

constraints (Melezhik et al., 2001, 2007; Fairchild and Kennedy, 2007; Jiang et al., 2007; 

Meert, 2007; Giddings and Wallace, 2009; Frimmel, 2010). As a result, obtaining precise 

and accurate radiometric ages remain a priority for resolving many of the issues regarding 

global correlations of Proterozoic sedimentary successions.  
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The rhenium-osmium (Re-Os) geochronometer has been shown to provide robust 

depositional ages even for sedimentary rocks that have experienced hydrocarbon 

maturation, greenschist metamorphism and flash pyrolysis associated with igneous 

intrusions (Creaser et al., 2002; Kendall et al., 2004, 2006, 2009a,b; Selby and Creaser, 

2005; Rooney et al., 2010). Thus, the Re-Os system represents an accurate, precise and 

reliable geochronometer for providing depositional age data for the Dalradian 

metasediments and constructing a chronostratigraphic framework for existing and future 

chemostratigraphic, tectonostratigraphic and lithostratigraphic datasets. 

Presented here are new Re-Os data that constrain the depositional age of a 

sedimentary unit from the Dalradian Supergroup. These Re-Os data provide an estimate for 

the osmium isotope composition of seawater in the Dalradian basin during the 

Neoproterozoic and ultimately provide a maximum depositional age for a key 

Neoproterozoic glacial horizon. A further aspect of this study involves the application of 

Re-Os geochronology to sedimentary units with low Re and Os abundances (≤2 ppb Re and 

≤50 ppt Os) to provide accurate and precise geochronology data. Additionally, this work 

presents results from a sedimentary unit (Leny Limestone Formation) in which the Re-Os 

geochronometer has been disturbed as a result of post-depositional fluid flow. The results 

from this study provide us with new insights into the robustness of the Re-Os 

geochronometer.  

3.2 Geological Setting 

3.2.1 The Dalradian Supergroup 

The Dalradian Supergroup of Scotland and Ireland consists of a thick (~25 km) 

metasedimentary succession and minor mafic volcanics deposited on the eastern margin of 

the Laurentian craton during the Neoproterozoic to early Cambrian (Fig. 3.1; Harris et al., 

1994 and references therein). This quoted thickness of the Dalradian Supergroup is a 

cumulative thickness from all subgroups and is not a true reflection of sediment thickness. 

Deposition of the Dalradian Supergroup occurred along the eastern margin of Laurentia, 

close to the triple junction of Baltica, Laurentia and Amazonia (Soper, 1994; Dalziel, 

1994).  

Many aspects of basin genesis have proved controversial, with little consensus apparent 

even after more than a century of study. Most models for Dalradian deposition invoke a 
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large (106 km2), shallow-marine, ensialic basin which underwent prolonged extension 

during the late Neoproterozoic, resulting in the eventual separation of Laurentia from 

western Gondwana at ca. 550 Ma (Hoffman, 1991; Soper, 1994; Dalziel and Soper, 2001). 

An alternative model proposes that the lower portions of the Dalradian represented a 

rapidly formed foredeep basin associated with the mid-Neoproterozoic (840 – 730 Ma) 

Knoydartian Orogeny (Prave, 1999). In both models extensional tectonics played a major 

role in the genesis of the upper portions of the Dalradian basin during the latest 

Neoproterozoic to Early Cambrian. 

 
Fig. 3.1 Simplified geological and location map highlighting the fourfold division of the Dalradian 
Supergroup of the Grampian Terrane (modified from Harris et al., 1994; Thomas et al., 2004). Abbreviations 
of sampling locations: BA – Ballachulish Slate quarry; LQ - Leny Limestone quarry.  
 

 Lithostratigraphic correlation of the Dalradian Supergroup is hampered by the 

paucity of volcanic horizons suitable for U-Pb geochronology and the lack of 

biostratigraphically diagnostic fossils (Fig. 3.2). Additionally, many portions of the 

Dalradian sequence exhibit extreme facies variability along strike having experienced 

complex polyphase deformation and metamorphism (Harris et al., 1994, Strachan et al., 
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2002 and references therein). Despite these issues, a coherent lithostratigraphy has been 

established from western Ireland to the Shetland Islands, 200 km north of mainland 

Scotland (Harris et al., 1994). The Dalradian Supergroup consists of four groups which are 

from oldest to youngest; the Grampian, Appin, Argyll and Southern Highland Groups 

(Figs. 3.1 and 3.2).  

 The basal Grampian Group crops out primarily in the Central Highlands although 

possible correlatives exist on the north Grampian coast and on the Shetland Islands 

(Strachan et al., 2002). The Grampian Group consists of up to 7 km of predominantly 

marine, quartzo-feldspathic psammites and semi-pelites (Glover and Winchester, 1989; 

Harris et al., 1994). This sedimentary succession displays sharp lateral variations typical of 

a synrift origin (Soper and England, 1995; Banks et al., 2007). The overlying Appin Group 

is exposed in a broad zone throughout Scotland and Ireland as far north as the Shetland 

Islands. The Appin Group consists of up to 4 km of quartzite, semi-pelites and phyllites 

deposited as a post-rift, thermal subsidence sequence (Litherland, 1980; Glover et al., 1995; 

Soper and England, 1995; Glover and McKie, 1996). The overlying Argyll Group records 

rapid deepening of the basin following the shallow marine conditions of the Appin Group 

(Anderton, 1985). The Argyll Group consists of a thick heterogeneous succession of shelf 

sediments up to 9 km thick which passes upwards into deep water turbidite and basinal 

facies and associated mafic volcanics (Anderton, 1982). The marked change from a shelf 

setting to deep water sedimentation is widely ascribed to the onset of syn-depositional 

rifting. The basal Subgroup (Islay Subgroup) of the Argyll Group is marked by a distinctive 

and persistent tillite horizon; the Port Askaig Formation, correlatives of which are traceable 

from Connemara in western Ireland to Banffshire in NE Scotland (Anderton, 1985; Harris 

et al., 1994). The Southern Highland Group (along with the newly defined Trossachs Group 

of Tanner and Sutherland, 2007) marks the top of the Dalradian succession and consists of 

ca. 4 km of coarse-grained turbiditic clastics and volcaniclastic strata (Anderton, 1985; 

Soper and England, 1995). The Southern Highland Group is considered to represent the 

change from a period of continental rifting and rupture to that of a thermally subsiding 

margin (Anderton, 1985). 
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Fig. 3.2 Generalised stratigraphy of the Dalradian Supergroup with glaciogenic horizons and the purported 
Bitter Springs anomaly suggested by Prave et al., (2009a) but refuted by the new Re-Os geochronology data. 
See text for details.  BA – Ballachulish Slate Formation; LQ – Leny Limestone Formation. (1Halliday et al., 
1989; 2Dempster et al., 2002; 3This study; 4 Noble et al., 1996). Modified from Prave et al. (2009a)   
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3.2.1.1 Dalradian glaciogenic horizons and possible global correlations 

The Port Askaig Formation of the Argyll Group is a thick (~900 m) succession of 

diamictites interbedded with sandstone, conglomerate and mudstone (Kilburn et al., 1965; 

Spencer, 1971; Eyles, 1988; Arnaud and Eyles, 2002). The formation represents the most 

persistent and distinctive glaciogenic horizon within the Dalradian Supergroup (Fig. 3.2). A 

glaciogenic origin was first recognised in the late nineteenth century (Thomson, 1871; 

1877), and the formation is described in detail in the classic memoir of Spencer (1971). The 

most extensive outcrops of the Port Askaig Formation consists of ~400 m of coarse grained 

and poorly sorted diamictite interbedded with sandstone, mudstone and conglomerate with 

some megaclasts in the diamictite exceeding 100 m in size (e.g., the Great Breccia of 

Eileach an Naoimh; Spencer, 1971; Arnaud, 2004). Recent studies identified δ13C values as 

high as +11.7‰ and 87Sr/86Sr values as low as 0.7067 in carbonate units above and below 

the Port Askaig Formation (Brasier and Shields, 2000; Sawaki et al., 2010). These data 

were used to correlate this glaciogenic horizon with the ca. 750 – 690 Ma global Sturtian 

glaciation (Brasier and Shields, 2000; Fanning and Link, 2004; McCay et al., 2006; 

Macdonald et al., 2010a). Two other stratigraphically younger and limited glaciogenic units 

within the Dalradian Supergroup have also been identified; the Stralinchy “Boulder Bed” 

Formation and the Inishowen - Loch na Cille Ice Rafted Debris (IRD) Formations (Fig. 3.2; 

Condon and Prave, 2000; McCay et al., 2006). The Stralinchy Formation occurs in the 

Easdale Subgroup in Donegal in NW Ireland and has been correlated with the ~635 Ma 

global Marinoan glaciation (Hoffmann et al., 2004; Condon et al., 2005; McCay et al., 

2006). The Loch na Cille and Inishowen glaciogenic formations occur within the 

uppermost Argyll Group and basal Southern Highland Group respectively, and have been 

correlated with the 580 Ma Laurentian Gaskiers glacial event (Condon and Prave, 2000; 

Bowring et al., 2003). 

3.2.2 Current chronological constraints for the Dalradian Supergroup 

With the exception of Bonnia-Ollenellus Zone Early Cambrian trilobites and 

inarticulate brachiopods of the upper Southern Highland Group, the Dalradian Supergroup 

is almost entirely devoid of fossils (Pringle, 1939; Fletcher and Rushton, 2007). In addition, 
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absolute chronological constraints on the age of Dalradian sedimentation are also very 

sparse (Fig. 3.2). The oldest phase of volcanic activity in the Dalradian Supergroup occurs 

within correlatives of the Port Askaig Formation in NE Scotland (Chew et al., 2010). 

However, this thin tholeiitic pillow basalt has not been dated thus far. The lower part of the 

Southern Highland Group in SW Scotland is characterised by ca. 2 km of tholeiitic mafic 

volcanic rocks and sills (Tayvallich Volcanic Formation). The Tayvallich Formation is 

cross cut by a 595 ± 4 Ma (U-Pb SHIRIMP) keratophyre intrusion and a felsic tuff from 

this formation has yielded a U-Pb zircon age of 601 ± 4 Ma (Halliday et al., 1989; 

Dempster et al., 2002). Pegmatites from the Central Scottish Highlands provide a U-Pb 

monazite age of 806 ± 3 Ma although the stratigraphic position of these pegmatites remains 

controversial (Noble et al., 1996). These pegmatites have been suggested to intrude into the 

Grampian Group thus providing a minimum age for these sediments (Noble et al., 1996; 

Highton et al., 1999). However, more recent work proposes that the pegmatites intrude into 

the Dava and Glen Banchor successions which lie unconformably below the Grampian 

Group and thus the Grampian Group is younger than 806 Ma (Smith et al., 1999; Strachan 

et al., 2002).  

Numerous studies have utilised δ13C, δ18O and 87Sr/86Sr data from several different 

carbonate units of the Dalradian Supergroup with the aim of correlation with global 

chemostratigraphic curves (Brasier and Shields, 2000; Thomas et al., 2004; McCay et al., 

2006; Halverson et al., 2007a,b; Prave et al., 2009a; Sawaki et al., 2010). A composite C-

isotope profile for the Dalradian Supergroup has been used to tentatively correlate the 

Ballachulish Limestone of the Appin Group with the ca. 800 Ma Bitter Springs anomaly 

(Prave et al., 2009a; Fig. 3.2). Additional correlations include the pre-Marinoan Trezona 

anomaly and ca. 635 Ma Marinoan-equivalent cap carbonate sequence with units of the 

middle Easdale Subgroup and the terminal Proterozoic (ca. 600 – 551 Ma) Shuram-

Wonoka anomaly in the Girlsta Limestone on Shetland (Melezhik et al., 2008; Prave et al., 

2009a,b). 

3.2.3 Metamorphism and deformation of the Dalradian Supergroup 

The Dalradian Supergroup of Scotland is one of the classic areas for the study of 

regional and contact metamorphism (e.g., Barrow, 1893; Tilley, 1925; Baker, 1985; Voll et 

al., 1991; Dempster et al., 1992; Pattison and Harte, 1997). The main phases of regional 

metamorphism took place during the Grampian Orogeny. The Grampian Orogeny is 
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understood to be related to the collision of Laurentia with an oceanic arc during the Early 

Ordovician and can be considered broadly equivalent to the Taconic Orogeny of the 

Appalachians (Dewey and Mange, 1999; Soper et al., 1999). Geochronological constraints 

for the Grampian Orogeny include U-Pb zircon ages of 475 – 468 Ma and Sm-Nd garnet 

crystallisation ages of 473 – 465 Ma for the age of peak metamorphism (Friedrich et al., 

1999; Baxter et al., 2002). 

The Dalradian sedimentary succession also experienced contact metamorphism 

associated with the intrusion of numerous Late Caledonian (ca. 430 – 390 Ma; Oliver, 

2001) granites throughout the Grampian Terrane of Scotland (Fig. 3.1). In addition to the 

granites there are also a number of minor Late Palaeozoic intrusive suites recorded in the 

Dalradian (Neilson et al., 2009 and references therein).  

3.3 Samples for this study 

Two localities were chosen for Re-Os geochronology analyses; the Ballachulish Slate 

Formation from the Ballachulish Subgroup of the Appin Group and the Leny Limestone 

Formation of the Southern Highland Group (Figs. 3.1 and 3.2). The Ballachulish Slate was 

chosen to provide a maximum age constraint on the depositional age of the Port Askaig 

Formation (Fig. 3.2). The Leny Limestone Formation was chosen as it contains the only 

biostratigraphically diagnostic fauna found in the Dalradian Supergroup (Pringle, 1939; 

Fletcher and Rushton, 2007). Additionally, the metasediments of the Dalradian Supergroup 

represent an opportunity to further our understanding of the effects of regional and contact 

metamorphism on the Re-Os geochronometer. 

3.3.1 Appin Group – Ballachulish Slate Formation 

The Appin Group consists of three Subgroups, the Lochaber, Ballachulish and Blair 

Atholl (Fig. 3.2).  The Ballachulish Slate Formation consists of ca. 400 m of pyritiferous 

black slates and graphitic phyllites. Samples were collected on the eastern foreshore of 

Loch Linnhe at the entrance to Loch Leven (56° 42. 1’ N, 5° 11. 6’ W; Fig. 3.1). In this 

area, the top of the Ballachulish Slate Formation is estimated to be ca. 1 km below the 

equivalent of the Port Askaig Formation (Harris et al., 1994). Regional metamorphic grade 

associated with the Grampian Orogeny varies from chlorite grade in the NW to garnet 

grade in the SE. Estimates of P-T conditions range from ca. 450 - 550° C from NW to SE, 

at ca. 6 kbar (Pattison and Voll, 1991). In addition to Grampian regional metamorphism, 
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the Ballachulish Slates also experienced Late Caledonian (ca. 430 Ma) igneous activity and 

contact metamorphism primarily associated with the well-documented Ballachulish Igneous 

Complex (Pattison and Harte, 1997; Pattison, 2006). The metamorphic aureole varies in 

width from ca. 400 to 1700 m, based upon the first appearance of cordierite in metapelites 

(Pattison, 2006). Regional P-T conditions at the time of intrusion are estimated at ca. 250 – 

300° C at ca. 3 kbar. The age of the Ballachulish Igneous Complex is constrained by Re-Os 

molybdenite and U-Pb zircon ages of 433.5 ± 1.8 Ma and 428 ± 9.8, respectively (Conliffe 

et al., 2010; Rogers and Dunning, 1991, recalculated by Neilson et al., 2009). Fluid flow 

between the intrusion and the aureole was limited and there is no evidence for a large-scale 

hydrothermal circulation system or associated mineralogical changes connected to the 

intrusion (Harte et al., 1991; Pattison, 2006).  

The slates analysed in this study were sampled ca. 2 km NNW of the NW contact of the 

Ballachulish Igneous complex and are hence outside the aureole.  The slates sampled are of 

chlorite metamorphic grade and are black and massive with bedding occasionally still 

discernible and predominantly orientated parallel to cleavage. X-ray diffractometry (XRD) 

studies indicate that the Ballachulish Slates have a composition of quartz, mica, chlorite 

and feldspars (albite and occasionally orthoclase), typical of an argillaceous slate. The 

samples of Ballachulish slate used in this study are similar to those described in greater 

detail by Walsh (2007). 

3.3.2 Southern Highland Group – Leny Limestone  

The Leny Limestone forms part of the Keltie Water Grit Formation of the Southern 

Highland Group. The formation consists of pale grey to white, siliceous grits, black 

graphitic slates and rare locally fossiliferous limestones (Tanner and Pringle, 1999). The 

limestones of this formation yield a fauna including polymerid and miomerid trilobites, 

brachiopods, sponges, hyoliths and bradoriids (Fletcher and Rushton, 2007). The miomerid 

trilobites indicate a stratigraphical age equivalent to the base of the paradoxidid Amgan 

Stage of Siberia traditionally regarded as Middle Cambrian (511 – 506 Ma, Landing et al., 

1998). However, the polymerid trilobites e.g., Pagetides, are forms from the Bonnia-

Ollenellus Zone and are thus Lower Cambrian (516.5 – 512 Ma; Blaker and Peel, 1997; 

Fletcher et al., 2005). An age of ca. 512 Ma has been adopted here as the age of the Leny 

Limestone Formation (Fletcher and Rushton, 2007).  



3 – Dalradian Geochronology 
 

 58

Black graphitic slates of the Leny Limestone Formation were sampled on the south-

easterly face of the Western Quarry (56° 15.5’ N, 4° 13.1 W; Fig. 3.1). The formation was 

only weakly affected by the metamorphism of the Grampian Orogeny, for example 

temperatures are suggested to have not exceeded 270˚C and detrital biotite is preserved, 

albeit commonly partially altered to chlorite (Tanner and Pringle, 1999).  The locality is 

also the locus of several phases of igneous activity such as intrusions of Devonian quartz 

felsite dykes and a Permo-Carboniferous quartz dolerite dykes (British Geological Survey, 

2005; Fletcher and Rushton, 2007). The Devonian intrusion exhibits a 70 m fault offset, 

though this faulting is not seen in the Permo-Carboniferous dyke suggesting faulting 

occurred prior to this younger intrusive episode. Results from XRD on powders of the Leny 

Slate reveal a composition of quartz, micas (mainly muscovite), kaolinite and a serpentine-

group mineral with the chemical formula of Fe3Si2O5(OH)4 suggested to represent 

berthierine (Brindley, 1982). 

3.4 Sampling and analytical methods 

Sampling of the Ballachulish Slate and Leny Limestone formations was limited to a 

stratigraphic interval of ca. 50 cm across a lateral interval of several tens of metres. 

Weathered material was removed from the outcrop prior to sampling of fresh surfaces. 

Large (~100 g) samples were selected to ensure homogenisation of Re-Os abundances in 

the samples (Kendall et al., 2009b). All samples were polished to remove cutting and 

drilling marks to eliminate any contamination. The samples were dried at 60 °C for ~12 hrs 

and then crushed to a fine powder of ~30 µm. The samples were broken into chips with no 

metal contact and powdered in a ceramic dish using a shatterbox.  

Rhenium-osmium isotope analysis was carried out at Durham University’s TOTAL 

laboratory for source rock geochronology and geochemistry at the Northern Centre for 

Isotopic and Elemental Tracing (NCIET). Approximately 1 g of sample powder was 

digested together with a mixed tracer (spike) solution of 190Os and 185Re in a CrVI-H2SO4 

solution in a sealed carius tube at 220 °C for ~48 h (Selby and Creaser, 2003; Kendall et al., 

2004). Through the use of the CrVI-H2SO4 digestion media it is possible to preferentially 

liberate the hydrogenous Re and Os components from the samples thus limiting any detrital 

component (Selby and Creaser, 2003; Kendall et al., 2004). Rhenium and Os were purified 

from the acid solution using solvent extraction (CHCl3), micro-distillation and anion 
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chromatography methods and analysed by negative thermal ionisation mass spectrometry as 

outlined by Selby and Creaser (2003), and Selby (2007). The purified Re and Os fractions 

were loaded onto Ni and Pt filaments, respectively, (Selby et al., 2007), with the isotopic 

measurements conducted using a ThermoElectron TRITON mass spectrometer via static 

Faraday collection for Re and ion-counting using a secondary electron multiplier in peak-

hopping mode for Os. Total procedural blanks during this study were 16.8 ± 0.06 pg and 

0.43 ± 0.06 pg (1σ S.D. n = 3) for Re and Os respectively, with an average 187Os/188Os 

value of ~0.25 ± 0.11 (n = 3). 

Uncertainties for 187Re/188Os and 187Os/188Os are determined by error propagation of 

uncertainties in Re and Os mass spectrometer measurements, blank abundances and 

isotopic compositions, spike calibrations and reproducibility of standard Re and Os isotopic 

values. The Re-Os isotopic data, 2σ calculated uncertainties for 187Re/188Os and 187Os/188Os 

and the associated error correlation function (rho) are regressed to yield a Re-Os date using 

Isoplot V. 3.0 with a λ 187Re constant of 1.666 x 10-11a-1 (Ludwig, 1980; Smoliar et al., 

1996; Ludwig, 2003). 

To ensure and monitor long-term mass spectrometry reproducibility, in-house 

standard solutions of Re and Os (Durham Romil Osmium Standard [DROsS]) are 

repeatedly analysed at NCIET. The Re standard analysed during the course of this study is 

made from 99.999% zone-refined Re ribbon and is considered to have an identical Re 

isotopic composition to that of the AB-1 Re standard (Creaser et al., 2002; Selby and 

Creaser, 2003; Kendall et al., 2004). The NCIET Re standard yields an average 185Re/187Re 

ratio of 0.597719 ± 0.00172 (1 SD, n = 114). This is in excellent agreement with the value 

reported for the AB-1 standard (0.59874 ± 0.00051; Creaser et al., 2002). The Os isotope 

reference material (DROsS) yields an 187Os/188Os ratio of 0.10609 ± 0.00015 (1 SD, n = 

36). The isotopic compositions of these solutions are identical within uncertainty to those 

reported by Rooney et al. (2010 and references therein). 

3.5 Results 

3.5.1 Ballachulish Slate Formation samples 

The Ballachulish Slate samples have Re (0.29 – 1.85 ppb) and Os (25.49 – 52.20 ppt) 

abundances that are close to or less than that of average continental crustal values of ~1 ppb 

and 50 ppt, respectively (Table 3.1; Esser and Turekian, 1993; Peucker-Ehrenbrink and 
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Jahn, 2001; Hattori et al., 2003; Sun et al., 2003). The 187Re/188Os ratios range from 56.5 to 

311.7 and the 187Os/188Os ratios range from 1.660 – 4.478 (Table 3.1). Regression of the 

Re-Os isotope data yields a Re-Os age of 659.6 ± 9.6 Ma (2σ, n = 5, Model 1, Mean Square 

of Weighted Deviates [MSWD] = 0.01, initial 187Os/188Os = 1.04 ± 0.03; Fig. 3.3). 

 

3.5.1 Leny Limestone slate samples 

The Leny Limestone slates are enriched in Re (46.2 – 66.1 ppb) and Os (419 – 633 ppt) 

in comparison to average continental crustal values of ~1 ppb and 50 ppt, respectively 

(Table 1). The 187Re/188Os ratios range from 898.4 to 1228.0 and the 187Os/188Os ratios 

range from 6.162 – 8.075 (Table 1). Regression of the Re-Os isotope data yields a Re-Os 

age of 310 ± 110 Ma (2σ, n = 9, Model 3, MSWD = 388, initial 187Os/188Os = 1.7 ± 2.0; 

Fig. 3.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 3.3 Re-Os isochron diagram for the Ballachulish Slate Formation.  A Model 1 isochron is accomplished 
by assuming scatter along the regression line is derived only from the input 2σ uncertainties for 187Re/188Os 
and 187Os/188Os, and ρ (rho) 
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Fig. 3.4 Re-Os isochron diagram for the Leny Slate Member. The dashed line represents a 512 Ma reference 
line with the Osi value of 0.8 representing Cambrian seawater (Mao et al., 2002; Jiang et al., 2003). The 512 
Ma age assigned for the Leny Limestone is based on a trilobite fauna (Fletcher and Rushton, 2007). See text 
for discussion. 
 

3.6 Discussion 

3.6.1 Implications for low Re and Os abundance geochronology  

The Re-Os data for the Ballachulish Slate Formation indicate that samples with low Re 

and Os abundances (<2 ppb Re and <50 ppt Os) can be used to provide absolute age data 

(Fig. 3.3; Table 3.1). These values are similar to abundances in average continental crust 

which range from 0.2 – 2 ppb and 30 – 50 ppt, respectively (Esser and Turekian, 1993; 

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

Previous work on Re-Os geochronology has focused on sedimentary units greatly 

enriched in Re and Os with abundances >20 ppb and 500 ppt, respectively (Ravizza et al., 

1989; Cohen et al., 1999, Creaser et al., 2002; Selby and Creaser, 2005; Selby, 2007; 

Rooney et al., 2010). However, some recent studies have successfully applied the Re-Os 

geochronometer to sediments with low to moderate enrichments of Re and Os (1.7 – 50 ppb 

and 82 – 250 ppt, respectively; Kendall et al., 2004; 2006; 2009a,b; Selby et al., 2009; 

Yang et al., 2009). The Re-Os geochronology data for the Ballachulish Slate Formation 
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represent successful application of the Re-Os system in samples with low Re and Os 

abundances provided that the system has not been disturbed as discussed below. 

The low Re and Os abundances do not appear to impair the robustness of the Re-Os 

system as the Ballachulish samples all have similar 187Os/188Os (Osi) values, yield a large 

spread in present-day 187Re/188Os values (~260 units) and display positively correlative, 

radiogenic 187Os/188Os values indicative of a closed system (Table 3.1). This positive 

correlation indicates that the 659.6 ± 9.6 Ma age for the Ballachulish Slate Formation does 

not represent a mixing line. Additionally, if the systematics had been disturbed, any detrital 

Os component in these samples would represent a significant cause of geological 

uncertainty, resulting in an imprecise and geologically meaningless age. The highly precise 

age coupled with the low degree of scatter in the data, (659.6 ± 9.6 Ma and MSWD = 0.01), 

suggests that this is a depositional age and the Osi value of 1.04 represents the Os isotope 

composition of local seawater at the time of deposition.  The results from the Ballachulish 

Slate Formation strongly suggest that the system can be applied to sedimentary units that 

have low Re and Os abundances. From this it can be proposed that the system is 

significantly robust to provide depositional ages for strata that have experienced complex 

and polyphase metamorphic histories. 

3.6.2 Age of Ballachulish Slate Formation  

The Re-Os isotope data from the Ballachulish slates yield an age of 659.6 ± 9.6 Ma 

which represents the depositional age of the Ballachulish Slate Formation (Fig. 3.3). 

Accordingly, this Re-Os age defines a maximum age constraint for the glaciogenic Port 

Askaig Formation (Fig. 3.2). Taken in the context of the previous geochronological 

constraints for the Dalradian, the Re-Os age for the Ballachulish Slate Formation strongly 

suggests that the Argyll Group was deposited within ~60 Ma, prior to the eruption of the 

Tayvallich volcanics at ca. 600 Ma. From these two geochronological constraints, 

combined with the possibility that correlatives of the ca. 635 Ma Marinoan cap carbonate 

sequence are found within units of the Easdale Subgroup (McCay et al., 2006) it is likely 

that the Port Askaig Formation records a low-latitude glacial event that occurred at ca. 650 

Ma. 

Much of the recent work relating to the Dalradian Supergroup has focused on δ13C 

carbonate and 87Sr/86Sr chemostratigraphy of the various carbonate units (Prave et al., 

2009a and references therein; Sawaki et al., 2010). This focus on chemostratigraphy 
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coupled with the lack of reliable geochronology data has resulted in several attempts at 

correlation of the Dalradian Supergroup with better constrained Neoproterozoic strata 

(McCay et al., 2006; Prave et al., 2009a; Sawaki et al., 2010). The Ballachulish Limestone 

is ca. 200 m in thickness and passes upwards into the Ballachulish Slate (Anderton, 1982; 

Prave et al., 2009a). Work by Prave et al. (2009a) reported δ13Ccarbonate values as low as -

7‰ for the Ballachulish Limestone and tentatively correlated this horizon with the ca. 800 

Ma Bitter Springs anomaly of central Australia (Hill and Walter, 2000; Halverson et al., 

2007a). However, the Re-Os data of 659.6 ± 9.6 Ma for the Ballachulish Slate Formation 

negates the possibility of this correlation (Fig. 3.2).  

As the Dalradian basin dynamics changed from deposition on a slowly subsiding 

continental margin to rapid deposition within fault-bounded rift basins there is a 

corresponding large shift in 87Sr/86Sr of the limestones from the Appin and Argyll Groups 

(0.7064 – 0.7096; Thomas et al., 2004). This considerable shift in 87Sr/86Sr has been 

explained by a rapid rise in global seawater 87Sr/86Sr between 600 and 535 Ma that resulted 

from increased continental input associated with the Pan-African collision (Jacobsen and 

Kaufman, 1999). The upper Argyll Group was deposited over a period of up to 60 Ma in 

fault-bounded sub-basins as the Dalradian basin experienced increasing tectonic instability 

and syn-depositional faulting (Anderton, 1982; 1985). This duration of sedimentation for 

the Argyll Group is geologically more probable given the dynamic tectonic regime than the 

ca. 120 Ma required by chemostratigraphic and lithostratigraphic correlations of the Port 

Askaig Formation with various glaciogenic units of 715 Ma “Sturtian” age (Prave, 1999; 

Brasier and Shields, 2000; Prave et al., 2009a). Additionally, the Re-Os age data here 

negates the need for any putative unconformity within the Argyll Group which has been 

suggested many times although never convincingly documented despite more than a 

century of rigorous research (cf. Hutton and Alsop, 2004 and Tanner et al., 2005). 

The new Re-Os geochronology data provide a more precise chronostratigraphic 

framework for understanding the tectonic evolution of the Dalradian basin and the onset of 

sedimentation within the basin. Furthermore, the Re-Os geochronology helps refine 

Neoproterozoic palaeogeographies related to the formation and breakup of the Rodinia 

supercontinent (e.g., Li et al., 2008).  



3 – Dalradian Geochronology 
 

 65

3.6.3 Implications for global correlations involving the glacial Port Askaig Formation 

At present, global correlation schemes for Neoproterozoic glaciogenic deposits are 

largely dependent on correlation of two distinctive types of diamictite cap-carbonate pairs. 

These have been designated as “Sturtian” and “Marinoan” events after the type localities in 

southern Australia (Kennedy et al., 1998; Hoffman and Schrag, 2002; Halverson et al., 

2005; Corsetti and Lorentz, 2006). The “Sturtian” term however, is also used to define 

much older glacial events than the Sturtian sensu stricto of the Adelaide Rift Complex 

which has geochronological constraints for deglaciation of ca. 650 – 660 Ma (Preiss, 2000; 

Kendall et al., 2009a and references therein). These older glacial events assigned to the 

“Sturtian” have geochronological constraints which indicate low-latitude global glaciation 

at ca. 715 Ma based on U-Pb zircon data (Bowring et al., 2007; Macdonald et al., 2010a).  

In this summary, they are referred to as middle Cryogenian (ca. 715 Ma; Plumb, 1991) 

deposits to distinguish them from younger Sturtian (sensu stricto) glacial deposits on the 

Australian craton at ca. 650 – 660 Ma. 

Early work on correlation of the Port Askaig Formation (Fig. 3.2) suggested a possible 

correlation with North Atlantic Varangerian tillite sequences based on Rb-Sr diagenetic 

illite ages of ca. 630 Ma (Hambrey, 1983; Fairchild and Hambrey, 1995; Gorokhov et al., 

2001). Correlation of the Port Askaig Formation with the Varangerian tillite was supported 

by 87Sr/86Sr chemostratigraphy of Dalradian limestones that indicate that the base of the 

Dalradian Supergroup is younger than ca. 800 Ma and may be as young as ca. 700 Ma 

(Thomas et al., 2004). This correlation is difficult to support as the geochronological 

constraints for the Varangerian glaciation are based upon Rb-Sr illite geochronology which 

may not represent a depositional age (Morton and Long, 1982; Ohr et al., 1991; Awwiller, 

1994; Evans, 1996; Gorokhov et al., 2001; Selby, 2009). 

Recent work has rejected the correlation of the Port Askaig Formation and the 

Varangerian glaciation. Instead, δ13C and 87Sr/86Sr profiles from the underlying Islay 

Limestone and overlying Bonahaven Formation have been used to suggest a middle 

Cryogenian (ca. 715 Ma) age for the Port Askaig Formation (Brasier and Shields, 2000; 

Prave et al., 2009a). Further ‘evidence’ for a 715 Ma middle Cryogenian age for the Port 

Askaig Formation is the presence of younger glaciogenic units in the Dalradian, namely the 

Stralinchy-Reelan (a possible Marinoan correlative) and the Inishowen-Loch na Cille 

Formations (a possible Gaskiers correlative; Condon and Prave, 2000; McCay et al., 2006). 
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However, the Re-Os date of 659.6 ± 9.6 Ma for the Ballachulish Slate Formation refutes the 

notion that the Port Askaig Formation is a component of a middle Cryogenian (ca. 715 Ma) 

glaciation. As reported above, the Re-Os geochronology data, coupled with existing age 

constraints on the Tayvallich volcanics strongly suggest that the Port Askaig Formation 

records a glacial event on the eastern margin of Laurentia at ~650 Ma (Fig. 3.5).   

Palaeomagnetic constraints from Laurentia during the Neoproterozoic indicate that 

Laurentia (and hence the Port Askaig Formation) was at low latitudes from 723 – 614 Ma 

(see Trinidade and Macouin, 2007 and references therein). Similarly, the Sturtian (sensu 

stricto) glaciations on the Australian craton were also at low latitude and Re-Os 

geochronology of post-glacial rocks indicates an age of ~650 Ma for these glacial deposits. 

The Ballachulish Slate Formation Re-Os geochronology implies that the Port Askaig 

Formation could be correlated with the ~650 Ma Sturtian (sensu stricto) deposits of the 

Adelaide Rift Complex (Preiss, 2000; Kendall et al., 2006; 2009a). This suggestion is also 

supported by the Osi data for the Ballachulish Slate, Upper Black River Dolomite and 

Tapley Hill formations as discussed below (Fig. 3.5; Kendall et al., 2006; 2009a; This 

study).  

    
 

Fig. 3.5 Graphic illustration of Re-Os geochronology data and Osi values for Cryogenian and Sturtian (sensu 
stricto) pre- and post-glacial horizons. See text for discussion. Data from 1 = Ballachulish Slate Formation 
(this study); 2 = Aralka Formation (Kendall et al., 2006); 3 = Tapley Hill Formation (Kendall et al., 2006); 4 
= Black River Dolomite (Kendall et al., 2009a) 
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3.6.4 Os isotopic composition of seawater at 660 Ma 

The initial Osi values determined from the regression of the Re-Os isotope data (Table 

3.1; Figs. 3.3 and 3.4) are interpreted to reflect the Os isotope composition of seawater at 

the time of deposition (Ravizza and Turekian, 1989; Cohen et al., 1999; Selby and Creaser, 

2003). The Os isotope composition for seawater at the time of deposition of the 

Ballachulish Slate (1.04 ± 0.03) is identical, within uncertainty, to that of the present day 

Os isotopic composition of seawater (~1.06; Peucker-Ehrenbrink and Ravizza, 2000 and 

references therein). The radiogenic Osi value from the Ballachulish Slate Formation 

demonstrates that the contribution of radiogenic Os from riverine inputs and weathering of 

upper continental crustal material (present-day riverine inputs of 187Os/188Os ~1.5; 

Levasseur et al., 1999) dominated over the influx of unradiogenic Os from cosmic dust and 

hydrothermal alteration of oceanic crust and peridotites (present-day 187Os/188Os ~ 0.13; 

Walker et al., 2002a, b).  

 The radiogenic values for the Osi of the Ballachulish Slate Formation closely match 

values for the post-glacial Upper Black River Dolomite, Aralka and Tapley Hill Formations 

of southern Australia (1.04; 1.00; 0.82; 0.95, respectively; Kendall et al., 2006; 2009a). 

Although there are many contrasting palaeomagnetic reconstructions of the Laurentian and 

Australian cratons, most models indicate that during the Neoproterozoic these two cratons 

were both located at low latitude and were separated by oceanic basins that formed as a 

result of rifting associated with the breakup of Rodinia (Li et al., 2008 and references 

therein). Consequently, the very similar Osi values reported from the pre-glacial 

Ballachulish and post-glacial Upper Black River Dolomite, Aralka and Tapley Hill 

Formations possibly represent a global Os isotope composition for the 660 – 640 Ma time 

interval (Kendall et al., 2006, 2009a). Additionally, this ‘global’ isotope composition for 

this interval is significantly more radiogenic than values for Mesoproterozoic seawater Os 

isotope composition (1.04 compared to 0.33 and 0.29; Rooney et al., 2010 and Kendall et 

al., 2009c). This increase in the Os isotope composition of Neoproterozoic seawater may be 

a result of the continental crust (the dominant source of hydrogenous Os) becoming more 

radiogenic over time. Additionally, falling sea levels and the exposure of rifted margins 

associated with the breakup of Rodinia would expose older more radiogenic continental 

crust to weathering associated with the Neoproterozoic glaciations. A further possibility for 

this increase in 187Os/188Os isotope composition for Neoproterozoic concerns the increased 
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oxygenation of subsurface waters during the late Neoproterozoic (Canfield and Teske, 

1996; Anbar and Knoll, 2002; Canfield et al., 2007; 2008). This oxygenation of the oceans 

and atmosphere would result in increased chemical weathering of continental crust which, 

coupled with the breakup of Rodinia may result in an increase in seawater Os as seen for 

the Sr isotope composition of Neoproterozoic seawater (Jacobsen and Kaufman, 1999; 

Halverson et al., 2007b). 

3.6.5 Systematics of Re-Os in Leny Limestone Formation 

Although the Ballachulish Slate Formation experienced complex and polyphase 

metamorphism these samples yield a precise depositional age with a low degree of scatter 

about the linear regression of the Re-Os data (659.6 ± 9.6 Ma, MSWD = 0.01). The results 

for the Ballachulish Slate samples imply that anhydrous metamorphism and dehydration 

reactions do not adversely affect Re-Os systematics. In contrast, the Leny Limestone 

Formation which has also experienced regional Grampian metamorphic events has been 

disturbed. This suggests that this Re-Os isotope disturbance is probably related to hydration 

and fluid-flow events associated with Carboniferous / Permian contact metamorphism as 

discussed below. 

The Re-Os isotope data for the Leny Limestone Formation yield a highly imprecise age 

of 310 ± 110 Ma (MSWD = 338) that is significantly younger than the accepted age of ca. 

512 Ma based upon the trilobite fauna found in the Leny Limestone (Fletcher and Rushton, 

2007). In addition, the Osi value of 1.7 ± 2.0 is much more radiogenic than known values 

for Cambrian seawater (~0.8; Mao et al., 2002) and all of the Phanerozoic. The Re-Os 

geochronometer has been shown to be robust following hydrocarbon maturation events, 

greenschist facies metamorphism and flash pyrolysis thus suggesting the system is robust 

even after temperatures as high as 650 °C and pressures as high as 3 kbar (Creaser et al., 

2002; Kendall et al., 2004, 2006, 2009; Rooney et al., 2010). Disturbance of the Re-Os 

systematics by chemical weathering has been identified from outcrop studies on the Ohio 

Shale (Jaffe et al., 2002). The Leny Limestone Formation outcrop is not significantly 

weathered and the samples were taken in such a way as to avoid the effects of recent 

chemical weathering on the outcrop. The measures undertaken to ensure that fresh samples 

were used for Re-Os geochronology include; removal of surficial weathering prior to 

collecting of large (~200 g) samples extracted from the outcrop prior to cutting which 

meant that any evidence of weathering e.g., iron-staining or leaching and features such as 
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quartz veins could be scrupulously avoided. Thus these factors are unlikely to have played 

a role in the Re-Os analysis of the Leny Limestone Formation. 

Recent work has shown that the Re-Os geochronometer is susceptible to disturbance 

caused by hydrothermal fluid interaction with sedimentary units associated with the 

formation of a SEDEX deposit (Kendall et al., 2009c). The proximity of the Leny 

Limestone exposures to the Devonian and Permo-Carboniferous intrusions and associated 

interactions with hydrothermal fluids are likely causes of disturbance of the Re-Os 

systematics. In agreement with work by Kendall et al. (2009c) this study suggests that the 

Re-Os age for the Leny Limestone represents a disturbed dataset. The negative Osi values 

calculated at 512 Ma and anomalously low age can be best explained by post-depositional 

mobilisation of Re and Os resulting from hydrothermal fluid flow driven by the igneous 

intrusions found within the Leny Quarry (Table 3.1). Possibly oxidising fluids generated by 

the intrusions may have leached Re and/or Os from the Leny Slate samples. The Leny 

Limestone slate samples all have 187Re/188Os values that plot to the right of the 512 Ma 

reference line suggestive of either Re gain or Os loss (Fig. 3.5). The occurrence of 

kaolinite, muscovite and berthierine from XRD analysis of the Leny Limestone slates 

suggests that these minerals are the products of retrograde reactions involving chlorite, 

muscovite and an Fe-rich phase such as cordierite that was driven by reactions with 

hydrothermal fluids (Slack et al., 1992; Abad et al., 2010).  

The lack of documented mineralisation (small [<1 cm thick] dolomite veins in the 

limestones notwithstanding) and identifiable accessory or index minerals renders it 

extremely challenging to gain a full understanding of the P-T conditions of contact 

metamorphism in the Leny Limestone Formation. However, given that the Grampian 

Orogeny would have generated greenschist facies conditions it is likely that hydrothermal 

fluid flow driven by the Palaeozoic igneous intrusions hydrated the Leny Limestone slates 

resulting in retrograde reactions and the disturbance of the Re-Os geochronometer. 

3.7 Conclusions 

New Re-Os geochronology for the Ballachulish Slate Formation yields a depositional 

age of 659.6 ± 9.6 Ma providing a maximum age constraint for the overlying glaciogenic 

Port Askaig Formation. The relatively precise age coupled with the excellent linear fit of 

the Re-Os isotope data for the Ballachulish Slate Formation represents the first successful 
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application of the Re-Os system in samples with Re and Os abundances comparable with, 

or lower than, average continental crustal values. Additionally, these results strongly 

suggest that meaningful Re-Os geochronology data can be obtained from sedimentary 

successions that have experienced polyphase contact and regional metamorphism provided 

that thermal alteration was anhydrous. 

 The Re-Os geochronology presented here indicates that the Port Askaig Formation is 

younger than the middle Cryogenian glacial horizons bracketed at ca. 750 – 690 Ma, with 

which it was previously correlated. The new geochronology data for the Ballachulish Slate 

Formation also refutes a correlation of the underlying Ballachulish Limestone Formation 

with the ca. 800 Ma Bitter Springs anomaly of Australia (Hill and Walter, 2000; Halverson 

et al., 2007a; Prave et al., 2009a). The Re-Os geochronology provides a chronostratigraphic 

framework that indicates deposition of the Argyll Group occurred within a ~60 Ma interval 

prior to eruption of the Tayvallich Volcanics. The Re-Os data provides further support for 

the argument that Re-Os and U-Pb zircon geochronology are fundamental if we are to use 

chemostratigraphy to evaluate Neoproterozoic environments. 

The Osi value for seawater at the time of deposition of the Ballachulish Slate Formation 

is similar to that of the present-day value indicating that the dominant input of Os to 

seawater was radiogenic input from the weathering of the continental crust. Additionally, 

the close similarity of Osi values from the Ballachulish Slate Formation with Sturtian 

(sensu stricto) deposits from the Australian craton indicates that the dominant source of Os 

to the oceans was from weathering of upper continental crust, suggesting a consistent 

weathering regime despite numerous glaciations. 

Disturbance of Re-Os systematics in the Leny Limestone Formation is evident by a 

very imprecise and inaccurate age along with a negative value for the Osi value (calculated 

at 512 Ma) for seawater in this biostratigraphically constrained Cambrian unit. These 

factors strongly suggest that the Re-Os system was disturbed in response to hydrothermal 

fluid flow associated with the intrusion of a number of igneous bodies during the 

Palaeozoic. The circulation of fluids through the Leny Limestone Formation is suggested to 

be the cause for the gain of Re and / or the loss of Os thus generating an imprecise age 

younger than the known depositional age. 
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Chapter 4 – Hydrous Pyrolysis experiments and Re-Os 

systematics 

4.1 Introduction 

The application and analytical advancements of the rhenium-osmium (Re-Os) 

geochronometer has permitted the determination of accurate and precise (≤±1 %) 

depositional ages for organic-rich sedimentary rocks (ORS; Ravizza and Turekian, 1989; 

Cohen et al., 1999; Selby and Creaser, 2003; Kendall et al., 2004; 2006; Selby and Creaser, 

2005a; Anbar et al., 2007). As a result, the Re-Os ORS geochronometer has provided 

accurate and precise dates for timescale calibration and sedimentary horizons lacking tuff 

horizons and biostratigraphy (Selby and Creaser 2005a; Selby, 2007; Turgeon et al., 2008; 

Kendall et al., 2009a,b; Yang et al. 2009; Rooney et al., 2010).  

Depositional ages obtained from ORS affected by petroleum maturation, flash 

pyrolysis and/or polyphase metamorphism indicate that these processes do not significantly 

affect the ORS Re-Os systematics (Creaser et al., 2002; Selby and Creaser, 2005a; Kendall 

et al., 2004; Rooney et al., 2010). Specifically, the Re-Os ORS systematics are known to 

remain undisturbed at pressures up to 6 kbar and temperatures >650 °C resulting from 

contact and regional metamorphism (Rooney et al., 2010). However, interactions with low 

temperature (~100 °C) hydrothermal fluids have been shown to disturb Re-Os ORS 

systematics (Cooke et al., 1988; Kendall et al., 2009b).  

Natural petroleum generated from ORS through the maturation of organic matter is 

enriched in Re and Os, which has been transferred from source rocks (Barre et al., 1995; 

Woodland et al., 2001; Selby and Creaser, 2005b; Selby et al., 2007; Finlay et al., 2010). It 

has been shown that the Re-Os systematics of petroleum may yield the timing of oil 

generation (Selby and Creaser, 2005a; Selby et al., 2005; Finlay et al., 2010). Our present 

understanding suggests that Re and Os may be bound in petroleum by heteroatomic ligands 

and other metallo-organic complexes (Selby et al., 2007). However, the elemental and 

isotopic behaviour of Re and Os in the ORS – petroleum system is poorly understood. 

Specifically, we have a limited understanding of the complexation and transfer of Re and 
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Os and the Re-Os isotope systematics in and from ORS to petroleum as a result of 

petroleum maturation. 

To improve our understanding of Re and Os complexation in ORS and their transfer 

behaviour and the Re-Os isotope systematics from ORS to petroleum it is crucial to fully 

understand Re-Os systematics during the generation of petroleum. Laboratory-based 

hydrous pyrolysis experiments allow us to mimic natural petroleum maturation of source 

rocks on a suitable timescale. Herein this technique is used to evaluate the complexation of 

Re and Os in ORS and their transfer behaviour from ORS to petroleum. 

Hydrous pyrolysis is an experimental technique that simulates the maturation, 

generation and expulsion of immiscible oil that is physically and chemically similar to 

natural crude oils (Lewan et al., 1979; Lewan, 1985; 1997; Ruble et al., 2001; Lewan and 

Ruble, 2002). Hydrous pyrolysis experiments provide the most realistic conditions for the 

generation of immiscible oil under laboratory conditions primarily because it involves the 

generation of an intermediate bitumen component during maturation (Lewan and Ruble, 

2002). The generation of this intermediate bitumen component permits the separation and 

expulsion of oil from the polar-rich, water-saturated bitumen. The experiments result in the 

generation of three organic phases; bitumen, immiscible oil and gas (Ruble et al., 2001). 

This paper presents results from a series of hydrous pyrolysis experiments on 

Phanerozoic petroleum immature ORS, designed to mimic natural petroleum maturation in 

an effort to evaluate Re and Os location in ORS and the transfer mechanisms of Re and Os 

in ORS to petroleum. Furthermore, this work enables us to enhance our understanding of 

the Re-Os isotope systematics of petroleum, in particular, the use of the Re-Os isotope 

system for fingerprinting oils.  

4.2 Samples 

4.2.1 Staffin Shale and Phosphoria Formation 

The Jurassic Staffin Shale and Permian Phosphoria Formations were selected for 

hydrous pyrolysis experiments as each formation is composed of a distinct kerogen type 

(Type III and IIS, respectively), have elevated total organic carbon (TOC) values and are 

immature with respect to petroleum maturation (Table 4.1). These two samples provide an 

ideal opportunity to evaluate the location of Re and Os in a petroleum immature ORS and 

the effect of petroleum maturation on Re-Os systematics in ORS. 
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Table 4.1       
Samples used for hydrous pyrolysis experiments    

Sample 
TOC % 

wt Tmax °C S1 S2 
Bitumen 

% 
Asphaltene 

% 
Staffin Shale  2.5 431 0.03 4.05 0.01 7.9 
Phosphoria  17.4 418 2.46 101.42 1.60 34 
TOC = total organic carbon      
Tmax = temperature oC of the maximum formation of hydrocarbons by cracking of kerogen and has an uncertainty of ± 
1 - 3 °C (Peters, 1986; Behar et al., 2001). 

S1 = mg of hydrocarbons (free and thermovapourisable) per gram of rock.  
S2 = mg of hydrocarbons (cracking of kerogen) per gram of rock (Peters, 1986).   

 

4.2.1.1 Jurassic Staffin Shale Formation 

Approximately 6 kg of the Jurassic Staffin Shale Formation was sampled from Staffin 

Bay, Skye, Scotland (57° 39’ 42.00” N, 6° 14’ 45.26” W). The sample consists of dark grey 

and black clays and silty-shales from Bed 35 of the Flodigarry Shale Member (Matyja et 

al., 2006; Selby, 2007). In addition to the 6 kg sample 4 other samples from Bed 35 were 

taken along its strike (Staffin 182-5, 226-5; Staffin DSa, DSb). A Re-Os age of 154.1 ± 2.2 

Ma provides accurate and precise geochronology for the Oxfordian-Kimmeridgian 

boundary marked by the Flodigarry Shale Member (Selby, 2007). The thermal maturity, 

TOC and hydrogen and oxygen index values were determined by this study (see 

methodology). The samples are thermally immature with respect to petroleum maturation 

with a Tmax value of 431 °C (Table 4.1). The samples have TOC values of approximately 

2.5% and extractable organic matter (bitumen) constituting 0.01% (Table 4.1). The 

hydrogen and oxygen index values of 176 and 23, respectively, indicate that the Staffin 

Shale Formation is a gas-prone Type III kerogen (Tissot and Welte, 1984; Vandenbroucke, 

2003). The Staffin samples are enriched in Re and Os ~14 ng/g and ~200 pg/g, 

respectively, relative to average continental crust (~0.2 – 2 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). Bed 35 has 187Re/188Os ratios of ~355 and radiogenic 187Os/188Os ratios of 

~1.477 (Table 4.2; Selby, 2007; this study). 
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4.2.1.2 Permian Phosphoria Formation 

Approximately 20 kg of the Permian Phosphoria Formation was sampled from 

Retort Mountain quarry, Beaverhead, Montana, U.S.A. (Lewan, 1978; Lewan et al., 1986; 

Piper and Link, 2002; Hein et al., 2004). The Phosphoria Formation is a fine-grained 

argillaceous phosphatic claystone with minor amounts of pyrite (Lewan et al., 1986). The 

Phosphoria samples have elevated TOC values of 17.4% and extractable bitumen 

constituting 1.6%, of which 34% is asphaltene (this study; Table 4.1). The samples are 

thermally immature with respect to petroleum maturation with a Tmax value of 418 °C (this 

study; Table 4.1). The kerogen of the Phosphoria Formation is predominantly amorphous 

organic matter with a sulphur content of 1.8 wt%, and hydrogen and oxygen index values 

of 582 and 9 (Lewan et al., 1986). These values indicate the Phosphoria Formation 

possesses an oil-prone Type IIS kerogen (Tissot and Welte, 1984; Lewan et al., 1986; 

Reynolds and Burnham, 1995; Vandenbroucke, 2003). The Phosphoria samples are also 

greatly enriched in Re and Os with abundances of ~470 ng/g and ~3300 pg/g, respectively 

(this study; Table 4.3) and possess elevated 187Re/188Os ratios of ~988 and radiogenic 
187Os/188Os ratios of ~3.314 (Table 4.3).  

4.3 Methodology 

The entire Staffin and Phosphoria Formation sample sets were crushed, without metal 

contact, to small rock fragments (~1 x 1 x 1cm to 2 x 2 x 1cm), with any weathered surface 

material removed. Randomly selected 400 g aliquots of the rock fragments (and for Staffin 

samples Staffin 182-5, 226-5, DSa, DSb) were taken for each sample to establish the 

variation in Re and Os abundance and isotope compositions of the non-pyrolysed rock and 

for the hydrous pyrolysis experiments. The pyrolysed samples were also analysed for their 

Re and Os abundances and isotope compositions. In addition, the samples were analysed 

for TOC and Tmax parameters. The bitumen fraction of the Staffin and Phosphoria 

pyrolysed and non-pyrolysed samples was extracted for Re-Os analysis. 
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4.3.1 TOC and Tmax analysis 

TOC values and thermal maturity data for the Phosphoria Formation were 

determined using Rock-Eval pyrolysis (Peters, 1986; Hunt, 1996) at the TOTAL 

Geochemistry and Fluids Laboratory (Pau, France). The TOC values and thermal maturity 

data for the Staffin samples were generated using a LECO SR Analyser machine by 

Weatherford (Houston, USA). For Rock-Eval pyrolysis, Tmax is a laboratory temperature 

that represents the temperature of peak petroleum release by kerogen cracking in the Rock-

Eval pyrolyzer (Peters, 1986; Behar, 2001). 

4.3.2 Bitumen extraction 

Bitumen (the soluble extractable organic matter extracted from ORS) was extracted 

from both the non-pyrolysed and pyrolysed Staffin samples (~100 g) using Soxhlet 

apparatus for 24 h with chloroform. The refluxed solvent was filtered through a 0.45 µm 

PTFE filter and the bitumen was concentrated by rotary vacuum evaporation. Bitumen from 

the Phosphoria non-pyrolysed and pyrolysed samples was extracted using an ASE 200 at 

the TOTAL Laboratory for Fluids and Geochemistry (Pau, France) with dichloromethane 

using 15 g of sample at 100°C and 100 bars.  

4.3.3 Hydrous pyrolysis experiments 

Randomly selected rock fragments (~400 g) of the Phosphoria and Staffin samples 

were matured through progressive stages of petroleum generation by isothermal hydrous 

pyrolysis (Lewan, 1985). Hydrous pyrolysis experiments were conducted in Hastelloy C-

276 reactors with carburised surfaces. The rock fragments from the Staffin and Phosphoria 

sample sets were immersed in 400 ml distilled water. The reactors are sealed and filled with 

~6.9 MPa of He and leak checked using a thermal conductivity leak detector. Temperatures 

were monitored with Type J thermocouples which are calibrated against national standards 

and remain within ± 0.5°C of the desired temperature. The hydrous pyrolysis experiments 

were carried out at 250°, 300°, 325° and 350 °C for 72 h. These temperatures were selected 

as they represent various stages of oil generation: 1) pre-oil generation, 2) the onset of 

primary generation, 3) primary oil generation and 4) post-oil generation of a Type II source 

rock (Lewan, 1985).  
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After the experiments had cooled to room temperature, pressure and temperature 

values were recorded and a sample of head-space gas was collected in an evacuated 30 cm-3 

stainless-steel cylinder. Expelled oil generated in the hydrous pyrolysis experiments was 

collected in three steps. First, any expelled oil was collected from the surface of the water 

in the reactor with a Pasteur pipettete. Second, the water and minor amounts of expelled oil 

not collected with the pipettete were decanted into a glass separatory funnel. The separated 

oil was concentrated at the funnel stop cock, where it was collected with the same Pasteur 

pipette used to collect the oil on the water surface. Third, the thin film of expelled oil on the 

reactor walls, separatory funnel, Pasteur pipette, and rock fragments were rinsed with 

benzene at room temperature. This benzene rinse was filtered through a 0.45 µm 

polytetrafluoroethylene (PTFE) filter and the expelled oil was concentrated by rotary 

vacuum evaporation of the benzene. The decanted water was filtered through a 0.45 µm 

cellulose-acetate/nitrate filter. Rock fragments were removed from the reactor and dried at 

room temperature (~20°C) in a HEPA hood until their weight was constant (<1% change).  

4.3.4 Re-Os analysis 

Rhenium-osmium isotope analysis was carried out at Durham University’s TOTAL 

Laboratory for Source Rock Geochronology and Geochemistry at the Northern Centre for 

Isotopic and Elemental Tracing (NCIET). In this study Re-Os analysis were conducted on 

the non-pyrolysed and recovered pyrolysed rock fragments. For clarity the term ‘non-

pyrolysed’ rock refers to the original rock that has not experienced hydrous pyrolysis. 

Rhenium-Os analysis was conducted on an aliquot (~0.2 to 0.5 g) from the powdered rock 

fragments (~50 g) of both the non-pyrolysed and recovered pyrolysed samples.  These 

whole rock analyses reflect the total organic matter within the rock matrix, which 

constitutes the kerogen and bitumen fractions. Analysis was also conducted on solvent-

extracted (or bitumen free) rock. This rock analysis is termed ‘kerogen’ and does not refer 

to an isolated kerogen. The isolated bitumen and separated asphaltene fractions, hydrous 

pyrolysis generated petroleum and water used in the pyrolysis experiments were also 

analysed.  

For whole rock and kerogen analyses, between 0.2 g and 0.5 g of sample material 

was placed into a Carius tube with a known amount of a tracer solution of 185Re – 190Os, 

plus 8 ml of a CrVI-H2SO4 solution (made from 0.25 g of CrO3 per 1 ml of 4N H2SO4) and 

heated to 220°C for ~48 h (Selby and Creaser, 2003). For analysis of bitumen and 
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asphaltene, fractions and organic precipitates between 0.1 g and 0.2 g together with a 

known amount of 185Re – 190Os mixed tracer solution were dissolved in inverse aqua regia 

(8 ml ~14N HNO3 and 3 ml ~10N HCl) in Carius tubes at 220 °C for ~48 h (Selby et al., 

2007). 

Osmium was extracted from the CrVI-H2SO4 and aqua regia solutions using solvent 

extraction (CHCl3) and purified by micro-distillation, with the Re fraction purified using 

anion column chromatography (Selby and Creaser, 2003). Determination of Re-Os isotope 

composition and abundances was achieved using isotope dilution negative thermal 

ionisations mass spectrometry (ID-NTIMS) (Creaser et al., 1991; Völkening et al., 1991; 

Walczyk et al., 1991; Selby and Creaser, 2003).  

Procedural blanks during this study were 2 ± 0.12 pg Re and 0.2 ± 0.08 pg Os (1 

SD, n = 3, aqua regia), and 16.8 ± 0.4 pg Re and 0.4 ± 0.1 pg Os (1 SD, n = 4, CrVI-H2SO4 

solution). The blank 187Os/188Os isotope composition for aqua regia are 0.27 ± 0.51 (1 SD, 

n = 3) and 0.25 ± 0.21 (1 SD, n = 4) for the CrVI-H2SO4 solution. 

Uncertainties for 187Re/188Os and 187Os/188Os ratios are determined by error 

propagation of uncertainties in Re and Os mass spectrometer measurements, blank 

abundances and isotope compositions, spike calibrations and reproducibility of standard Re 

and Os isotope values.  

To ensure and monitor long-term mass spectrometry reproducibility, in-house 

standard solutions of Re and Os are repeatedly analysed at NCIET. The Re standard 

analysed during the course of this study is made from 99.999% zone-refined Re ribbon and 

is considered to be identical to that of AB-1 (Creaser et al., 2002; Selby and Creaser, 2003; 

Kendall et al., 2004). The NCIET Re standard yields an average 185Re/187Re of 0.59772 ± 

0.00172 (1 SD, n = 114). This is in excellent agreement with the ratio reported for the AB-1 

standard (Creaser et al., 2002). This paper details further use of the Durham Romil Osmium 

Standard (DROsS) for monitoring the mass spectrometry reproducibility of osmium isotope 

compositions. The DROsS recorded during this study yield an average 187Os/188Os ratio of 

0.16093 ± 0.00015 (2 SD, n = 36), which is identical to ratios reported by Rooney et al. 

(2010 and references therein). 
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4.4 Results 

4.4.1 Re-Os data of the Staffin Shale and Phosphoria Formations 

Data for Re and Os of the Staffin and Phosphoria Formation non-pyrolysed and 

pyrolysed samples are presented in Table 4.2 and 4.3, respectively. Rhenium and Os 

abundance data from the hydrous pyrolysis experiments were mass-balanced and are 

reported as ng/g of original rock and pg/g of original rock, respectively using the equation: 

{Mi} = [(Ai*gi)/1000]/G (1) 

Where the subscript “i” refers to the material, (non-pyrolysed / pyrolysed rock, 

kerogen, bitumen etc.,) being analysed, A is abundance in ppb or ppt; g is weight of 

material in grams and G is weight of starting rock in grams. Presenting the data in this 

format allows the evaluation of the Re and Os abundances located in the various fractions 

and to more accurately interpret the transfer behaviour and mechanisms of Re and Os in the 

ORS and petroleum system.  

The Re and Os abundance (13.8 ng/g and 219 pg/g of original rock, respectively) in 

the Staffin Formation non-pyrolysed rock taken from the 6 kg sample are very similar to 

other sections of Bed 35 from the Staffin Formation (Re = 12.2 to 13.0 ng/g; Os = 205 to 

208 pg/g of original rock). The Re and Os abundances for the pyrolysed rock samples range 

from 12.2 to 13.0 ng/g and 204 to 208 pg/g of original rock, respectively (Table 4.2). 

The Re and Os abundance in the kerogen from the non-pyrolysed Staffin sample are 

14.0 ng/g and 224 pg/g of original rock, respectively. These abundances are similar to 

kerogen of pyrolysed samples at all temperatures (Re =12.5 to 13.3 ng/g; Os = 203 to 214 

pg/g of original rock; Table 4.2).  

The non-pyrolysed rock contains 0.01% of bitumen or 0.03 g of the whole rock. 

This bitumen contains Re and Os abundances of 3.8 ng/g and 194.9 pg/g, respectively 

(Table 4.2). The hydrous pyrolysis of the Staffin shales generated 0.05 g, 0.13 g, 0.14 g and 

0.23 g of bitumen for the 250°, 300°, 325° and 350°C experiments, respectively (Table 

4.4). Bitumen from the pyrolysed rock possess a Re abundance (0.4 – 2.1 ng/g) that is 

lower than that of the non-pyrolysed sample. Conversely, Os for the bitumen of non-

pyrolysed samples (0.3 pg/g to 8.2 pg/g) are lower than that of the bitumen from the 

pyrolysed sample.  
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Sample

Staffin experiments
Non-pyrolysed 400.1 - 390.3 - 0.03 0.026

250 °C Hydrous pyrolysis 400.2 410.3 373.5 - 0.05 0.052
300 °C Hydrous pyrolysis 400.1 410.3 370.7 - 0.13 0.120
325 °C Hydrous pyrolysis 400.1 410.3 368.6 - 0.14 0.129
350 °C Hydrous pyrolysis 400.1 410.3 365.7 - 0.23 0.221

Phosphoria experiments
Non-pyrolysed 400.1 - 400 - 0.80 1.606

250 °C Hydrous pyrolysis 400.4 375.1 388.5 - 1.13 2.253
300 °C Hydrous pyrolysis 400.4 375.8 380.4 0.50 5.50 11.006
325 °C Hydrous pyrolysis 400.6 375.0 364.2 4.45 4.96 9.927
350 °C Hydrous pyrolysis 400.4 375.4 349.7 12.35 2.84 5.682

Table 4.4 details of Hydrous Pyrolysis Experiments
Rock at 
start (g)

Water in 
reactor (g)

Recovered 
rock (g)

Bitumen 
(g)

Oil recovered 
(g) Bitumen %

 

The 187Re/188Os ratios of the Staffin non-pyrolysed whole rock, kerogen and 

bitumen are ~355, 353 and 116, respectively. The pyrolysed samples have 187Re/188Os 

ratios of, 333 to 360 for whole rock, 330 to 370 for the kerogen and 816 to 10073 for the 

bitumen (Table 4.2). It must be noted that many of the bitumen samples have large 

uncertainties (± >1000) associated with them.  The large uncertainties also reflect the blank 

correction associated with measuring these small (<0.05 g) samples and the minor 

abundance of Re and Os in the bitumen. The 187Os/188Os ratios of the non-pyrolysed whole 

rock, kerogen and bitumen are 1.477, 1.470 and 2.001, respectively. The pyrolysed samples 

have 187Os/188Os ratios of, 1.450 to 1.470 for whole rock, 1.429 to 1.473 for the kerogen 

and 0.889 to 2.739 for the bitumens (Table 4.2). As with the 187Re/188Os ratios many of the 

bitumen 187Os/188Os ratios have large uncertainties (± 3.3 – 41.1) associated with them 

related to the small (<0.05 g) sample size and minute Os abundance in the bitumen fraction. 

The hydrous pyrolysis experiments on the Staffin Shale Formation did not generate 

any free oil although an equipment rinse did provide a small quantity (<0.05 g) of 

pyrolysate at 350°C. This material does not contain any measurable amounts of Re or Os 

and was not included in the mass balance calculations. 

The non-pyrolysed Phosphoria Formation whole rock sample contains 477 ng/g and 

3295 pg/g of original rock, of Re and Os, respectively (Table 4.3). There are significant 

variations in the Phosphoria Shale Re and Os abundances with values ranging from 453 to 

504 ng/g and 3122 to 3377 pg/g, respectively (Table 4.3). The slight variations in Re and 

Os abundances seen in the Phosphoria pyrolysed samples may be related to these variations 

in the non-pyrolysed samples and the nature of the Phosphoria outcrop. The Phosphoria 
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samples are taken from a much larger outcrop sample than the Staffin samples which are all 

taken from one bed and show a much smaller range in elemental abundances whereas the 

Phosphoria is from >20 kg and has a considerable range in elemental abundances. 

 The pyrolysed whole rock samples have Re and Os abundances ranging from 427 

ng/g to 504 ng/g and from 3049 pg/g to 3331 pg/g of original rock, respectively. The non-

pyrolysed kerogen fraction contains 479 ng/g and 3065 pg/g of original rock, respectively 

of Re and Os, in comparison with pyrolysed sample abundances that range from 375 ng/g 

to 413 ng/g and from 2692 pg/g to 2922 pg/g of original rock, respectively.  

The non-pyrolysed Phosphoria bitumen has Re and Os abundances of 60.9 ng/g and 

144.8 pg/g, respectively. In comparison, the pyrolysed bitumen samples have Re and Os 

abundances ranging from 3.9 ng/g to 133.9 ng/g and 34.3 pg/g and 313.7 pg/g rock, 

respectively. The higher TOC value of the Phosphoria samples (17.4% vs. 2.5% for the 

Staffin Shale) permits the extraction of an asphaltene fraction from the bitumen component. 

The extracted maltene fraction was not analysed as the small (<0.01 g) amounts inhibit 

precise ID-NTIMS analysis and previous work has shown that the maltene contains only 

minor amounts of Re and Os (<14%; Selby et al., 2007). The asphaltene abundance is not 

mass balanced as together with the maltene it represents 100% of the bitumen and contains 

237 ng of Re and 443 pg of Os in the non-pyrolysed sample (Table 4.3). The pyrolysis-

generated asphaltene has Re and Os abundances ranging from 12 to 266 ng and 131 to 575 

pg, respectively. 

The 187Re/188Os ratios for the non-pyrolysed Phosphoria whole rock, kerogen and 

bitumen samples are 988, 1114 and 3571, respectively. The 187Os/188Os ratios for these 

fractions are 3.314, 3.164 and 5.979, respectively. The 187Re/188Os ratios for the whole 

rock, kerogen and bitumen fractions of the pyrolysed Phosphoria Shale samples range from 

925 to 1070, 884 to 1114 and 781 to 3574, respectively (Table 4.3). The 187Os/188Os ratios 

for the whole rock, kerogen and bitumen fractions of the pyrolysed Phosphoria Shale 

samples range from 3.17 to 3.31, 3.16 to 3.30 and 3.50 to 5.98, respectively (Table 4.3).  

The organic precipitates from the decanted hydrous pyrolysis waters are only 

slightly enriched in Re and Os (0.1 – 10 ppb and 1 – 224 ppt, respectively) though these 

abundances do have significant uncertainties (>10%) associated with the blank correction. 

As a result, these precipitates are not considered in the discussions concerning Re and Os 

transfer in maturing ORS.  
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The hydrous pyrolysis experiments on the Phosphoria Shale at 300°, 325° and 

350°C yielded small quantities of free oil (0.5, 4.45 and 12.35 g, respectively; Table 4.4). 

However, the generated oils from the 300° and 325˚C experiments do not contain 

significant amounts of Re or Os and are not considered in the mass balance calculations. In 

contrast, the asphaltene component of the 350°C oil was analysed for Re and Os abundance 

and isotope composition and contains very minor abundances although the isotope ratios 

are pertinent to the discussion below. The asphaltene component of the oil contains 130 ppt 

of Re and 5.6 ppt of Os with a 187Re/188Os ratio of 163 and a radiogenic 187Os/188Os ratio of 

3.59. 

4.5 Discussion 

4.5.1 Complexation behaviour and location of Re and Os in ORS 

Aliquots of whole rock, kerogen and naturally occurring petroleum fractions from 

Phanerozoic sedimentary rocks (Permian and Jurassic) were analysed for Re and Os 

abundance and isotope compositions (Tables 4.2 and 4.3). These Re-Os data provide us 

with crucial information regarding the complexation of Re and Os in ORS and the Re-Os 

systematics of the ORS – Petroleum system.  

Analyses of the thermally immature Staffin and Phosphoria samples indicate that 

the kerogens are enriched in Re and Os with abundances that are identical, within 

uncertainty, to those of the whole rocks (Tables 4.2 and 4.3). These data alone suggest that 

the vast majority of the Re and Os budget in ORS is complexed within the kerogen fraction 

(Tables 4.2 and 4.3). However, the ORS used in this study have experienced burial 

resulting in the generation of an extractable bitumen fraction, although the samples are still 

considered thermally immature based on a laboratory thermal maturation analysis (Tmax; 

Table 4.1). The Staffin sample contains very small amounts of bitumen (0.01%), in 

comparison to the Phosphoria sample (1.6%). This is a direct result of the higher TOC 

content (17.4% [Phosphoria] vs. 2.5% [Staffin]) and earlier bitumen generation from a 

Type IIS kerogen to that of a Type III kerogen (Lewan et al., 2006).  

The bitumen fractions from the non-pyrolysed Staffin and Phosphoria samples 

contain considerable abundances of Re (3.8 and 61 ng/g, respectively). This represents a 

significant percentage of the whole rock Re content (Staffin = 28% and Phosphoria = 13%; 

Tables 4.2 and 4.3). For Os the bitumen of the Staffin and Phosphoria samples contain 195 
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and 145 pg/g, respectively. These abundances represent a significant percentage of the 

whole rock Os content, especially for the Staffin sample (Staffin = 89% and Phosphoria = 

4%). However, if we assume that Re and Os in ORS are associated entirely with the organic 

matter then the whole rock value of ~480 ng/g is a considerable underestimate of the true 

Re abundance for the Phosphoria sample. A more realistic Re and Os abundance (TA) can 

be calculated using the equation:  

TA = (100/TOC) * Re content of whole rock   (2) 

Based upon a TOC of 17.4% and a whole rock Re content of 477 ng/g the true 

abundance (TA) for Re of the Phosphoria Formation is closer to 2742 ng/g. This equation is 

equally valid for the Os component and the true Os abundance of the Phosphoria is 18939 

pg/g. Thus, the bitumen component represents only 2.2% of total Re and 0.8% of total Os 

found in the immature Phosphoria sample. This further illustrates that >95% of the Re and 

Os budget is housed within the kerogen fraction. Likewise, the Staffin samples also show 

that the Re and Os content of the bitumen is only a minor component of the whole rock Re 

and Os budget. For example, the Staffin bitumen contains 3.8 ng/g of Re from a TA of 550 

ng/g and for Os the bitumen has 195 pg/g from a TA of 8760 pg/g thus representing 0.7% of 

total Re and 2.2% of total Os found in this sample. 

4.5.2 Re and Os elemental abundance data of whole rock, kerogen and bitumen 

components as a function of hydrous pyrolysis temperature 

Previous studies have shown that the Re-Os geochronometer is not adversely 

disturbed by thermal events such hydrocarbon maturation, flash pyrolysis or metamorphism 

(Creaser et al., 2002; Kendall et al., 2004; Selby and Creaser, 2005a; Rooney et al., 2010). 

As such, the Re-Os ORS geochronometer records the timing of sediment deposition and not 

the age of post-depositional events. Although current evidence suggests that the Re-Os 

system is not adversely affected by these events, it has been shown that natural crude oils 

are enriched in Re and Os that have been transferred from the source rock (Selby and 

Creaser, 2005b; Selby et al., 2005; Selby et al., 2007, Finlay et al., 2010). However, there is 

a very limited understanding of the mechanisms and magnitude of elemental transfer from a 

source rock to the generated petroleum. 

The Staffin whole rock pyrolysed samples display a constant but small (6%) 

decrease in Re abundance throughout the hydrous pyrolysis temperature range although the 
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Re abundance is identical, within uncertainty, to several whole rock non-pyrolysed samples 

from the same stratigraphic horizon (Bed 35; Table 4.2). Similarly, the Os abundance in the 

pyrolysed whole rock displays a small (5%) decrease through the range of hydrous 

pyrolysis temperatures, but again this range is similar to the Os abundance variability 

within Bed 35 (Table 4.2). 

The kerogen Re and Os abundance data for the Staffin pyrolysed samples are 

similar across the range of hydrous pyrolysis temperatures (4% variation for both Re and 

Os). The Staffin bitumens show an extremely minor increase in Re abundance peaking at 

300°C although this value is still lower than the Re abundance of the non-pyrolysed rock 

(Fig. 4.1). The Os abundance in the Staffin bitumen decreases from the non-pyrolysed 

sample value of 195 pg/g (Fig. 4.2). 

 

 
Fig. 4.1 Re abundance and amount of bitumen for the Staffin bitumens against temperature of hydrous 
pyrolysis experiments. 
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Fig. 4.2 Os abundance and amount of bitumen for the Staffin bitumens against temperature of hydrous 
pyrolysis experiments.  

 

The generated bitumen from the Staffin samples do not contain significant 

concentrations of Re or Os (0.4 – 2.1 ng/g and 0.3 – 8.2 pg/g, respectively) suggesting that 

these metals are very tightly bound in the Type III kerogen molecules. As the thermal 

parameters of the hydrous pyrolysis experiments were identical for the Staffin and 

Phosphoria samples it can be proposed that kerogen type is a controlling factor for the 

transfer of Re and Os from kerogen into bitumen. This would agree with experimental and 

natural data which predicts greater thermal stress is required to crack Type III kerogens in 

comparison with Type II/IIS (Lewan, 1985; Lewan and Ruble, 2002). 

The results from hydrous pyrolysis experiments on the Phosphoria Shale define 

small variations in Re and Os abundance (8% and 3%, respectively) of the whole rock 

fractions. These variations can be attributed to the natural variations inherent in the 

Phosphoria Shale Formation as seen in the non-pyrolysed samples (Table 4.3). Likewise, 

the Re-Os data from the Phosphoria kerogen samples reveals only small increases or 

decreases in Re or Os abundance (10% and 5%, respectively). The Phosphoria bitumen 

samples display an enrichment in Re and Os that is correlative with the peak bitumen 

generation temperature for a Type IIS kerogen (300°C; Table 4.3; Figs. 4.3 and 4.4; Lewan, 

1985).  
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Fig. 4.3 Re abundance and amount of bitumen for the Phosphoria bitumens against temperature of hydrous 
pyrolysis experiments. The graph illustrates the agreement between peak Re abundance in the bitumen and 
peak bitumen generation temperature for this Type IIS kerogen 

 

 
Fig. 4.4 Os abundance and amount of bitumen for the Phosphoria bitumens against temperature of hydrous 
pyrolysis experiments. The graph illustrates the agreement between peak Os abundance in the bitumen and 
peak bitumen generation temperature for this Type IIS kerogen. 

 

Additionally, the Re and Os abundances for the Phosphoria bitumen illustrate an 

excellent linear relationship (r = 0.96; Fig. 4.5). This would suggest that these metals reside 
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in similar organic hosts within the bitumen and are transferred consistently in terms of 

amount and the destination throughout natural maturation.  

The Re and Os present in the pyrolysed bitumen represents only 2.2% and 0.7%, 

respectively, of that within the whole rock. This reveals minimal transfer of Re and Os 

from the kerogen to the bitumen resulting from hydrous pyrolysis experiments. Ultimately, 

this strongly suggests that hydrous pyrolysis and by inference natural thermal maturation, 

does not result in any significant mobilisation of Re and Os from the ORS. 

 

 
Fig. 4.5 Re abundance vs. Os abundance for the Phosphoria bitumens. Graph illustrates the linear relationship 
between Re and Os abundance in bitumens generated from hydrous pyrolysis experiments and naturally-
occurring bitumen suggesting that Re and Os are transferred to similar organic sites for this Type IIS kerogen. 

 

Analysis of the Staffin and Phosphoria bitumen and asphaltene fractions from both 

non-pyrolysed and pyrolysed samples indicate that the asphaltene contains >90% of the 

bitumen Re and Os budget. These findings are in agreement with studies on asphaltene 

fractions of whole oils suggesting that Re and Os in natural and pyrolysis generated 

bitumens are bound in heteroatomic ligands, preferentially found in asphaltenes (Selby et 

al., 2007).  

This research demonstrates that in both natural and pyrolysis generated bitumen, Re 

and Os is present, which originated from the alteration of kerogen. In contrast to natural 

oils, the oils generated from hydrous pyrolysis on the Staffin and Phosphoria samples do 



4 – Hydrous pyrolysis and Re-Os systematics 
 

 98

not contain any Re or Os above blank levels (Selby et al., 2007; this study). Only the 

asphaltene of the 350˚C oil contained enough Re and Os to provide precise abundance and 

isotope composition data. 

The lack of Re and Os transfer from the bitumens to the oils indicates that hydrous 

pyrolysis may not completely mimic natural petroleum generation with respect to Re and 

Os transfer from source rocks to oils. However, there are two major differences between 

natural systems and the hydrous pyrolysis experiments. Principally, the temperatures of 

hydrous pyrolysis are much greater than that of natural generation. The higher temperatures 

involved in hydrous pyrolysis may induce the transfer of Re and Os from the kerogen into 

an insoluble phase such as pyrobitumen. Pyrobitumen is impossible to distinguish or isolate 

from kerogen without using HF. The latter process results in artificially disturbing the Re-

Os systematics by leaching Re preferentially over Os (Selby and Creaser, 2003). The Re 

and Os have not been transferred to the oil despite reaching the peak oil generation 

temperature and they are not found in the water used in the hydrous pyrolysis or the 

precipitate. From this it is plausible to hypothesise that the Re has been taken up into the 

kerogen as a form of pyrobitumen which is insoluble and cannot be analysed without 

adversely affecting the Re-Os systematics. Secondly, the distinct time differences for 

maturation in natural systems in contrast with hydrous pyrolysis experiments may be vital 

to transfer of Re and Os from bitumen to oil (106 to 108 years and hours and days, 

respectively).  

These two major differences, time and temperature, lead us to suggest that the 

transfer of Re and Os from kerogens to bitumens and into oils is kinetically controlled. The 

kinetic parameters of hydrous pyrolysis, namely high temperatures over short periods of 

time are not conducive to the transfer of Re and Os from source rock kerogens to bitumens 

and into oils. Thus, it can be postulated that these metals reside in very stable functional 

groups that, despite the elevated temperatures, do not undergo significant transfer on a short 

timescale. 

4.5.3 Implications of Re and Os isotopic data of pyrolysed whole rock, kerogen and 

bitumen 

Whole rock and kerogen 187Re/188Os ratios across the temperature range of the 

hydrous pyrolysis experiments are broadly similar for the Staffin and Phosphoria samples 
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(Fig. 4.6). Similarly, the 187Os/188Os ratios show only minor variations for the Staffin and 

Phosphoria whole rock and kerogen samples (Fig. 4.6). These isotope data strongly suggest 

that petroleum generation through hydrous pyrolysis experiments does not disturb the Re-

Os systematics in ORS as supported by various studies on natural systems (Creaser et al., 

2002; Selby and Creaser, 2005a; Rooney et al., 2010). This lack of disturbance in the 

isotope ratios suggests that Re-Os geochronology of overmature ORS is viable because Re 

and Os are not significantly removed from the kerogen fraction of the source rock during 

petroleum maturation. As a result, the 187Re/188Os and 187Os/188Os ratios of overmature 

ORS are broadly similar to those of the immature ORS counterpart. Minute variations in 
187Re/188Os and 187Os/188Os ratios in ORS of varying maturity and any fractionation that 

occurs during this process may result from the minor transfer of Re and Os from kerogen to 

bitumen to petroleum. These very minor variations and any associated fractionation could 

be one of the factors that control the uncertainties presented for Re-Os ORS geochronology.  

 
Fig. 4.6 187Re/188Os ratios for the three organic components of the Phosphoria source rocks plotted against 
hydrous pyrolysis temperatures.  

 

The Staffin bitumen samples have very large uncertainties associated with the 
187Re/188Os and 187Os/188Os ratios related to the blank correction on these very small (<0.05 

g) samples bearing minor Re and Os (0.4 – 2.1 ng/g and 0.3 – 8.2 pg/, respectively) that are 

not conducive to precise analysis. As a result, it is extremely difficult to evaluate the Re-Os 

isotope data for the pyrolysed Staffin bitumen fractions with any confidence so these 
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findings will not be discussed further. The non-pyrolysed Staffin bitumen sample does 

provide precise 187Re/188Os and 187Os/188Os data. This bitumen fraction possesses a much 

lower 187Re/188Os ratio compared with the whole rock. The significance of these results will 

be discussed more fully with respect to the Phosphoria results. 

The bitumen components for the Phosphoria samples yield precise data that allow 

the discussion of the isotope composition and transfer of Re and Os from kerogen to 

bitumen. Bitumen generated from pyrolysis at 250°, 300° and 325˚C have broadly similar 
187Re/188Os ratios (~3200 – 3800). In contrast the bitumen from the 350˚C experiment has a 

much lower 187Re/188Os ratio (781; Fig. 4.6). This is due to the significantly lower Re 

abundance in comparison with the Os abundance in the 350˚C generated bitumen. The 
187Os/188Os ratios of the Phosphoria bitumens also display a considerable variation (26%). 

The majority of this variation is centred on the contrast in 187Os/188Os ratios from the non-

pyrolysed bitumen sample to the pyrolysed bitumen samples (5.979 vs. 3.640, 

respectively). All the pyrolysed bitumen samples possess similar 187Os/188Os ratios (4% 

variation) across the range of hydrous pyrolysis temperatures (Fig. 4.7). 

 
Fig. 4.7 187Os/188Os ratios for the three organic components of the Phosphoria source rocks plotted against 
hydrous pyrolysis temperatures.  

 

The bitumen of the non-pyrolysed rock was generated as a result of burial of the 

Permian Phosphoria Formation. This bitumen contains significant enrichment of Re (0.98 

ng/g) over Os (2.3 pg/g), which is reflected in the very high 187Re/188Os ratio (>3500). Due 
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to the in-growth of radiogenic 187Os, this natural bitumen has a much more radiogenic ratio 

than that of the whole rock. In contrast, the pyrolysed rock has no time to produce 

radiogenic 187Os thus the 187Os/188Os ratio is much lower, and reflects that of the whole 

rock and kerogen ratios (Table 4.3). There is a general trend in the relationship between the 
187Os/188Os ratio and the temperature of bitumen generation through hydrous pyrolysis with 

the lower temperature bitumens having a more radiogenic 187Os/188Os ratio than the higher 

temperature bitumens. Our understanding behind this trend is that the bitumen containing 

the 187Os/188Os ratio inherited from the kerogen from the experiments is overwhelmed by 

the more radiogenic 187Os/188Os ratio of the pre-existing bitumen. Conversely, the higher 

temperature experiments e.g., 300°C bitumen have generated a greater amount of bitumen 

and thus the 187Os/188Os ratio is slightly less radiogenic and is closer, in this regard, to the 

whole rock value (Tables 4.3 and 4.4). 

In contrast, the Staffin samples strongly suggest that there is greater transfer of Os 

than Re into the bitumen. This suggests that Os transfer in contrast with Re transfer from a 

Type III kerogen occurs more readily. Furthermore, the differing kinetic conditions 

involved in natural maturation in contrast with hydrous pyrolysis may play a role as 

discussed in section 5.2. The 187Os/188Os ratio of the natural Staffin bitumen is more 

radiogenic than the whole rock component reflecting the in-growth of radiogenic 187Os 

from the decay of 187Re coupled with the Os abundance (2.2% of whole rock content) 

which was transferred during burial. 

Analysis of the asphaltene from the oil generated from the Phosphoria 350°C 

experiment yields a 187Os/188Os ratio that is comparable with that of the bitumen for the 

pyrolysed samples (3.5954 and 3.5017, respectively; Table 4.3). Although this is only one 

analysis and the small amount of asphaltene only provided imprecise data the results do 

agree with previous studies which show the 187Os/188Os ratio of oils and asphaltenes can be 

used as a technique for correlating an oil to its source. The variation in 187Os/188Os ratios 

between the non-pyrolysed rock bitumen and pyrolysed rock bitumens could have 

implications for employing the Re-Os system as a tool for fingerprinting oils within 

petroleum systems (e.g., Selby and Creaser, 2005b; Selby et al., 2007).  

The Phosphoria samples illustrate an excellent relationship between 187Os/188Os 

ratios for hydrous pyrolysis bitumens and whole rock 187Os/188Os ratios (Table 4.3; Figs. 

4.6 and 4.7). This strongly suggests that generated bitumens from hydrous pyrolysis reflect 

or inherit the 187Os/188Os ratios of the source rock and that any fractionation is extremely 
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minor (Fig. 4.7). Additionally, some oils generated in natural systems have high 187Re/188Os 

ratios relative to the source rock while other oils have low 187Re/188Os ratios but both have 
187Os/188Os ratios that are comparable to the source rock (Selby and Creaser, 2005a; Selby 

et al., 2007; Finlay, 2010). These findings suggest that kerogen type is a critical factor in 

the transfer behaviour of Re and Os from ORS into oils. Consequently, these data support 

earlier studies which suggest that it is possible to relate the 187Os/188Os ratio of petroleum to 

a source rock thus fingerprinting petroleum deposits to a particular source rock (Selby and 

Creaser, 2005a; Selby et al., 2007; Finlay et al., 2010). This dataset potentially suggests 

that the Re-Os ORS-petroleum system has the ability to date a source, date the timing of 

petroleum generation and also fingerprint the source of petroleum. The deployment of the 

Re-Os system to date and fingerprint petroleum generation will enable geoscientists to 

more fully understand the geological history of a petroleum system. In particular, this 

technique will aid in elucidating the timing and rates of generation, the role of fluid flow in 

sedimentary basins and ultimately increase the accuracy and decrease the risk of 

exploration programmes. 

4.6 Conclusions 

Hydrous pyrolysis experiments were employed to improve our understanding of 

how Re and Os in ORS are affected by hydrocarbon maturation and gain an improved 

insight to the Re-Os systematics of the ORS – petroleum system. The experiments were 

designed to allow us to evaluate how Re and Os are transferred from source rock kerogen to 

bitumen and into oils. The experiments provide the results on Re and Os isotope abundance 

and isotope data from the first attempt to monitor the transfer of Re and Os from source 

rocks into oils on a laboratory timescale. 

 Following extraction of bitumen from two immature Phanerozoic source rocks Re-

Os isotope analyses indicate that the kerogen component has Re and Os abundances that are 

broadly similar of the whole rock values. Thus Re and Os are predominantly bound in the 

kerogen. In addition, the 187Re/188Os and 187Os/188Os ratios of the kerogen and whole rock 

components of these immature source rocks are very similar.  

Although there are significant (up to 27%) variations in Re and Os abundances 

between the pyrolysed whole rock and kerogen components, the 187Re/188Os and 
187Os/188Os ratios of the kerogens and whole rock components display much smaller 
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variations. Importantly, the non-pyrolysed and pyrolysed whole rocks and kerogen 
187Re/188Os and 187Os/188Os ratios vary less than the abundances (17% and 4%, 

respectively). These results suggest minimal transfer of Re-Os from kerogen to the bitumen 

fraction. The dataset from these hydrous pyrolysis experiments allow us to conclude that Re 

and Os remain complexed in kerogen even after hydrocarbon maturation and / or polyphase 

metamorphism. This is probably a result of the Re and Os being complexed within very 

stable functional groups that are associated with insoluble organic matter. Furthermore, it 

can be hypothesised that the hydrocarbon maturation process does not adversely upset the 

Re-Os system. This has been observed for natural systems and thus further demonstrates 

that Re-Os geochronology is feasible on petroleum overmature and metamorphosed ORS. 

The peak bitumen generation temperature of Type IIS kerogens occurs at 300°C and 

correlates with the peak Re and Os abundance of this bitumen. This suggests that as the 

kerogen cracks to bitumen, Re and Os are mobilised and transferred from the complexation 

site in kerogen to the related site in Type IIS bitumens. 

The Phosphoria bitumens from the non-pyrolysed samples have 187Os/188Os ratios 

that are much more radiogenic than those of the non-pyrolysed whole rocks.  In contrast, 

the pyrolysis-generated bitumens have 187Os/188Os ratios which are closer to the value for 

the whole rock ratio (44% and up to 17% variation, respectively). These results are in 

agreement with studies on natural crude oils and suggest that when oils / bitumen / 

asphaltene are generated they take on the 187Os/188Os ratios of the source rock at the time of 

generation and could possibly be used as a “finger-printing” tool in petroleum systems. 

After bitumen generation, the source rocks produce immiscible oil with generation 

peaking at 355° and 350°C for Type IIS and III, respectively. Natural Phosphoria oils 

contain up to 17 ppb Re and 102 ppt Os however, in contrast, the oils generated by hydrous 

pyrolysis contain less than 0.2 ppb Re and 0.5 ppt Os. This lack of transfer from the 

bitumen to the oils demonstrates that hydrous pyrolysis experiments do not fully mimic 

natural systems with respect to Re and Os transfer from source rocks to oils. This lack of 

transfer of Re and Os to the oils from bitumens in the experiments may be a result of the 

high experimental temperatures and short time frames resulting in the formation of 

inorganic phase such as pyrobitumen. This pyrobitumen phase is insoluble and impossible 

to isolate without disturbing Re-Os systematics. This lack of Re and Os in the oils from 

these experiments strongly suggests that the transfer of Re and Os is kinetically controlled 

with time possibly being the most important factor. 
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Chapter 5: Conclusions and future research 

This thesis addresses two aspects of Re-Os geochronology; use of Re-Os 

geochronology in Proterozoic successions and the effects of various geological processes 

on Re-Os systematics. As this thesis was written as a series of papers each chapter has its 

own specific conclusion section. This concluding chapter briefly draws together the key 

aspects of each chapter and suggests possible directions for future research. 

5.1 Re-Os geochronology of the Atar Group, Mauritania 

The Atar Group of the Taoudeni basin is a sedimentary succession which includes 

potential source rocks for a hydrocarbon system of considerable size (~ 1M km2). Our 

understanding of the basin’s stratigraphy had hitherto suffered from a lack of 

biostratigraphically useful fossils and accurate radiometric age constraints. Previous 

geochronological constraints from Rb-Sr clay ages were brought into question by 

preliminary δ13Ccarbonate chemostratigraphy studies which suggest the Atar Group rocks 

were much older. 

The new Re-Os geochronology provides three precise Mesoproterozoic ages which 

are identical, within uncertainty, from 2 drill cores. These drill cores are separated by >200 

km. The Re-Os data indicates that the Atar Group rocks are >200 Ma older than previously 

thought. Additionally, the identical Re-Os ages derived from samples of both drill cores 

indicate that Re-Os geochronology provides geoscientists with a technique for accurately 

correlating source rocks on a basin-wide scale. The new Re-Os age data infer that the Rb-Sr 

ages record a diagenetic event, possibly associated with the Pan African orogeny ca. 700 

Ma. 

The shales from the S1 drill core have experienced flash pyrolysis and offer an 

opportunity to evaluate the effects of very rapid heating of source rocks on Re-Os 

systematics. The age for the S1 core is identical, within uncertainty, to the immature shales 

indicating that the Re-Os system is not adversely affected by this type of thermal alteration. 

Identification of pyrrhotite and the mineralogical composition of the intrusive body enable 

us to place loose constraints on the temperatures experienced during ‘flash pyrolysis’. The 

presence of pyrrhotite coupled with calculations based on bitumen reflectance data suggests 

that the S1 shales experienced temperatures of up to 650°C. These temperature data provide 
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vital information on the robustness of the Re-Os system in this geological setting and 

strongly suggest that accurate and precise Re-Os geochronology is possible in sedimentary 

rocks that have experienced contact metamorphism. 

 The Re-Os ages for the Atar Group of the Taoudeni basin have profound 

implications for basin-basin and craton-craton correlations as well as new insights into the 

formation and break-up of the Rodinia supercontinent. The Re-Os geochronology enables 

us to enhance our understanding of the Taoudeni basin’s geological evolution through 

improved sequence-stratigraphy and the coupling of chemostratigraphic profiles to precise 

geochronological data. 

The Re-Os ages for the Atar Group shales are approximately equivalent to ages for 

Mesoproterozoic sedimentary rocks found on the São Francisco craton. Additionally, the 

similar Osi for the shales on these two cratons suggest that the sediments were deposited in 

basins of the Brasiliano Ocean that existed between the West African and São Francisco 

cratons during the Mesoproterozoic. Although reliable palaeomagnetic data are limited, it 

has been suggested that the São Francisco and West African cratons were separated by the 

Brasiliano Ocean and thus not involved in the initial formation of Rodinia. The new Re-Os 

geochronology data suggest a reassessment of the drift history of the West African craton 

and its role in the formation of Rodinia is required.  

 Use of the Re-Os ORS technique has yielded new geochronology data that are vital 

to fully understanding the geological history of the Taoudeni basin of Mauritania. However, 

the Taoudeni basin is still a largely unexplored region and the data presented here offers a 

basis upon which future work may be planned. The size of the Taoudeni basin (>1 M km2), 

the harsh desert environment and an unstable geopolitical context are principle reasons why 

the geological history of the basin is so poorly understood.  

Future work that may redress gaps in our knowledge include building a more 

complete chronostratigraphy for the Touirist and En Nesoar Formations of the Atar Group 

and also of the Char Group, which unconformably underlies the Atar Group. Furthermore, 

additional Re-Os studies will also provide a more complete understanding of the Osi of 

seawater throughout the Mesoproterozoic and will enable us to assess whether the sub-

basins of the Taoudeni basin were well connected. 

Much of this proposed future work is reliant on material being provided from 

further exploration programmes of oil companies or national geology surveys such as the 

BGS or BRGM. 
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5.2 Re-Os geochronology of the Dalradian Supergroup, Scotland 

 Application of the Re-Os geochronometer to the Ballachulish Slate Formation of the 

Dalradian Supergroup yields a depositional age of 659.6 ± 9.6 Ma. The samples used in this 

study have low Re and Os abundances (~1 ppb and ~50 ppt, respectively). The excellent fit 

of the data and low MSWD indicate that it is possible to gain accurate and precise ages 

from samples with low Re and Os abundances as well as samples with higher abundances. 

 The depositional age for the Ballachulish Slate provides a maximum age constraint 

for the glaciogenic Port Askaig Formation. Additionally, the Re-Os age enables us to 

improve our current understanding of glaciations during the late Neoproterozoic and refine 

the δ13C and 87Sr/86Sr chemostratigraphy of the Dalradian. The Re-Os age of 659.6 ± 9.6 

Ma for the Ballachulish Slate Formation suggests that the Port Askaig Formation may 

record a low latitude glaciation at ca. 650 Ma. This glacial event may be correlative with 

the Sturtian events recorded in the Adelaide Rift Complex. The Re-Os age presented here 

rules out a correlation of the Port Askaig Formation with the middle Cryogenian (715 Ma) 

glaciations.  

 The Re-Os age enables us to better understand the dynamics of the Dalradian basin 

during the Neoproterozoic. The geochronology coupled with sedimentological 

interpretations of the middle Dalradian indicate that, as the environment of deposition 

evolved from a slowly subsiding margin to rapid deposition in rift basins, the Argyll Group 

was deposited in ca. 60 Ma. 

 In addition to the new age, the Ballachulish study provides essential new data on the 

Osi of Neoproterozoic seawater. The Osi value for the Ballachulish slate of 1.04 is 

radiogenic and very similar to that of present day seawater (1.06). This indicates that the 

input of radiogenic Os from weathering of the continental crust dominated over the influx 

of unradiogenic Os from hydrothermal sources and alteration of oceanic crusts. The 

radiogenic values for the Ballachulish Slate Formation are also similar to those from 

Sturtian age (sensu stricto) post-glacial shales. From this it can be suggested that together 

these Osi values represent a global Os isotope composition for the 660 – 640 Ma interval. 

The Neoproterozoic values for Osi are much more radiogenic than values from 

Mesoproterozoic seawater. Possible causes for this rise in Osi may be a) that as the 
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continental crust became more radiogenic over time the Os isotope composition of seawater 

became more radiogenic in the late Neoproterozoic and b) the increased oxygenation of 

subsurface waters during the late Neoproterozoic (Canfield and Teske, 1996; Anbar and 

Knoll, 2002; Canfield et al., 2007). This ‘global’ radiogenic Neoproterozoic Os isotope 

composition of seawater is suggestive of an evolved continental crust shedding radiogenic 

Os into oceans that were well connected.  

The successful application of the Re-Os system to the Ballachulish Slate Formation 

samples illustrate that low Re and Os abundances or polyphase metamorphism do not 

adversely affect the Re-Os systematics. In contrast, the study on the Leny Limestone 

samples did not yield a meaningful age despite the enriched levels of Re and Os. Evaluation 

of these samples, the geological history of the Leny Quarry and the Os isotope composition 

suggests that hydration and fluid-flow events associated with contact metamorphism have 

resulted in open-system behaviour. The plotting of the Re-Os isotope data reveals that the 

Leny Limestone samples have 187Re/188Os ratios which plot to the right of the 512 Ma 

reference line and imply that samples experienced either Re gain or Os loss. Use of XRD 

analysis reveals a composition including kaolinite, muscovite and berthierine. The 

disturbed Re-Os isotope data and the presence of igneous intrusions would suggest that 

these minerals are the products of retrograde reactions driven by hydrothermal fluids. The 

results of the Leny Limestone study strongly suggest that the Re-Os system in these 

samples was disturbed by hydrothermal fluid flow associated with the intrusion of 

numerous igneous bodies during the Palaeozoic. 

  While the Re-Os data for the Ballachulish Slate Formation provides a maximum 

age constraint for the Port Askaig Formation there is no upper constraint for this formation, 

although the Tayvallich Volcanics do provide an age constraint of 600 Ma for the Argyll 

Group. Future Re-Os work on the Dalradian has the potential to greatly enhance our 

understanding of the Port Askaig Formation and its role as a Neoproterozoic glacial unit. 

Reliable, high-precision geochronology is essential for our efforts to elucidate more of the 

geological history of the Dalradian and its role in the formation and break up of the Rodinia 

supercontinent. Furthermore, the application of Re-Os geochronology will aid in more fully 

understanding the stable isotope data that already exist for the Dalradian. In particular, 

sedimentary units such as the Easdale Slate and Cuil Bay slates may provide new 

geochronological constraints and insights into the rates of geological processes during 

deposition of the Dalradian Supergroup. Gaining reliable depositional age data for the 
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Easdale Slate Formation will also provide a more accurate minimum age constraint for the 

Port Askaig Formation. The successful application of the Re-Os geochronometer to 

samples with very low Re and Os abundances raises the possibility of directly dating a 

glaciogenic horizon. The sedimentary succession of the Port Askaig Formation includes 

mudstones that may be possible to date despite the lack of a thick black mudstone horizon. 

Gaining a depositional age for the Port Askaig Formation would be the first dating of a 

glacial unit and would end more than a century’s debate regarding the age of this 

glaciogenic horizon. 

 

5.3 Hydrous pyrolysis of organic-rich sedimentary rocks and insights into 

Re-Os systematics 

The hydrous pyrolysis experiments were designed to improve our current 

knowledge of the Re-Os systematics in ORS. The experiments provided useful insights into 

the location and transfer mechanisms of Re and Os in ORS during maturation of 

hydrocarbons. This study provides the first Re and Os data from Type IIS and III kerogens 

and represents a novel way of exploring the effects of thermal maturation on Re-Os 

systematics. 

Analysis of Phanerozoic source rocks and kerogen show that the Re and Os 

abundances of the kerogen component are within ~15% of whole rock values despite 

reaching peak bitumen generation temperature. The 187Re/188Os and 187Os/188Os ratios for 

both source rocks are similar (within ~15%) for the whole rock and kerogen components. 

These results suggest that the kerogen component is host to >90% of the Re and Os budget 

in immature source rocks. 

The high levels of enrichment of the kerogen in comparison to the generated 

pyrolysates and bitumen suggest that there is limited disturbance of the Re-Os systematics 

from the cracking of kerogen. This also suggests that Re and Os are located in very stable 

organic sites that are associated with insoluble organic matter (kerogen) and remain in these 

sites even after hydrocarbon generation. 

The results from these experiments strongly suggest that the lack of disturbance to 

the kerogen Re-Os systematics is why thermal stress alone does not result in disturbance to 

the Re-Os systematics. These data support previous studies that have demonstrated that the 
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Re-Os geochronometer can provide meaningful geological dates even from ORS that have 

experienced hydrocarbon maturation and / or polyphase metamorphism (Creaser et al., 

2002; Kendall et al., 2009; Rooney et al., 2010). 

The isotope composition data from the Staffin bitumens cannot be assessed with 

any degree of confidence due to the large uncertainties associated with the small sample 

size and the minor Re and Os abundances of the bitumen. In contrast, the bitumens from the 

Phosphoria Formation do provide precise Re and Os abundance and isotope composition 

data. The Re and Os abundances for the Phosphoria Formation peak at 300°C which is the 

temperature of peak bitumen generation for a Type IIS kerogen (Lewan, 1985). The 

excellent linear relationship (R2 = 0.963) between Re and Os abundance in the bitumens is 

likely to be due to these metals being transferred consistently from the kerogen to similar 

sites within the bitumen. Further analysis of the bitumen components reveals that >90% of 

the Re and Os is hosted in the asphaltene component of the bitumen, as identified by Selby 

et al. (2007) in natural petroleum.  

The non-pyrolysed bitumen for the Phosphoria sample has a 187Os/188Os 

composition that is much more radiogenic than that of the pyrolysed samples. This is likely 

to be caused by the significant in-growth of radiogenic 187Os from the decay of 187Re added 

to the 187Os/188Os ratio of the source rock at the time of bitumen generation. In contrast, the 

pyrolysed bitumens 187Os/188Os ratios are closer in value to whole rock values. Although 

the hydrous pyrolysis experiments do result in the generation of immiscible oil only one of 

these oils contains measureable Re and Os abundances. This general lack of Re and Os 

enrichment in the oils is in stark contrast to natural oils (Barre et al., 1995; Woodland et al., 

2001; Selby and Creaser, 2005; Selby et al., 2007; Finlay et al., 2010). The oil from the 

350°C Phosphoria experiment does produce an oil with sufficient quantities of Re and Os 

for analysis of the asphaltene component of the oil. The 187Os/188Os ratio of this asphaltene 

is very similar (2% variation) to that of the bitumens generated from the Phosphoria 

sample. This is in agreement with previous studies which established that natural oils / 

bitumens / asphaltenes take on the 187Os/188Os ratio of the whole rock at the time of 

generation and can be used as a tool for fingerprinting oils to source rocks 

Explanations for the limited transfer of Re and Os from kerogens to bitumens and 

finally to oils may centre on the kinetics involved in hydrous pyrolysis experiments and the 

very stable location of Re and Os in functional groups located in the kerogens. The very 

short timescale of the hydrous pyrolysis experiments, coupled with the very high 
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temperatures are not conducive to Re and Os transfer possibly result in the generation of 

pyrobitumen. The generation of this pyrobitumen may result in Re and Os being retained 

within the matrix of the kerogen and not released as part of the soluble organic matter. 

 This research has enabled us to refine our understanding of the Re-Os system and its 

limitations with respect to thermally altered ORS. Further studies will build upon this 

research and expand current ideas concerning the deployment of the Re-Os geochronometer 

in sedimentary rocks and petroleum systems. In particular, hydrous pyrolysis of Type I 

kerogens will provide new information on the Re-Os systematics in these source rocks 

which are principally lacustrine rocks although some Proterozoic source rocks are also 

Type I. As seen from the experiments on the Phosphoria and Staffin shales, the transfer of 

Re and Os from kerogen to bitumen and then oil may be controlled by kinetics. Thus, 

longer duration experiments on these source rocks may yield more insights into Re-Os 

behaviour. Durations of 168 h, 30 days and 90 days are suitable for the laboratory and a 

research plan that would allow for extraction of bitumen and asphaltene separation and full 

Re-Os isotope composition analyses. 
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The exceptionally well-preserved sedimentary rocks of the Taoudeni basin, NW Africa represent one of the
world's most widespread (N1 M km2) Proterozoic successions. Hitherto, the sedimentary rocks were
considered to be Mid Tonian based on Rb–Sr illite and glauconite geochronology of the Atar Group. However,
new Re–Os organic-rich sediment (ORS) geochronology from two drill cores indicates that the Proterozoic
Atar Group is ∼200 Ma older (1107±12 Ma, 1109±22 Ma and 1105±37 Ma). The Re–Os geochronology
suggests that the Rb–Sr geochronology records the age of diagenetic events possibly associated with the Pan
African collision.
The new Re–Os geochronology data provide absolute age constraints for recent carbon isotope
chemostratigraphy which suggests that the Atar Group is Mesoproterozoic and not Neoproterozoic.
The new Re–Os ORS geochronology supports previous studies that suggest that rapid hydrocarbon
generation (flash pyrolysis) from contact metamorphism of a dolerite sill does not significantly disturb the
Re–Os ORS systematics. Modelled contact conditions suggest that the Re–Os ORS systematics remain
undisturbed at ∼650 °C at the sill/shale contact and ≥280 °C 20 m from the sill/shale contact.
Moreover, the Re–Os geochronology indicates that the West African craton has a depositional history that
predates 1100 Ma and that ORS can be correlated on a basin-wide scale. In addition, the Re–Os depositional
ages for the ORS of the Taoudeni basin are comparable to those of ORS from the São Francisco craton,
suggesting that these cratons are correlatable. This postulate is further supported by identical Osi values for
the Atar Group and the Vazante Group of the São Francisco craton.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Proterozoic successions record enormous portions of geological
time and yet the sedimentary units are poorly constrained in terms of
chronostratigraphy. Many of the sedimentary successions lack
volcanic horizons that can be targeted for U–Pb or Ar–Ar geochro-
nology and are bereft of fossils suitable for relative age dating. As a
result, accurate and precise ages are difficult to determine for these
successions and thus hamper regional and worldwide correlations.

For example, the Shaler Supergroup of North America is con-
strained by upper and lower ages of 723+4/−2 Ma and 1077±4 Ma,
respectively (Heaman et al., 1992; Rainbird et al., 1994). Other
examples are the Bylot Supergroup of Canada, constrained by ages of
723±3 Ma and 1267±2 Ma (LeCheminant and Heaman, 1989;

Heaman et al., 1990), and the Dalradian Supergroup of Scotland,
which is constrained by a basal age of 806±3 Ma and upper ages of
595±4 Ma and 601±4 Ma (Halliday et al., 1989; Noble et al., 1996;
Dempster et al., 2002). The focus of this study is the Proterozoic
sedimentary succession of the Taoudeni basin, NW Africa, a Prote-
rozoic basin lacking accurate and precise geochronology (Fig. 1).
Recently, in contrast with the existing Rb–Sr geochronology, it has
been suggested that the sedimentary succession is much older than
previously thought (Mesoproterozoic vs. Neoproterozoic) based on
δ13C chemostratigraphy (Teal and Kah, 2005).

The Taoudeni basin records a discontinuous sedimentation history
from the Mesoproterozoic (this study) to the Mesozoic–Cenozoic
(Fig. 1; Trompette, 1973; Bertrand-Sarfati and Moussine-Pouchkine,
1985, 1988; Ahmed Benan and Deynoux, 1998; Deynoux et al., 2006).
At present, the geochronology of the lowermost Supergroup of the
basin is constrained only by Rb–Sr illite and glauconite geochronology
(Fig. 2; Clauer, 1976, 1981). The Rb–Sr data for the basal Char Group
yields a Tonian age (850–1000 Ma; Ogg et al., 2008) of 998±34 Ma

Earth and Planetary Science Letters 289 (2010) 486–496

⁎ Corresponding author. Tel.: +44 0191 334 2300; fax: +44 0191 334 2301.
E-mail address: alan.rooney@durham.ac.uk (A.D. Rooney).

0012-821X/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.epsl.2009.11.039

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

j ourna l homepage: www.e lsev ie r.com/ locate /eps l



Author's personal copy

(Clauer, 1981). Unconformably overlying the Char Group, the Atar
Group is proposed to be Tonian to Cryogenian based on Rb–Sr illite
and glauconite ages (890±37 Ma to 775±54 Ma) for stratigraphi-
cally successive formations (Fig. 2; Clauer, 1981). However, based on
identification of a distinctive negative excursion, δ13C chemostrati-
graphy strongly suggests a Mesoproterozoic age for the Atar Group
(Teal and Kah, 2005). This excursion is marked by an abrupt decrease
of 5‰ over ∼25 m, which is followed by a stepwise increase to initial
δ13C values of ca. +3‰ (Kah et al., 1999; Kah and Bartley, 2004). This
excursion is very similar to C-isotope signatures identified in
Mesoproterozoic strata from Arctic Canada (Kah et al., 1999) and
Siberia (Bartley et al., 2001), and is distinct from more muted
excursions recorded in 1200–1300 Ma strata (Frank et al., 2003) or
the more extreme excursions noted in Neoproterozoic strata (cf.
Halverson et al., 2005).

Since the pioneering work of Ravizza and Turekian (1989), studies
have demonstrated the successful application of the rhenium–

osmium (Re–Os) chronometer for both Phanerozoic and Proterozoic
sedimentary rocks with age determinations ≤ ±1% (2σ; Selby and
Creaser, 2005; Kendall et al., 2006; Selby, 2007; Kendall et al., 2009a).

This precision is limited by uncertainty in the value of the 187Re decay
constant (∼0.31%; Smoliar et al., 1996; Selby, 2007). The Re–Os
system also provides valuable information on the Os isotope
geochemistry of the oceans that is interpreted to reflect changes in
continental weathering rates and interactions between weathering
rates and atmospheric O2 and CO2 levels (Cohen et al., 1999; Ravizza
and Peucker-Ehrenbrink, 2003; Cohen, 2004; Anbar et al., 2007).

We present Re–Os geochronology data which provide precise
depositional ages for organic-rich sediments (ORS) of the Atar Group
of the Taoudeni basin, Mauritania. These ORS are sediments with
elevated total organic carbon (TOC; 0.8% to 22.6%) levels in
comparison with 1.2% for average shale hydrocarbon source rocks as
detailed by Hunt (1961; Table 1). The Re–Os ages strongly suggest
that basin-wide correlation of the sedimentary succession is possible
and provide valuable information for evaluating the evolution of the
Taoudeni basin. As such, the Re–Os ORS geochronology produces a
revised sedimentation history for the West African craton. Further-
more, the Re–Os ORS geochronology provides absolute ages for the
recent chemostratigraphy studies (Kah and Bartley, 2004; Teal and
Kah, 2005). In addition, we provide a further understanding of the Re–
Os systematics in ORS that have experienced abrupt hydrocarbon
maturation (flash pyrolysis) as a result of contact metamorphism by a
Mesozoic dolerite sill.

2. Geological setting

2.1. Geology of the West African craton

The West African craton records a protracted history of crustal
evolution beginning with Mesoarchean basement, which was affected
by the Eburnean orogeny ca. 2000 Ma. This Palaeoproterozoic orogeny
is recorded to the north of the Taoudeni basin in the Reguibat shield
and to the south in the Leo shield (Fig. 1; Schofield et al., 2006;
Schofield and Gillespie, 2007). The craton has been considered stable
with regard to magmatic and major tectonic events since ca. 1700 Ma
with the exception of extensional tectonics and intrusions related to
the opening of the North Atlantic during the Late Triassic (Clauer et al.,
1982; Villeneuve and Cornée, 1994; Verati et al., 2005; this study). The
Taoudeni basin evolved as a result of subsidence of the lower crust

Fig. 1. (A) Regional geological setting for the Taoudeni basin, West Africa. (B) Inset map
showing the location of drill cores S1 and S2.
Modified from Deynoux et al. (2006).

Fig. 2. Stratigraphy of Supergroups 1 and 2 of the Taoudeni basin. Rb–Sr geochronology
data from Clauer (1981). Re–Os geochronology data (this study). Stratigraphic
nomenclature after Trompette (1973) and Lahondère et al. (2003).
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triggered by the dense ferruginous quartzite material associated with
aluminous gneisses of the basement (Bronner et al., 1980). The
duration between craton stabilization and the onset of sedimentation
of the Taoudeni basin is advocated to have been ∼1 Ga (Deynoux
et al., 2006 and references therein). This timing will be discussed
further based on our new Re–Os ORS geochronology data.

2.2. Stratigraphy of the Taoudeni basin

The sedimentary succession of the Taoudeni basin comprises
Proterozoic to Palaeozoic units with a thin cover of Mesozoic–
Cenozoic units in the basin centre and large areas of Quaternary sand
dunes (Fig. 1; Clauer et al., 1982; Bertrand-Sarfati and Moussine-
Pouchkine, 1988; Ahmed Benan and Deynoux, 1998; Deynoux et al.,
2006). The structural evolution of the basin suggests normal
faulting created accommodation zones (Bronner et al., 1980).
These normal faults delineate horsts and grabens across the basin
and associated synsedimentary breccias of the basal sedimentary
unit can be traced for several tens of kilometres across the basin
(Ahmed Benan and Deynoux, 1998). These large scale features
imply that sedimentary deposition onto the craton was initially con-
trolled by tectonic instability (Bronner et al., 1980; Ahmed Benan and
Deynoux, 1998).

Early work on the sedimentary succession of the Taoudeni basin
focusedon facies analyses and stratigraphic correlations onabasin-wide
scale using marker horizons of tillites and stromatolite morphologies
(Bertrand-Sarfati et al., 1976; Deynoux et al., 1976; Bertrand-Sarfati and
Moussine-Pouchkine, 1988; Ahmed Benan and Deynoux, 1998). The
type section for the Taoudeni basin was described in the Adrar region of
the Mauritanian section of the basin and in this area four Supergroups
are recognized (Trompette, 1973; Deynoux et al., 2006). For practical
reasons nomenclature proposed by Trompette (1973) is retained in a

revised form for claritywhere possible (Fig. 2). Thefirst Supergroupwas
defined as Proterozoic based upon stromatolites that were classified as
Riphean, the second; uppermost Proterozoic, the third; Upper Ordovi-
cian and Silurian and the fourth is of mainly Devonian sedimentary
rocks (Trompette, 1973; Bertrand-Sarfati and Moussine-Pouchkine,
1988; Deynoux et al., 2006). This study presents Re–Os ORS geochro-
nology from Supergroup 1, specifically the Touirist and En Nesoar
Formations of the Atar Group (Fig. 2).

2.2.1. Geology of Supergroup 1
The Atar Group at ∼800 m thick unconformably overlies the basal

Char Group. The basin-wide unconformity between these two groups
is of an unknown duration (Bronner et al., 1980; Ahmed Benan and
Deynoux, 1998; Deynoux et al., 2006). The Atar Group consists of
stromatolitic carbonates interbedded with siliciclastic units deposited
in a marine setting (Bertrand-Sarfati andMoussine-Pouchkine, 1985).
Analysis of the Atar Group shales by X-ray diffractometry reveals a
mineral assemblage of, in order of decreasing abundance, quartz,
kaolinite, illite, feldspar and minor amounts of pyrite/pyrrhotite (this
study). This mineral assemblage suggests that the shales have not
experienced regional metamorphism and based upon a cratonic
geothermal gradient of 25 °C/km (Girard et al., 1989) and the
stratigraphic thickness of the Atar Group (∼800 m) were buried to a
maximum depth of ∼3 km, hence have been only subjected to post-
depositional temperature of b100 °C.

Present age determinations of the Proterozoic sedimentary
succession are constrained using Rb–Sr glauconite and illite geochro-
nology (Clauer, 1976, 1981), which are discussed below.

2.3. Dolerite intrusion mineralogy and petrology

This study focuses on ORS retrieved from drill cores that
penetrated the Atar Group in the Adrar region of the basin (Fig. 1B).
One of the drill cores intersected ORS that had been intruded by a
30 m thick Mesozoic dolerite sill that is part of the Central Atlantic
magmatic province associated with the initial stages of the opening of
the Atlantic Ocean (Verati et al., 2005). Fresh surfaces of the dolerite
sill have a fine to medium grained texture and a homogenous
mineralogy of plagioclase, clinopyroxene with minor amounts of
quartz, biotite (∼5%) and hornblende. The fine to medium grained
texture of the sill in addition to the homogenous mineralogy is
consistent with a shallow depth of emplacement (b1 km; Girard et al.,
1989).

3. Analytical methodology

3.1. Sampling

Samples of ORS from the Atar Group were taken from two explo-
ration wells (S1 and S2) drilled in 2004 by the petroleum company
TOTAL (Fig. 1B). The drill cores are located; 23° 28′ 60 N/7° 52′ 0 W and
22° 43′ 0 N/9° 37′ 0 W, respectively (Fig. 1B). The Atar Group shales
from these localities are massive (laminations are typically absent),
non-fissile, organic-rich, black mudstones and are considered to
have been deposited in a quiet marine environment representative of
extensive flooding of the craton (Bertrand-Sarfati and Moussine-
Pouchkine, 1988; Ahmed Benan and Deynoux, 1998; Kah et al., 2008).

Samples were collected from three intervals of the two drill cores;
sample intervals were selected on the basis of TOC and Tmax data
determined at the TOTAL Geochemistry and Fluids Laboratory (Pau,
France; Table 1). Samples were selected from the S1 core at depths
between 73.15 and 89.50 m; for S2-A at depths between 139.45 and
143.82 m and S2-B, 206.70 to 207.60 m. The sampled intervals
represent the Touirist and En Nesoar Formations (Fig. 2; Trompette,
1973; Lahondère et al., 2003). The dolerite sill, although assumed to be
Mesozoic in age,was sampled for 40Ar/39Ar plagioclase geochronology.

Table 1
TOC and thermal maturity data for S1, S2-A and S2-B samples.

Sample Depth
(m)

TOC
(wt.%)

Tmax

(°C)
S1 S2

S1 core
S1-14 73.15 7.75 517 0.15 0.32
S1-16 73.53 9.06 514 0.20 0.31
S1-18 73.70 8.84 512 0.19 0.30
S1-3 88.27 1.69 454 0.07 0.04
S1-6r 88.74 2.81 304 0.13 0.10
S1-20 88.98 2.88 506 0.21 0.28
S1-22 89.33 3.69 503 0.21 0.47
S1-23 89.36 4.13 500 0.29 0.57
S1-25 89.50 0.84 522 0.10 0.02

S2-A
S2-7.2 139.45 16.48 435 10.12 114.26
S2-8 140.77 4.88 433 3.77 60.80
S2-10 141.08 8.34 431 14.57 152.36
S2-11 141.25 8.69 432 4.70 67.65
S2-12.2 141.65 22.56 437 1.79 34.21
S2-13 142.05 9.37 433 2.54 46.54
S2-15 142.90 7.41 436 3.02 53.78
S2-18 143.82 10.38 437 4.81 72.97

S2-B
S2-25 206.70 13.60 436 8.29 96.72
S2-26 206.80 6.49 436 2.96 46.19
S2-27 207.00 2.06 431 0.55 10.51
S2-29 207.20 7.25 436 2.90 51.47
23-30 207.40 2.46 435 0.71 14.28
S2-31 207.60 6.19 436 2.28 44.26

TOC = total organic carbon.
Tmax = temperature oC of the maximum formation of hydrocarbons by cracking of
kerogen and has an uncertainty of ±1–3 °C (Peters, 1986; Behar et al., 2001).
S1 = mg of hydrocarbons (free and thermovapourisable) per gram of rock.
S2 = mg of hydrocarbons (cracking of kerogen) per gram of rock (Peters, 1986).
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Table 2
Ar/Ar data and constants used in age calculations. All errors shown at 1σ.

Sample: ARS1

Plagioclase grains from dolerite

Step Laser
(W)

40Ar
(moles)

40Ar
(nA)

σ
(nA)

39Ar
(nA)

σ
(nA)

38Ar
(nA)

σ
(nA)

37Ar
(nA)

σ
(nA)

36Ar
(nA)

σ
(nA)

40Ar⁎/39ArK σ %40Ar⁎ Age
(Ma)

σ
(Ma)

1 1.1 1.02E−14 0.078585 0.004412 0.000068 0.000061 0.000012 0.000012 −0.000086 0.000322 0.000016 0.000024 1078.1730 993.7075 93.87 2418.25 1227.55
2 1.4 3.27E−13 2.512140 0.005622 0.001068 0.000074 0.000220 0.000014 0.001167 0.000325 0.000818 0.000028 2127.1970 151.1847 90.38 3394.87 108.69
3 1.7 1.16E−12 8.921153 0.008955 0.010967 0.000125 0.000909 0.000021 0.013335 0.000376 0.003364 0.000039 723.5062 8.7938 88.87 1916.36 14.35
4 2.1 1.91E−12 14.699600 0.010560 0.042564 0.000286 0.002033 0.000027 0.062443 0.000881 0.007088 0.000031 296.5628 2.2553 85.78 1036.06 5.99
5 2.5 2.61E−12 20.063540 0.012781 0.077737 0.000425 0.002939 0.000031 0.142761 0.001097 0.009620 0.000054 221.9554 1.4318 85.89 826.01 4.28
6 3.0 2.89E−12 22.168400 0.015632 0.115452 0.000514 0.003677 0.000036 0.259464 0.000840 0.010829 0.000057 164.7308 0.9206 85.66 646.49 3.04
7 3.5 2.41E−12 18.503460 0.011847 0.131491 0.000190 0.003175 0.000029 0.387953 0.001098 0.007839 0.000049 123.5886 0.4144 87.65 505.42 1.48
8 3.8 1.23E−12 9.431605 0.009306 0.108954 0.000180 0.002189 0.000024 0.403379 0.001693 0.004169 0.000043 75.7427 0.2884 87.27 326.15 1.14
9 4.1 1.09E−12 8.408972 0.009749 0.098584 0.000306 0.001832 0.000023 0.422785 0.001147 0.003172 0.000029 76.3527 0.3437 89.25 328.55 1.35
10 4.4 7.42E−13 5.699587 0.012781 0.082095 0.000286 0.001420 0.000021 0.535892 0.001546 0.002444 0.000028 61.4194 0.3371 88.07 268.83 1.37
11 4.7 9.98E−13 7.665601 0.008099 0.097597 0.000316 0.001931 0.000027 0.530972 0.002147 0.003674 0.000041 68.1021 0.3368 86.38 295.80 1.35
12 5.0 9.66E−13 7.417711 0.008609 0.110280 0.000345 0.001759 0.000024 0.555941 0.002902 0.002314 0.000038 61.6734 0.2816 91.37 269.86 1.14
13 5.3 6.97E−13 5.350634 0.005215 0.093799 0.000218 0.001520 0.000024 0.530177 0.002300 0.001479 0.000034 53.0346 0.2157 92.61 234.40 0.89
14 5.6 8.13E−13 6.244852 0.007603 0.095757 0.000336 0.001524 0.000023 0.517144 0.002153 0.001616 0.000034 60.8806 0.2933 93.00 266.63 1.19
15 6.0 8.61E−13 6.609564 0.008016 0.113797 0.000228 0.001774 0.000025 0.580919 0.002456 0.001752 0.000036 54.1247 0.2054 92.86 238.92 0.85
16 6.5 9.72E−13 7.461964 0.008016 0.131862 0.000454 0.002060 0.000026 0.651150 0.002760 0.001943 0.000037 52.8026 0.2469 92.99 233.44 1.02
17 7.0 1.28E−12 9.839222 0.008353 0.164060 0.000415 0.002572 0.000023 0.790170 0.002314 0.002781 0.000035 55.5276 0.2120 92.28 244.71 0.87
18 7.5 1.76E−12 13.501710 0.010560 0.193683 0.000554 0.003171 0.000034 0.876331 0.002619 0.003832 0.000044 64.4200 0.2592 92.12 280.99 1.05
19 8.0 1.88E−12 14.473460 0.010651 0.232341 0.000773 0.003626 0.000032 0.985888 0.002772 0.003591 0.000042 58.2299 0.2505 93.20 255.81 1.03
20 9.0 3.16E−12 24.240210 0.012781 0.361598 0.000883 0.005611 0.000036 1.309444 0.003539 0.005921 0.000052 62.6385 0.2204 93.21 273.78 0.89
21 10.0 3.57E−12 27.440250 0.016594 0.432755 0.001103 0.006644 0.000038 1.494915 0.003694 0.006967 0.000049 59.0624 0.2131 92.92 259.22 0.87
22 11.0 3.20E−12 24.594250 0.015632 0.379569 0.001003 0.005914 0.000037 1.402438 0.004155 0.005706 0.000048 60.7981 0.2224 93.59 266.30 0.91
23 12.0 1.88E−12 14.418190 0.009749 0.215687 0.000763 0.003266 0.000031 1.000378 0.002784 0.003392 0.000044 62.7655 0.2797 93.59 274.29 1.13
24 14.0 2.83E−12 21.700280 0.012781 0.351197 0.000534 0.005427 0.000033 1.484613 0.004010 0.005372 0.000049 57.7697 0.1698 93.22 253.92 0.70
25 16.0 3.49E−12 26.768640 0.015632 0.421325 0.002303 0.006544 0.000080 1.849564 0.007854 0.006683 0.000051 59.3712 0.3648 93.16 260.48 1.49
26 17.0 1.23E−12 9.420756 0.009130 0.152397 0.000494 0.002371 0.000033 0.827218 0.002335 0.002364 0.000037 57.8761 0.2530 93.27 254.36 1.04
27 18.0 1.06E−12 8.108996 0.008268 0.136963 0.000336 0.002101 0.000028 0.746256 0.002337 0.001862 0.000037 55.8267 0.2140 93.94 245.94 0.88
28 19.0 7.12E−13 5.464182 0.007280 0.088174 0.000190 0.001438 0.000021 0.632153 0.002338 0.001534 0.000033 57.6767 0.2336 92.61 253.54 0.96
29 22.0 5.50E−13 4.224959 0.006294 0.065692 0.000336 0.001070 0.000021 0.555193 0.001882 0.001378 0.000033 59.1262 0.3872 91.39 259.48 1.58
30 25.0 5.30E−13 4.068485 0.005111 0.068882 0.000152 0.001125 0.000020 0.594874 0.002343 0.001223 0.000032 54.8219 0.2397 92.26 241.80 0.99
31 30.0 7.30E−13 5.605570 0.007440 0.094755 0.000375 0.001410 0.000023 0.577798 0.002344 0.001335 0.000033 55.7097 0.2906 93.77 245.46 1.20
Integrated Age=308.9±1.1 Ma

Relative abundances of Ar isotopes in nA of amplified ion beam current. Ages are model ages assuming all non-radiogenic Ar has atmospheric isotopic composition.
Calculated using J-value, interfering isotope ratios and constants below.
All uncertainties are stated at one standard deviation. Age errors do not include uncertainty in 40 K decay constants or age of the standard.
J=0.0026162±7.50E−06.
(40Ar/36Ar)atm=295.5±0.5.
(40Ar/38Ar)atm=1575±2.
(38Ar/37Ar)Ca=0.0000196±8.16E−7.
(38Ar/39Ar)K=0.012200±0.000027.
P(36Cl/38Cl)=262.8±3.
Decay constants: l 40Kλe=5.81E−11 a−1; l 40Kλβ=4.962E−10 a−1; l 37Ar=5.4300E−2 a−1; l 39Ar=2.58E−3 a−1; l 36Clλβ=2.35E−6 a−1.
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3.2. TOC and Tmax analysis

The TOC values are derived from combustion of powdered samples
using a LECO 244 carbon analyser. Source rock maturity parameters
are indicated by Tmax data. The Tmax data was generated using a VINCI
Technologies Rock-Eval 6 Turbo at the TOTAL Geochemistry and Fluids
Laboratory (Pau, France).

3.3. Re–Os analysis

Prior to crushing, all samples were polished to remove cutting and
drilling marks to eliminate any contamination. The samples were
dried at 60 °C for ∼12 h and then crushed to a fine powder ∼30 µm.
The samples of ∼100 g represent ∼2 cm of stratigraphy and were
broken into chips with no metal contact and powdered in a ceramic
mill. Rhenium–osmium isotope analysis was carried out at Durham
University's TOTAL laboratory for source rock geochronology and
geochemistry at the Northern Centre for Isotopic and Elemental
Tracing (NCIET) using CrVI–H2SO4 digestion and solvent extraction
(CHCl3), micro-distillation and anion chromatography methods and
negative mass spectrometry as outlined by Selby and Creaser (2003),
and Selby (2007). Total procedural blanks during this study were
between 14.5 and 17.6 pg and 0.20 to 0.83 pg for Re and Os
respectively, with an average 187Os/188Os value of ∼0.19 (n=3).

Uncertainties for 187Re/188Os and 187Os/188Os are determined by
error propagation of uncertainties in Re and Os mass spectrometer
measurements, blank abundances and isotopic compositions, spike
calibrations and reproducibility of standard Re and Os isotopic values.
The Re–Os isotopic data, 2σ calculated uncertainties for 187Re/188Os
and 187Os/188Os and the associated error correlation function (rho)
are regressed to yield a Re–Os date using Isoplot V. 3.0with the λ 187Re
constant of 1.666×10−11 a−1 (Ludwig, 1980; Smoliar et al., 1996;
Ludwig, 2003).

To ensure and monitor long-term mass spectrometry reproducibil-
ity, in-house standard solutions of Re and Os (AB-2) are repeatedly
analysed at NCIET to monitor long-term mass spectrometer reproduc-
ibility. The Re standard analysed during the course of this study is made
from99.999% zone-refinedRe ribbon and is considered to be identical to
that of AB-1 (Creaser et al., 2002; Selby and Creaser, 2003; Kendall et al.,
2004). The NCIET Re standard yields an average 185Re/187Re ratio of
0.597931±0.00165 (1 SD, n=94). This is in excellent agreement with
the value reported for the AB-1 standard (Creaser et al., 2002). The Os
standard (AB-2), made from ammonium hexachloro-osmate, yields an
187Os/188Os ratio of 0.10681±0.00016 (1 SD, n=89). The isotopic
compositions of these solutions are identical within uncertainty to that
reported by Creaser et al. (2002) and Selby et al. (2009).

In addition to monitoring the AB-2 standard this paper details
further use of the Durham Romil Osmium Standard (DROsS) for
monitoring the mass spectrometry reproducibility of osmium isotope
compositions. The DROsS values recorded during this study yield an
187Os/188Os ratio of 0.160965±0.000337 (2 SD, n=16), which is
identical to the value of 0.160924±0.000003 (2 SD, n=21; Nowell
et al., 2008).

3.4. 40Ar/39Ar plagioclase geochronology

The dolerite sill was sampled for 40Ar/39Ar analysis of plagioclase
carried out at the Berkeley Geochronology Center. Approximately
500 g of dolerite was selected, broken into chips, powdered in a
ceramic mill and sieved to grain size 210–74 µm, prior to magnetic
separation using a Frantz isodynamic magnetic separator. The
separated plagioclase grains were washed with MilliQ, rinsed in
ethanol and dried overnight. The sample was then irradiated for 10 h
in the CLICIT facility of OSTR reactor along with Fish Canyon sanidine
(FCs) as a neutron fluence monitor, for which an age of 28.02 Ma
(Renne et al., 1998) was used for age calculations.

Approximately 30 mg of the plagioclase was analysed by incre-
mental heating in 31 steps with a CO2 laser. The laser beam, of 1.1 to
30.0 W power, was directed through an integrator lens to homogenize
sample temperature during heating. Heating steps were of 60 s
duration, followed by 120 s of gettering and exposure to a −130 °C
cold finger in the online extraction system. Mass spectrometry was
performed with an MAP 215C sector mass spectrometer, by 10 cycles
of peak-hopping by magnetic field switching with ion beams
measured on a Balzers electron multiplier in analogue mode.

Blanks comparable to those reported by Vogel and Renne (2008)
were measured between every three unknowns and average values
were used for corrections. Mass discrimination (1.00892±0.00179 per
atomic mass unit) based on a power law correction (Renne et al., 2009)
was determined from multiple air pipettes interspersed with the
analyses. Argon isotope data corrected for blank, mass discrimination
and radioactive decay are shown in Table 2. Ages shown in Table 2
incorporate corrections for interfering reactor-produced Ar isotopes
from Ca and K (Renne et al., 2005) and Cl (Renne et al., 2008), and are
based on the decay constants and isotope abundances recommendedby
Steiger and Jager (1977). Age uncertainties do not include contributions
from the 40K decay constants or the 40Ar*/40K of the standard.

4. Results

4.1. Total organic carbon and Tmax results

The total organic carbon (TOC) content for samples from the S1 core
are between 0.8 and 9.1%, the S2-A samples range from 4.9 to 22.6% and
the S2-B samples between 2.1 and 13.6% (Table 1). Rock-Eval 6 Turbo
pyrolysis data for the S1 and S2 drill cores indicate that the shales of S2
aremarginally mature (431 to 437 °C) with respect to thermalmaturity
and that the S1 drill core samples are overmature (454–522 °C; Table 1;
Peters, 1986; Behar et al., 2001). The sample S1-6r contains b0.2 mg
hydrocarbons per gram of rock, which results in Rock-Eval data giving
an anomalously low Tmax value (304 °C; Peters, 1986). The thermal
maturity data for drill core S1 suggests that the shales are overmature as
a result of flash pyrolysis associatedwith contact metamorphismwith a
large (N20 m diameter) dolerite intrusion.

4.2. Immature shale Re–Os geochronology

The Re–Os abundances and isotope compositions for the Atar
Group samples S2-A and S2-B are presented in Table 3. All of the S2
samples are enriched in Re (14–146 ppb) and Os (0.29–2.9 ppb),
particularly in comparison with the contents of modern-day average
continental crust (∼1 ppb Re and 30–50 ppt Os; Esser and Turekian,
1993; Peucker-Ehrenbrink and Jahn, 2001; Hattori et al., 2003; Sun
et al., 2003). The 187Re/188Os ratios range from 595 to 1041 and are
positively correlated with the 187Os/188Os compositions of 11.3–19.7
(Fig. 3a). Linear regression of the Re–Os isotope data for the S2-Adepth
interval yield aModel 1 age of 1107±12 Ma (2σ, n=8,Mean Squared
of Weighted Deviates [MSWDs] of 1.13), with an initial 187Os/188Os of
0.28±0.13 (Fig. 3a). Linear regressionof the Re–Os isotope data for the
S2-B depth interval yield a Model 1 age of 1109±22 Ma (2σ, n=6,
MSWD of 0.73), with an initial 187Os/188Os of 0.31±0.28 (Fig. 3b).

4.3. Overmature shale Re–Os geochronology

The Re–Os abundances and isotope compositions for the ORS of the
S1 drill core are presented in Table 3. Similar to the ORS of S2, the S1
samples are significantly enriched in Re (37–198 ppb) and Os (0.79–
3.7 ppb). The 187Re/188Os ratios range from431 to 696 and are positively
correlated with the 187Os/188Os compositions of 8.4–13.3. Linear
regression of the Re–Os isotope data for the overmature S1 drill core
shale samples yield aModel 3 age of 1105±37Ma (2σ, n=9,MSWD of
8.8, with an initial 187Os/188Os (hereafter Osi) of 0.31±0.34; Fig. 3c).
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4.4. 40Ar/39Ar geochronology

The 40Ar/39Ar age spectrum (Fig. 4) for plagioclase from the
dolerite sill is markedly discordant, with initial low temperature steps
yielding Proterozoic apparent ages, giving way in the last 80% of 39Ar
released to apparent ages between 230 and 300 Ma. This pattern
suggests that the plagioclase contained a significant component of
“excess” 40Ar, mainly residing in relatively low-retentivity sites, that
was probably acquired during contact metamorphism of the ORS
resulting from emplacement of the sill. As a result, the analysis yields a
precise, but almost certainly meaningless integrated age of 308.9±
1.1 Ma. The data yield no statistically valid isochron, indicating that
more than one trapped (i.e., non-radiogenic) component of Ar is
present. These results lead us to conclude that the Ar retention age of
the plagioclase, recording cooling below 200–350 °C (Cassata et al.,
2009) depending on the cooling rate, is less than or equal to the
youngest apparent step age (233±1 Ma), which is inferred to contain
the lowest proportion of excess 40Ar. We further conclude that this
maximum cooling age reflects local cooling of the sill only rather than
a regional basin cooling, due to the much older ages recorded by the
Rb–Sr system in low-retentivity minerals as discussed below.

5. Discussion

The Re–Os data from ORS of the Atar Group yield ages of 1107±
12 Ma; 1109±22 Ma and 1105±37 Ma, respectively from two drill
cores (Fig. 3). The 1107±12 Ma and 1105±37 Ma ages represent
depositional ages for the Touirist Formation. The 1109±22 Ma
represents a depositional age for the En Nesoar Formation that con-
formably underlies the Touirist Formation. The Re–Os ages for these
two formations provide accurate Mesoproterozoic (Stenian; 1000–
1200 Ma; Ogg et al., 2008) ages for the deposition of the Atar Group of

the Taoudeni basin. The larger uncertainty for the S1 age (±37 Ma) is
discussed below.

5.1. Previous geochronology and Rb–Sr systematics

The basal sedimentary units of the Taoudeni basin, including the
Atar Group shales, were previously defined as being Tonian, (Clauer,
1976, 1981). For the Atar Group Rb–Sr geochronology yields an age of
890±37 Ma (Clauer, 1981), which is ∼200 m.y younger than the Re–
Os ORS dates for this group. The clays analysed by Clauer (1976) were
1 M polymorphs of illite that are characteristic of low temperature
growth and re-crystallisation commonly associated with diagenesis
(Bailey, 1966; Grathoff and Moore, 1996).

Although the Rb–Sr technique has been used to estimate the
geochronology of the Taoudeni basin, the Rb–Sr systematics of illite
and glauconite are known to be susceptible to disturbance and hence
record anomalously young geological ages that are associated with
diagenesis (Morton and Long, 1982; Ohr et al., 1991; Awwiller, 1994;
Evans, 1996; Gorokhov et al., 2001). Furthermore, previous work has
highlighted the progressive genesis of glauconites over as much as
5 Ma in samples that have experienced a relatively straightforward
geological history e.g., GL-O glauconite international standard (Odin
and Hunziker, 1982; Smith et al., 1998; Selby, 2009).

Given the three identical, within uncertainty, Re–Os ORS dates
from two locations; we suggest that the Rb–Sr geochronology does
not record the depositional age of the Atar Group.

5.2. TOC versus Re and Os abundance

At present our understanding of the mechanisms by which Re and
Os are complexed into ORS is incomplete. Studies of Re and Os in
marine sediments suggest the complexation is driven by a combination

Table 3
Re and Os abundance and isotopic data for the Atar Group ORS.

Sample Depth Re
(ppb)

± Os
(ppb)

± 192Os
(ppt)

± 187Re/188Os ± 187Os/188Os ± rhoa Osib

S1 core
S1-14 73.15 152.6 0.5 3.1479 0.0005 555.4 0.8 546.44 1.94 10.398 0.021 0.293 0.20
S1-16 73.53 198.1 0.6 3.7334 0.0006 566.2 0.7 696.24 2.41 13.332 0.022 0.251 0.34
S1-18 73.70 182.3 0.6 3.6546 0.0006 620.7 0.7 584.27 2.00 11.098 0.018 0.216 0.19
S1-3 88.27 36.9 0.1 0.7885 0.0001 144.1 0.5 509.37 2.29 9.785 0.044 0.485 0.28
S1-6r 88.74 77.1 0.2 1.7083 0.0002 325.9 0.4 470.81 1.64 9.050 0.015 0.280 0.34
S1-20 88.98 65.2 0.2 1.5100 0.0002 300.4 0.5 431.81 1.58 8.369 0.018 0.385 0.31
S1-22 89.33 101.5 0.3 2.0630 0.0003 356.4 0.6 566.71 2.09 10.781 0.024 0.363 0.20
S1-23 89.36 79.9 0.3 1.6796 0.0003 301.4 0.5 527.55 1.95 10.099 0.022 0.395 0.25
S1-25 89.50 42.8 0.1 0.9595 0.0001 183.9 0.9 462.95 2.71 8.973 0.062 0.583 0.33

S2-A
S2-7.2 139.45 86.9 0.5 1.5690 0.0005 222.1 0.7 778.26 4.78 14.821 0.050 0.440 0.30
S2-8 140.77 14.4 0.1 0.2851 0.0001 47.3 0.3 606.46 3.88 11.536 0.065 0.785 0.22
S2-10 141.08 33.8 0.1 0.6740 0.0001 112.9 0.3 594.88 2.44 11.349 0.033 0.529 0.25
S2-11 141.25 36.2 0.1 0.6715 0.0001 100.3 0.3 718.15 2.94 13.660 0.039 0.547 0.26
S2-12.2 141.65 146.3 0.5 2.8754 0.0005 469.9 1.2 619.13 2.51 11.827 0.038 0.454 0.27
S2-13 142.05 46.9 0.1 0.8744 0.0001 132.3 0.3 704.63 2.75 13.375 0.035 0.476 0.22
S2-15 142.90 46.3 0.2 0.9201 0.0002 153.3 0.3 600.63 2.31 11.455 0.029 0.442 0.24
S2-18 143.82 57.7 0.2 1.0007 0.0002 132.5 0.3 865.87 3.42 16.369 0.045 0.478 0.21

S2-B
S2-25 206.70 113.6 0.4 2.1399 0.0004 327.3 0.9 690.49 2.89 13.156 0.044 0.488 0.27
S2-26 206.80 44.4 0.1 0.8127 0.0001 117.9 0.7 749.24 4.93 14.282 0.093 0.755 0.30
S2-27 207.00 17.4 0.1 0.3032 0.0001 39.7 0.7 874.08 15.12 16.641 0.309 0.889 0.33
S2-29 207.20 57.6 0.2 1.0904 0.0002 167.6 0.8 683.17 3.97 13.049 0.076 0.681 0.30
S2-30 207.40 25.0 0.1 0.4109 0.0001 47.8 0.7 1041.50 14.43 19.662 0.297 0.859 0.22
S2-31 207.60 50.2 0.2 0.9142 0.0002 131.1 0.5 761.44 3.66 14.539 0.077 0.494 0.33

Uncertainties are given as 2σ for 187Re/188Os and 187Os/188Os and 192Os.
For the latter the uncertainty includes the 2 SE uncertainty for mass spectrometer analysis plus uncertainties for Os blank abundance and isotopic composition.
Ages calculated using the λ 187Re=1.666×10−11yr−1 (Smoliar et al., 1996).

a Rho is the associated error correlation (Ludwig, 1980).
b Osi = initial 187Os/188Os isotope ratio calculated at 1105 Ma (S1, 73.15–89.50 m depth), 1107 Ma (S2-A, 139.45–143.82 m depth) and 1109 Ma (S2-B, 206.7–207.6 m depth).
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of reductive capture and adsorption onto organocomplexes in seawater
(Koide et al., 1991; Colodner et al., 1993; Crusius et al., 1996; Levasseur
et al., 1998; Oxbugh, 1998). However, a direct link between TOC and
Re and Os abundances for all ORS is unlikely as samples with low or
high TOC content can have high Re/Os (0.5–30% and 300 to 800 units,
respectively; Kendall et al., 2004; Selby et al., 2009). Other important
factors include recharge of Re and Os into thewater column (Turgeon
et al., 2007) and post-deposition affects (Crusius and Thomson, 2000;
Kendall et al., 2009b). Despite the strong correlation between Re and
Os with TOC in the ORS reported in this study the relationship is not
consistent. Jurassic ORS possess little or no correlation between TOC
content and Re and Os abundance (Cohen et al., 1999). Furthermore,
the low TOC (b1%) Neoproterozoic Old Fort Point Formation contains
elevated Re and Os abundances (16 ppb and 249 ppt, respectively)
further indicating that Re and Os enrichment is not directly linked to
TOC content (Kendall et al., 2004).

As the relationship between Re and Os with TOC content is distinct
for differing ORS, their enrichment factor may be related to local
factors such as; duration the pore-water sediment interface is open,
changes in the oxic–anoxic boundary of the water column and input
of Re and Os from varying sources e.g. continental weathering,
hydrothermal flux and cosmic input. Considering the behaviour and
destination of other redox sensitive elements such as Ni and Mo there
is a strong argument that the dominant factor controlling Re and Os
enrichment in ORS is sedimentation rate (Lewan and Maynard, 1982;
Kendall et al., 2009a,b).

5.3. Conditions of flash pyrolysis and non-disturbance of Re–Os systematics
associated with flash pyrolysis

It is unlikely that the slightly larger uncertainty of the Re–Os
isotope data from the S1 core compared to the uncertainties of the S2
core is caused by significant disturbance of the Re–Os systematics
(1105±37 Ma; 1107±12 Ma and 1109±22 Ma, respectively). Two
studies provide evidence that the Re–Os systematics in ORS can be
disturbed and/or reset (Kendall et al., 2009b; Yang et al., 2009). Work
focusing on Mesoproterozoic shales from the McArthur basin,
Australia reported an imprecise age, a large MSWD (86) and highly
radiogenic Osi (3.5±1.5; Kendall et al., 2009b). These factors were
attributed to disturbance of the Re–Os systematics in this example, by
hydrothermal fluid flow associated with ore deposition. Kendall et al.
(2009b) also reported an increase in the 187Os/188Os composition as
an indication of disturbance, either bymobilisation of Os relative to Re
or addition of Re relative to Os.

Fig. 3. Re–Os isochron diagrams for the Atar Group ORS. (a) S2-A horizon of the Touirist
Formation (139.45 m to 143.82 m depth). (b) S2-B horizon of the En Nesoar Formation
(206.7 m to 207.6 m depth). (c) S1 horizon of the Touirist Formation (73.15 m
to 89.50 m depth). The insets highlight the lack of correlation between present day
187Os/188Os and 1/188Os.

Fig. 4. Ar–Ar age spectrum from plagioclase grains of dolerite sill. Sampled at ∼90 m
depth in the S1 drill core.
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In addition, a Re–Os data set for Archean carbonaceous slates
generated a meaningful Re–Os age, but produced negative Osi (Yang
et al., 2009). These authors concluded that the Re–Os systematics had
been affected by the recent addition of 187Re from weathering of
adjacent mafic rocks, and that the addition of 187Re was proportional
to the 187Os concentration of each sample.

However, another explanation for the Re–Os data of the Archean
carbonaceous slates may relate to the small amount of material
prepared (b1 g) for the Re–Os analyses. As a result, these small
aliquots do not minimize the Re–Os heterogeneity known to occur in
ORS (Kendall et al., 2009a).

The 187Re/188Os values for the S1 core are slightly lower than those
from the two S2 core analyses (Table 3; Fig. 3; 431 to 696 compared
with 594 to 865 and 683 to 1041, respectively). In addition, the 187Os/
188Os values for the S1 core are also less radiogenic (8.4 to 13.3) than
those from the S2 core analyses (11.3 to 16.4 and 13.0 to 19.7; Table 3;
Fig. 3). However, both cores are significantly enriched in Re and Os,
particularly in comparison to average continental crust. Although the
Re–Os age for the S1 core is nominally identical for those determined
for the S2 core (Fig. 3), it possesses a larger uncertainty (±37 Ma).
This may relate to the cluster of points between 520 and 580 on the S1
isochron and not disturbance of the Re–Os systematics by hydrother-
mal fluid flow and/or hydrocarbon maturation and migration.
Evaluation of the Re and Os isotope data can reveal whether or not
Re–Os systematics have been disturbed. The scattered relationship
between present day 187Os/188Os and 1/188Os indicate that the Re–Os
systematics has not been disturbed (Fig. 3 insets).

As noted above, the Osi of the S1 and S2 cores are identical within
uncertainty (0.31±0.34; 0.28±0.13 and 0.31±0.28, respectively) and
are interpreted to record the Os isotope composition of seawater at the
time of deposition (Fig. 3). Any disturbance of Re and/or Os isotope
values would result in large variations and radiogenic Osi as seen in the
Mesoproterozoic Velkerri Formation (Kendall et al., 2009b).

Together, enriched levels of Re and Os; the broadly similar 187Re/
188Os and 187Os/188Os values and the identical Osi values indicate that
the Re–Os geochronology data of the S1 core is recording the
depositional age of ORS from the Touirist Formation.

The 40Ar/39Ar dating of the dolerite sill that intersects the ORS of
the S1 core yields an age of ∼230 Ma indicating that the intrusion
occurred nearly 900 Ma after deposition of the Atar Group (Fig. 4). The
age of the intrusion suggests that it is related to the opening of the
North Atlantic during the late Triassic/early Jurassic.

The ORS of S1 are baked black 20 m above and 5 m below the
contact between the S1 shales and the intrusion. Quantifying the grade
of metamorphism is restricted by a lack of index minerals present in
the S1 shales. Thin section and XRD analysis of the overmature S1
shales reveal compositions similar to the immature S2 shales, but with
minor amounts of pyrrhotite. Pyrrhotite is a common mineral in
metamorphosed graphitic rocks and generally forms under reducing
conditions at temperatures N200 °C (Lambert, 1973; Hall, 1986;
Gillett, 2003; Pattison, 2006). The absence of extensivemetamorphism
can be explained by a low geothermal gradient, burial limited to
∼3 km, a low country rock temperature (b100 °C) and a short duration
of heat transfer due to a rapid cooling of the intrusion (Delaney and
Pollard, 1982; Delaney, 1987; Raymond and Murchison, 1988;
Galushkin, 1997). The overmature shales (S1) and borderline mature
shales (S2) of this study both have elevated TOC (0.8 to 22.6%; Table 1).
The TOC of overmature shales consists of a carbon-rich hydrogen-poor
residue. In contrast, TOC of borderline mature shales consist of
‘extractable organic matter carbon’ and ‘convertible carbon’ (Jarvie,
1991).

Gaining a precise intrusion temperature of the sill and the extent of
heating of the surrounding ORS is beyond the scope of this research.
However, previous studies have modelled palaeotemperatures that
sedimentary rocks experienced during intrusion of igneous bodies
(Galushkin, 1997; Barker et al., 1998; Kalsbeek and Frei, 2006). From the

mineralogy and petrology of the sill it can be estimated that the
temperature of intrusionwas between 1000 and 1200 °C and the shales
of S1were buried to depths of less than 3 kmwith corresponding burial
temperatures less than 100 °C (Girard et al., 1989;Deynoux et al., 2006).
Using the equation (Tcontact=(Tmagma+Thost)/2), where T = temper-
ature (Carslaw and Jaeger, 1959), the ORS experienced temperatures
between ∼550 and 650 °C at the sill/ORS contact.

Mean vitrinite reflectance data can be used to estimate the
maximum peak temperature experienced by the ORS. However,
because of the absence of vitrinite in Proterozoic ORS, bitumen
reflectance data (BRo) has been converted into vitrinite reflectance
data (Ro) using Ro=0.618BRo+0.4 (Jacob, 1989). Two values of BRo,
taken fromabove andbelow the sill,were provided by TOTAL andyield a
mean vitrinite reflectance value (Rv−r) of 2.91. The mean vitrinite
reflectance data is then used to estimate the maximum peak
temperature (Tpeak) experienced by the ORS by Tpeak=(ln (Rv−r)+
1.19/0.00782; Barker and Pawlewicz, 1994). This gives a peak
temperature of ∼288 °C experienced by the altered S1 shales.
Convective and/or conductive cooling would have lowered the
temperature from ∼550 to 650 °C at the contact to ∼288 °C through
the rest of the altered shales (Barker et al., 1998). Together the
occurrence of pyrrhotite, Tmax data, HI data and the estimated peak
temperatures provide strong evidence that the shales from the S1 core
have experienced maturation and expulsion of hydrocarbons as a
result of flash pyrolysis. The Re–Os ORS geochronology data presented
here indicates that flash pyrolysis has not significantly affected the Re–
Os ORS systematics.

5.4. Implications for basin correlation, craton–craton correlationandRodinia
reconstructions

The current age for the Char Group which unconformably under-
lies the Atar Group is from Rb–Sr illite and glauconite geochronology
and gives an age of 998±34 Ma (Clauer, 1981). The Atar Group Mid-
Stenian Re–Os ORS ages (∼1100 Ma) strongly suggest that the Char
Group is also much older than previously thought. As the unconfor-
mity between the Char and Atar Groups is basin-wide in scale it is
impossible to extrapolate an age for the Char Group from the
depositional age of the Atar Group. However, based upon the
increased age (older by 24%) the Re–Os geochronology for the Atar
Group suggests that the Char Group may also be ∼200 Ma older than
the Rb–Sr derived age of 998±34 Ma. The new geochronology data
for the Atar Group enables us to provide improved models of
sedimentation for the West African craton and enhance existing
models of sequence stratigraphy as presented by Bertrand-Sarfati and
Moussine-Pouchkine (1988).

Previous correlations of the Atar Group ORS from drill core and
outcropwere based onmatching high TOC horizons and using distinct
stromatolite morphology as marker horizons (Bertrand-Sarfati and
Moussine-Pouchkine, 1985, 1988). These methods are unsuitable for
the large distances involved in basin-wide hydrocarbon exploration
because the large range in TOC levels (0.8 to 22.6%; Table 1) within
individual formations of the Atar Group. The Atar Group biostromes
consist of juxtaposed stromatolites which record growth at different
times in distinct environmental settings (Bertrand-Sarfati and
Moussine-Pouchkine, 1988; Kah et al., 2008). As a consequence, the
biostrome horizons cannot be used as marker horizons for correlation
on a basin or craton-wide scale.

The two cores were drilled in regions separated by N200 km and
the results advocate that Re–Os ORS geochronology can provide
precise depositional ages for hydrocarbon source rocks and permits
correlations between source rocks on a basin-wide scale.

The new Re–Os ORS geochronology provides precise absolute age
data that supports chemostratigraphy evidence that the West African
craton has a depositional history that predates 1100 Ma (Teal and Kah,
2005). From this, we can infer that sedimentation onto the cratonic
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platformbegan∼1.2 Ga rather than at 1 Gawhich is impliedby theRb–
Sr geochronology. The new geochronology data has implications for
the development of sedimentation histories and basin modelling used
for hydrocarbon exploration in cratonic settings.

It has been suggested that the Taoudeni basin is a vast ‘super basin’
consisting of a number of sub-basins (Villeneuve and Cornée, 1994;
Lottaroli et al., 2009). The Re–Os geochronology is recording
deposition of the Touirist Formation possibly in separate sub-basins
of the Taoudeni ‘super basin.’ The identical Osi values of the S1 and S2
cores are suggested to be recording the osmium isotope composition
of local seawater at the time of deposition (Ravizza and Turekian,
1989; Cohen et al., 1999; Selby and Creaser, 2003). Therefore, the
identical Osi values for this ‘super basin’ may be used as a proxy for
global seawater Os isotope composition at 1100 Ma.

The Re–Os geochronology presented here for the Atar Group
provides a depositional age that is consistent with sedimentation
histories of other cratons involved in the formation, and subsequent
break up, of the supercontinent Rodinia. However, because of the lack
of available palaeomagnetic data for the West African craton its
palaeogeography is poorly constrained (Li et al., 2008). Despite this,
work on the West African, Amazon and Rio de la Plata cratons
proposed the existence of a mega-craton that existed during the
Meso- and Neoproterozoic (Onstott and Hargraves, 1981; Trompette,
1994; Zhao et al., 2006). There is strong evidence to suggest that the
West Africa craton was linked with the São Francisco craton of South
America during the Mesoproterozoic (Onstott et al., 1984; D'Agrella-
Filho et al., 1990, 2004; Zhao et al., 2006; Li et al., 2008). The new Re–
Os geochronology data require a reassessment of the drift histories of
the West African craton as discussed by Tohver et al. (2006).

The Re–Os ORS geochronology suggests that the Atar Group
sedimentary rocks of the Taoudeni basin are approximately equivalent
to Mesoproterozoic sedimentary rocks found on the São Francisco
craton (Fairchild et al., 1996; Geboy, 2006; Zhao et al., 2006; Azmy
et al., 2008; Li et al., 2008). The Vazante Group of the São Francisco
craton has two Re–Os data sets that yield ages of 1126±47 Ma and
1100±77 Ma for the Serra do Poço Verde and Lapa formations,
respectively (Geboy, 2006; Azmy et al., 2008). These two formations
are separated by an unconformity of unknown duration. Both of the
Re–Os ages from the Vazante Group are identical, within uncertainty,
to the Re–Os ages of the Atar Group (this study) and suggest that these
successions were deposited coevally onto the passive margins of the
São Francisco and West African cratons. The São Francisco, Amazon,
Congo andWest African cratons are speculated to have been separated
by the Brasiliano Ocean at ∼1100 Ma and were not involved in the
formationof Rodinia at this time (Kröner andCordani, 2003;D'Agrella-
Filho et al., 2004). The Atar Group of the Taoudeni basin provides a rare
record of exceptionally well-preserved sedimentary rocks that were
possibly deposited in basins that existed between the West African,
São Francisco and Amazon cratons during the Mesoproterozoic.

6. Conclusions

1. The Re–Os ORS geochronology of the Atar Group suggests that
sedimentation of the Taoudeni basin began prior to 1100 Ma. This
age is N200 Ma older than previous ages based upon Rb–Sr illite
and glauconite geochronology (Clauer, 1976, 1981).

2. The Re–Os ages from both immature and overmature ORS strongly
suggest that the Re–Os ORS systematics are not significantly
affected by flash pyrolysis associated with contact metamorphism
of mafic intrusions.

3. The new Re–Os ages highlight implications for supercontinent
reconstructions involving the West African craton. The Re–Os data
records the onset of sedimentation on the passive margin of the
West African craton prior to 1100 Ma. We suggest that a
reassessment of the role of the West African craton in the Rodinia
supercontinent configuration is required.
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a b s t r a c t

New Re–Os geochronology for the Ballachulish Slate Formation of the Dalradian Supergroup, Scotland
yields a depositional age of 659.6 ± 9.6 Ma. This age represents the first successful application of the Re–Os
system to rocks that have extremely low Re and Os abundances (<1 ppb and < 50 ppt, respectively). The
Re–Os age represents a maximum age for the glaciogenic Port Askaig Formation and refutes previous
chemostratigraphic and lithostratigraphic studies which correlated the Port Askaig Formation with a
series of middle Cryogenian (ca. 715 Ma) glacials. Additionally, the Re–Os age strongly suggests that the
Port Askaig Formation may be correlative with the ∼650 Ma end-Sturtian glaciations of Australia. As a
consequence, the correlation of the Ballachulish Limestone Formation with the ca. 800 Ma Bitter Springs
anomaly is not tenable. Initial Os isotope data from the Ballachulish Slate Formation coupled with data
from Australia reveals a radiogenic 187Os/188Os isotope composition (∼0.8–1.0) for seawater during the
Neoproterozoic, which is similar to that of modern seawater (1.06).

We also report a young, highly imprecise Re–Os age (310 ± 110 Ma) for the Early Cambrian Leny Lime-
stone Formation which is constrained biostratigraphically by a polymerid and miomerid trilobite fauna.
We suggest, based on the mineralogy of the Leny Limestone, (kaolinite, muscovite and a serpentine
group mineral, berthierine), that the Re–Os systematics have been disturbed by post-depositional fluid
flow associated with Palaeozoic igneous intrusions. However, it is evident from the Ballachulish Slate
Formation results that anhydrous metamorphism does not disturb the Re–Os geochronometer.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction

Neoproterozoic strata record a number of significant events
such as the transition from stratified Proterozoic oceans with oxic
surface waters and anoxic deep waters to a more-or-less fully oxy-
genated ocean (Anbar and Knoll, 2002; Knoll, 2003; Fike et al., 2006;
Halverson and Hurtgen, 2007; Canfield et al., 2008). Major changes
in biological systems and evolutionary developments occurred
towards the end of the Proterozoic including the evolution of meta-
zoans (Logan et al., 1995, 1997; Vidal and Moczydlowska-Vidal,
1997; Jensen et al., 2000; Martin et al., 2000; Narbonne and Gehling,
2003; Knoll et al., 2006; Macdonald et al., 2010a,b). Additionally,
the Neoproterozoic was a time of major climatic fluctuation with
a number of extreme glacial events recorded in the rock record
(e.g. the “Snowball Earth” of Kirschvink, 1992; Hoffman et al., 1998;
Hoffman and Schrag, 2002 or the “Slushball Earth” of Hyde et al.,

∗ Corresponding author. Tel.: +44 0191 334 2300; fax: +44 0191 334 2301.
E-mail address: alan.rooney@durham.ac.uk (A.D. Rooney).

2000). However, there is, at present, no consensus as to the cause,
extent, duration or number of these glacial events (Kennedy et al.,
1998; Evans, 2000; Fairchild and Kennedy, 2007). The lack of precise
and accurate geochronological data has severely hindered attempts
to develop a chronological framework for the Neoproterozoic. In
particular, understanding and constraining the extent and dura-
tion of these glacial events has relied upon lithostratigraphy and
chemostratigraphy with only a few glaciogenic successions con-
strained by robust geochronological data (Hoffmann et al., 2004;
Zhou et al., 2004; Kendall et al., 2004, 2006, 2009a; Condon et al.,
2005; Bowring et al., 2007; Macdonald et al., 2010a).

During the Neoproterozoic, the continental masses of Lauren-
tia, Baltica and Amazonia were juxtaposed as a result of various
orogenic events to form the supercontinent Rodinia (e.g. Li et al.,
2008 and references therein). During the break-up of Rodinia which
commenced at ca. 750 Ma there was a period of intracontinental
extension and basin genesis along the eastern margin of Lauren-
tia (Harris et al., 1994; Soper, 1994; Cawood et al., 2007). Scotland
occupied a unique position within the Rodinia supercontinent lying
close to the junction of the Laurentian, Baltica and Amazonian

0301-9268/$ – see front matter. Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.precamres.2011.01.009
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Fig. 1. Simplified geological and location map highlighting the fourfold division of the Dalradian Supergroup of the Grampian Terrane Abbreviations of sampling locations:
BA – Ballachulish Slate quarry; LQ - Leny Limestone quarry.
Modified from Harris et al. (1994) and Thomas et al. (2004).

continental blocks (Dalziel, 1994). The sedimentary basins that
formed during the formation and breakup of Rodinia are preserved
in Scotland as the Torridonian, Moine and Dalradian Supergroups
(Anderton, 1982, 1985; Rainbird et al., 2001; Strachan et al., 2002;
Cawood et al., 2003, 2004, 2007).

The Dalradian Supergroup of Scotland and Ireland is a metased-
imentary succession that was deposited on the eastern margin
of Laurentia during the late Neoproterozoic and Early Cambrian.
Existing constraints imply the base is younger than 800 Ma and
it extends to at least 510 Ma (Harris et al., 1994; Smith et al.,
1999; Prave et al., 2009a). Despite its importance in regional and
global studies of the Proterozoic, our understanding of the Dal-
radian sequence suffers from a lack of radiometric ages (Halliday
et al., 1989; Dempster et al., 2002). In an attempt to improve the
chronostratigraphy of the Dalradian, several workers have applied
lithostratigraphic and chemostratigraphic tools with varying lev-
els of success (Prave, 1999; Brasier and Shields, 2000; Condon
and Prave, 2000; Thomas et al., 2004; McCay et al., 2006; Prave
et al., 2009a; Sawaki et al., 2010). These studies have improved our
knowledge of the Proterozoic ocean chemistry and the environ-
mental conditions of deposition within the Dalradian sedimentary
basin. However, chemostratigraphic tools cannot provide absolute
ages and ultimately rely upon correlation with sequences which
have robust radiometric and/or biostratigraphic age constraints
(Melezhik et al., 2001, 2008; Fairchild and Kennedy, 2007; Jiang
et al., 2007; Meert, 2007; Giddings and Wallace, 2009; Frimmel,
2010). As a result, obtaining precise and accurate radiometric ages
remain a priority for resolving many of the issues regarding global
correlations.

The rhenium–osmium (Re–Os) geochronometer has been
shown to provide robust depositional ages even for sedimentary
rocks that have experienced hydrocarbon maturation, greenschist
metamorphism and flash pyrolysis associated with igneous intru-
sions (Creaser et al., 2002; Kendall et al., 2004, 2006, 2009a,b;
Selby and Creaser, 2005; Rooney et al., 2010). Thus, the Re–Os sys-

tem represents an accurate, precise and reliable geochronometer
for providing depositional age data for the Dalradian metasedi-
ments and constructing a chronostratigraphic framework for the
chemostratigraphic, tectonostratigraphic and lithostratigraphic
datasets.

Here, we present new Re–Os age that constrain the deposi-
tional age of a sedimentary unit from the Dalradian Supergroup.
The Re–Os data also provide an estimate for the osmium isotope
composition of seawater in the Dalradian basin during the Neo-
proterozoic and ultimately provide a maximum depositional age
for a key Neoproterozoic glacial horizon. A further aspect of this
study involves the application of Re–Os geochronology to sedimen-
tary units with low Re and Os abundances (<1 ppb Re and <50 ppt
Os) to provide accurate and precise geochronology. Additionally,
this work presents results from a sedimentary unit (Leny Lime-
stone Formation) in which the Re–Os geochronometer has been
disturbed as a result of post-depositional fluid flow. The results
from this study provide us with new insights into the robustness
of the Re–Os geochronometer.

2. Geological setting

2.1. The Dalradian Supergroup

The Dalradian Supergroup of Scotland and Ireland consists of a
thick (∼25 km) metasedimentary succession and a minor amount of
mafic volcanics deposited on the eastern margin of the Laurentian
craton during the Neoproterozoic to Early Cambrian (Fig. 1; Harris
et al., 1994 and references therein). This quoted thickness of the
Dalradian Supergroup is a cumulative thickness from all subgroups
and is not a true reflection of sediment thickness. Many aspects
of basin genesis have proved controversial, with little consensus
apparent even after more than a century of studies. Most models for
Dalradian deposition invoke a long, shallow-marine, ensialic basin
which underwent prolonged extension during the late Neoprotero-



Author's personal copy

204 A.D. Rooney et al. / Precambrian Research 185 (2011) 202–214

Fig. 2. Generalised stratigraphic column of the Dalradian Supergroup with glaciogenic horizons and the purported Bitter Springs anomaly suggested by (Prave et al., 2009a,b)
but refuted by the new Re–Os geochronology data. See text for details. BA – Ballachulish Slate Formation; LQ – Leny Limestone Formation. (1. Halliday et al., 1989; 2. Dempster
et al., 2002; 3. This study; 4. Noble et al., 1996).
Modified from Prave et al. (2009a).

zoic, resulting in the eventual separation of Laurentia from western
Gondwana at ca. 550 Ma (Hoffman, 1991; Soper, 1994; Dalziel and
Soper, 2001). An alternative model proposes that the lower por-
tions of the Dalradian represented a rapidly formed foredeep basin
associated with the mid-Neoproterozoic (840–730 Ma) Knoydar-
tian Orogeny (Prave, 1999). In both models extensional tectonics
played a major role in the genesis of the upper portions of the
Dalradian basin during the latest Neoproterozoic to Early Cambrian.

Lithostratigraphic correlation of the Dalradian Supergroup is
hampered by the paucity of volcanic horizons suitable for U–Pb
geochronology and the lack of biostratigraphically diagnostic fos-
sils (Fig. 2). Additionally, many portions of the Dalradian sequence
exhibit extreme facies variability along strike having experienced
complex polyphase deformation and metamorphism (Harris et al.,
1994; Strachan et al., 2002 and references therein). Despite these

issues, a coherent lithostratigraphy has been established from
western Ireland to the Shetland Islands, 200 km north of mainland
Scotland (Harris et al., 1994).

The Dalradian Supergroup consists of four groups which are
from oldest to youngest; the Grampian, Appin, Argyll and Southern
Highland groups (Figs. 1 and 2).

The basal Grampian Group crops out primarily in the Cen-
tral Highlands although possible correlatives exist on the north
Grampian coast and on the Shetland Islands (Strachan et al., 2002).
The Grampian Group consists of up to 7 km of predominantly
marine, quartzo-feldspathic psammites and semi-pelites (Glover
and Winchester, 1989; Harris et al., 1994). The Grampian Group
sedimentary succession displays sharp lateral variations typical of
a syn-rift origin (Soper and England, 1995; Banks et al., 2007). The
overlying Appin Group is exposed in a broad zone throughout Scot-
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land and Ireland as far north as the Shetland Islands. The Appin
Group consists of up to 4 km of quartzite, semi-pelites and phyllites
deposited as a post-rift, thermal subsidence sequence (Litherland,
1980; Glover et al., 1995; Soper and England, 1995; Glover and
McKie, 1996). The overlying Argyll Group records rapid deepening
of the basin following the shallow marine conditions of the Appin
Group (Anderton, 1985). The Argyll Group comprises of a thick het-
erogeneous succession of shelf sediments up to 9 km thick which
passes upwards into deep water turbidite and basinal facies and
associated mafic volcanics (Anderton, 1982). The marked change
from a shelf setting to deep water sedimentation is widely ascribed
to the onset of syn-depositional rifting. The basal subgroup (Islay
Subgroup) of the Argyll Group is marked by a distinctive and persis-
tent tillite horizon; the Port Askaig Formation, correlatives of which
are traceable from Connemara in western Ireland to Banffshire in
NE Scotland (Anderton, 1985; Harris et al., 1994). The Southern
Highland Group (along with the newly defined Trossachs Group
of Tanner and Sutherland, 2007) marks the top of the Dalradian
succession and consists of ca. 4 km of coarse-grained turbiditic clas-
tics and volcaniclastic strata (Anderton, 1985; Soper and England,
1995). The Southern Highland Group is considered to represent the
change from a period of continental rifting and rupture to that of a
thermally subsiding margin (Anderton, 1985).

2.1.1. Glaciogenic horizons within the Dalradian and possible
global correlations

The Port Askaig Formation of the Argyll Group is a thick
(∼900 m) succession of diamictites interbedded with sandstone,
conglomerate and mudstone (Kilburn et al., 1965; Spencer, 1971;
Eyles, 1988; Arnaud and Eyles, 2002). The formation represents
the most persistent and distinctive glaciogenic horizon within the
Dalradian Supergroup (Fig. 2). A glaciogenic origin was first recog-
nised in the late nineteenth century (Thomson, 1871, 1877), and
is described in detail in the classic memoir of (Spencer, 1971). The
most extensive outcrops of the Port Askaig Formation consists of
∼400 m of coarse-grained and poorly sorted diamictite interbedded
with sandstone, mudstone and conglomerate with some mega-
clasts in the diamictite exceeding 100 m in size (Spencer, 1971;
Arnaud, 2004). Recent studies identified enriched �13C (+11.7‰)
and unradiogenic 87Sr/86Sr (0.7067) in carbonate formations above
and below the Port Askaig Formation (Brasier and Shields, 2000;
Sawaki et al., 2010). These data have been used to correlate the
glaciogenic horizon with the ca. 750–690 Ma global Sturtian glacia-
tion (Brasier and Shields, 2000; Fanning and Link, 2004; McCay
et al., 2006; Macdonald et al., 2010a). Two more stratigraphically
limited glaciogenic units within the Dalradian Supergroup have
also been identified; the Stralinchy “Boulder Bed” Formation and
the Inishowen – Loch na Cille Ice Rafted Debris (IRD) Formations
(Fig. 2; Condon and Prave, 2000; McCay et al., 2006). The Stral-
inchy Formation occurs in the Easdale Subgroup in Donegal in NW
Ireland and has been correlated with the ∼635 Ma global Mari-
noan glaciation (Hoffmann et al., 2004; Condon et al., 2005; McCay
et al., 2006). The Loch na Cille and Inishowen glaciogenic forma-
tions occur within the uppermost Argyll Group and basal Southern
Highland Group respectively, and have been correlated with the
580 Ma Laurentian Gaskiers glacial event (Condon and Prave, 2000;
Bowring et al., 2003).

2.2. Current chronological constraints for the Dalradian
Supergroup

With the exception of Bonnia-Ollenellus Zone Early Cambrian
trilobites and inarticulate brachiopods of the upper Southern High-
land Group, the Dalradian Supergroup is almost entirely devoid
of fossils (Pringle, 1939; Fletcher and Rushton, 2007). In addition,
absolute chronological constraints on the age of Dalradian sedi-

mentation are also very sparse (Fig. 2). The oldest phase of volcanic
activity in the Dalradian Supergroup occurs within correlatives of
the Port Askaig Formation in NE Scotland (Chew et al., 2010). How-
ever, this thin tholeiitic pillow basalt has not been dated thus far.
The lower part of the Southern Highland Group in SW Scotland
is characterised by ca. 2 km of tholeiitic mafic volcanic rocks and
sills (Tayvallich Volcanic Formation). The Tayvallich Formation is
cross cut by a 595 ± 4 Ma (U–Pb SHIRIMP) keratophyre intrusion
and a felsic tuff from this formation has yielded a U–Pb zircon age
of 601 ± 4 Ma (Halliday et al., 1989; Dempster et al., 2002). Peg-
matites from the Central Scottish Highlands has yielded a U–Pb
monazite age of 806 ± 3 Ma although the stratigraphic position of
these pegmatites remains controversial (Noble et al., 1996). These
pegmatites have been suggested to intrude into Grampian Group
rocks thus providing a minimum age for these sediments (Noble
et al., 1996; Highton et al., 1999). However, other studies (e.g. Smith
et al., 1999) propose that the pegmatites intrude into the Dava
and Glen Banchor successions which lie unconformably below the
Grampian Group and that therefore the Grampian Group is younger
than 806 Ma (Smith et al., 1999; Strachan et al., 2002).

Numerous studies have utilised �13C, �18O and 87Sr/86Sr data
from several different carbonate units of the Dalradian Supergroup
with the aim of correlation with global chemostratigraphic curves
(Brasier and Shields, 2000; Thomas et al., 2004; McCay et al., 2006;
Halverson et al., 2007a; Prave et al., 2009a; Sawaki et al., 2010). A
composite �13C profile for the Dalradian Supergroup has been used
to tentatively correlate the Ballachulish Limestone of the Appin
Group with the ca. 800 Ma Bitter Springs anomaly (Prave et al.,
2009a; Fig. 2). Additional correlations include the pre-Marinoan
Trezona anomaly and ca. 635 Ma Marinoan-equivalent cap carbon-
ate sequence with units of the middle Easdale Subgroup and the
terminal Proterozoic (ca. 600–551 Ma) Shuram-Wonoka anomaly
in the Girlsta Limestone on Shetland (Melezhik et al., 2008; Prave
et al., 2009a,b).

2.3. Metamorphism and deformation of the Dalradian
Supergroup

The Dalradian Supergroup of Scotland is one of the classic areas
for the study of regional and contact metamorphism (e.g., Barrow,
1893; Tilley, 1925; Baker, 1985; Voll et al., 1991; Dempster, 1992;
Pattison and Harte, 1997). The main phases of regional metamor-
phism took place during the Grampian Orogeny. The Grampian
Orogeny is understood to be related to the collision of Laurentia
with an oceanic arc during the Early Ordovician and can be consid-
ered broadly equivalent to the Taconic Orogeny of the Appalachians
(Dewey and Mange, 1999; Soper et al., 1999). Geochronological
constraints for the Grampian Orogeny include U–Pb zircon ages
from syn-tectonic intrusives of 475–468 Ma and Sm–Nd metamor-
phic garnet crystallisation ages of 473–465 Ma which date peak
metamorphism (Friedrich et al., 1999; Baxter et al., 2002).

The Dalradian sedimentary succession also experienced con-
tact metamorphism associated with the intrusion of numerous
Late Caledonian (ca. 430–390 Ma; Oliver, 2001) granites through-
out the Grampian Terrane of Scotland (Fig. 1). In addition to the
granites there are also a number of minor Late Palaeozoic intrusive
suites recorded in the Dalradian (Neilson et al., 2009 and references
therein).

3. Samples for this study

Two localities were chosen for Re–Os geochronology analyses;
the Ballachulish Slate Formation from the Ballachulish Subgroup of
the Appin Group and the Leny Limestone Formation of the Southern
Highland Group (Figs. 1 and 2). The Ballachulish Slate was chosen
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to provide a maximum age constraint on the depositional age of
the Port Askaig Formation (Fig. 2). The Leny Limestone Formation
was chosen as it contains the only biostratigraphically diagnostic
fauna found in the Dalradian Supergroup (Pringle, 1939; Fletcher
and Rushton, 2007). Additionally, the metasedimentary rocks of
the Dalradian Supergroup represent an opportunity to further our
understanding of the effects of regional and contact metamorphism
on the Re–Os geochronometer.

3.1. Appin Group – Ballachulish Slate Formation

The Appin Group is made up of three subgroups, the Lochaber,
Ballachulish and Blair Atholl (Fig. 2). The Ballachulish Slate Forma-
tion consists of ca. 400 m of pyritiferous black slates and graphitic
phyllites. Samples were collected on the eastern foreshore of Loch
Linnhe at the entrance to Loch Leven (56◦42.1′N, 5◦11.6′W; Fig. 1).
In this area, the top of the Ballachulish Slate Formation is estimated
to be ca. 1 km below the equivalent of the Port Askaig Forma-
tion (Litherland, 1980; Harris et al., 1994). Regional metamorphic
grade associated with the Grampian Orogeny varies from chlorite
grade in the NW to garnet grade in the SE. Estimates of P-T con-
ditions range from ca. 450 to 550 ◦C from NW to SE, at ca. 6 kbar
(Pattison and Voll, 1991). In addition to Grampian regional meta-
morphism, the Ballachulish Slates also experienced Late Caledonian
(ca. 430 Ma) igneous activity and contact metamorphism primar-
ily associated with the well-characterised Ballachulish Igneous
Complex (Pattison and Harte, 1997; Pattison, 2006). The metamor-
phic aureole varies in width from ca. 400 to 1700 m, based upon
the first appearance of cordierite in metapelites (Pattison, 2006).
Regional P-T conditions at the time of intrusion are estimated at ca.
250–300 ◦C at ca. 3 kbar. The age of the Ballachulish Igneous Com-
plex is constrained by Re–Os molybdenite and U–Pb zircon ages of
433.5 ± 1.8 Ma and 428 ± 9.8 Ma, respectively (Conliffe et al., 2010;
Rogers and Dunning, 1991, recalculated by Neilson et al., 2009).
Fluid flow between the intrusion and the aureole was limited and
there is no evidence for a large-scale hydrothermal circulation sys-
tem or associated mineralogical changes connected to the intrusion
(Harte et al., 1991; Pattison, 2006).

The slates analysed in this study were sampled ca. 2 km NNW
of the NW contact of the Ballachulish Igneous complex and are
hence outside the aureole. The slates sampled are black and mas-
sive with bedding occasionally still discernible and predominantly
orientated parallel to cleavage. X-ray diffractometry (XRD) studies
indicate that the Ballachulish Slates have a composition of quartz,
mica, chlorite and feldspars (albite and occasionally orthoclase),
typical of an argillaceous slate. The samples of Ballachulish slate
used in this study are similar in composition to those described in
greater detail by Walsh (2007).

3.2. Southern Highland Group – Leny Limestone

The Leny Limestone forms part of the Keltie Water Grit Forma-
tion of the Southern Highland Group. The formation consists of pale
grey to white, siliceous grits, black graphitic slates and rare locally
fossiliferous limestones (Tanner and Pringle, 1999). The limestones
of this formation yield a fauna including polymerid and miomerid
trilobites, brachiopods, sponges, hyoliths and bradoriids (Fletcher
and Rushton, 2007). The miomerid trilobites indicate a stratigraph-
ical age equivalent to the base of the paradoxidid Amgan Stage of
Siberia traditionally regarded as Middle Cambrian (511–506 Ma,
Ogg et al., 2008). However, the polymerid trilobites e.g., Pagetides,
are forms from the Bonnia-Olenellus Zone and are thus regarded
as Lower Cambrian (516.5–512 Ma; Ogg et al., 2008). An age of ca.
512 Ma has been adopted here as the age of the Leny Limestone
Formation (Fletcher and Rushton, 2007).

Black graphitic slates of the Leny Limestone Formation were
sampled on the south-easterly face of the Western Quarry
(56◦15.5′N, 4◦13.1W; Fig. 1). The metamorphic grade during the
Grampian Orogeny was low, with an estimated peak metamor-
phic temperature of 270 ◦C (Tanner and Pringle, 1999). Detrital
biotite is preserved, albeit commonly partially altered to chlo-
rite. The locality is also the locus of several phases of igneous
activity such as intrusions of Devonian quartz-felsite dykes and
Permo-Carboniferous quartz dolerite dykes (British Geological
Survey, 2005; Fletcher and Rushton, 2007). The Devonian intru-
sion exhibits a 70 m fault offset, though this faulting is not seen
in the Permo-Carboniferous dyke suggesting faulting occurred
prior to this younger intrusive episode. XRD analysis of the Leny
Limestone Formation slates reveal a composition of quartz, micas
(mainly muscovite), kaolinite and a serpentine-group mineral with
the chemical formula of Fe3Si2O5(OH)4 suggested to represent
berthierine (Brindley, 1982).

4. Sampling and analytical methods

Sampling of the Ballachulish Slate and Leny Limestone Forma-
tions was limited to a vertical interval of ca. 50 cm of stratigraphy
across a lateral interval of several tens of metres. Weathered
material was removed from the outcrop prior to sampling of
fresh surfaces. Large (∼100 g) samples were selected to ensure
homogenisation of Re–Os abundances in the samples (Kendall et al.,
2009b). All samples were polished to remove cutting and drilling
marks to eliminate any potential contamination. The samples were
dried at 60 ◦C for ∼12 h and then crushed to a fine powder of
∼30 �m. The samples were broken into chips with no metal contact
and powdered in a ceramic dish using a shatterbox.

Rhenium–osmium isotope analysis was carried out at Durham
University’s TOTAL laboratory for source rock geochronology and
geochemistry at the Northern Centre for Isotopic and Elemental
Tracing (NCIET). Sample digestion using a CrO3–H2SO4 solution
is the preferred method for Re–Os geochronology as it has been
shown to preferentially liberate hydrogenous Re and Os, ultimately
providing more precise ages (Selby and Creaser, 2003; Kendall
et al., 2004). An inverse aqua-regia solution was also employed
in an attempt to evaluate the contribution of detrital Re and Os
in these samples. Previous work has shown that aqua-regia diges-
tion liberates both non-hydrogenous (detrital and meteoritic) and
hydrogenous Re and Os. This detrital Os component has been shown
to represent a source of geological scatter that results in determi-
nation of imprecise and/or inaccurate depositional ages (Ravizza
et al., 1991; Selby and Creaser, 2003; Kendall et al., 2004).

Approximately 1 g of sample powder was digested together
with a mixed tracer (spike) solution of 190Os and 185Re in a
CrVI–H2SO4 solution in a sealed carius tube at 220 ◦C for ∼48 h
(Selby and Creaser, 2003; Kendall et al., 2004). Through the use of
the CrVI–H2SO4 digestion media it is possible to preferentially liber-
ate the hydrogenous Re and Os components from the samples thus
limiting any detrital component (Selby and Creaser, 2003; Kendall
et al., 2004). For the inverse aqua-regia digestions approximately
1 g of sample powder was dissolved together with a spike solution
of 190Os and 185Re in a 1:2 acid mixture of 3 ml 12 N HCl and 6 ml
of 16 N HNO3 in a sealed carius tube at 220 ◦C for ∼48 h (Selby and
Creaser, 2003).

Rhenium and Os were purified from the acid solution using
solvent extraction (CHCl3), micro-distillation and anion chro-
matography methods and analysed by negative thermal ionisation
mass spectrometry as outlined by (Selby and Creaser, 2003), and
(Selby, 2007). The purified Re and Os fractions were loaded onto Ni
and Pt filaments, respectively (Selby et al., 2007), with the isotopic
measurements conducted using a ThermoElectron TRITON mass
spectrometer via static Faraday collection for Re and ion-counting
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Table 1
Re–Os isotope data for the Ballachulish Slate and Leny Limestone Formations.

Samplea Re (ppb) ± Os (ppt) ± 192Os (ppt) ± 187Re/188Os ± 187Os/188Os ± rhob Osi
c

Ballachulish Slate samples
Balla 2B 1.20 0.01 46.0 0.5 13.9 0.2 172.6 2.3 2.944 0.044 0.731 1.04
Balla 2B ar 1.08 0.00* 43.8 0.4 13.3 0.2 161.3 1.9 2.876 0.042 0.763 1.09
Balla 2C 1.85 0.01 52.2 0.5 14.5 0.2 253.8 3.2 3.841 0.055 0.758 1.04
Balla 2C ar 1.77 0.01 53.5 0.5 15.3 0.2 230.8 2.6 3.564 0.050 0.745 1.01
Balla 3 1.69 0.01 40.9 0.5 10.8 0.2 311.7 4.6 4.478 0.072 0.813 1.04
Balla 3 ar 1.68 0.01 40.9 0.5 10.9 0.1 308.2 4.1 4.364 0.067 0.805 0.96
Balla 5B 0.29 0.01 29.2 0.3 10.1 0.2 56.5 1.4 1.660 0.029 0.482 1.04
Balla 5B ar 0.30 0.00* 30.6 0.3 10.6 0.1 55.6 0.8 1.593 0.026 0.767 0.98
Balla 6 0.39 0.02 25.5 0.7 8.4 0.5 93.3 6.4 2.060 0.142 0.645 1.03
Balla 6 ar 0.30 0.01 41.4 0.6 16.7 0.6 41.4 1.3 1.472 0.050 0.511 1.01
Leny Slate samples
L1 55.8 0.2 487.7 3.1 107.1 0.5 1036.8 5.6 6.874 0.033 0.716 −1.97
L2 55.4 0.2 431.0 3.0 89.8 0.4 1228.0 7.2 7.649 0.041 0.756 −2.83
L3 49.4 0.2 430.6 3.0 92.2 0.5 1065.8 6.2 7.239 0.038 0.759 −1.85
L4 50.9 0.2 419.2 3.0 85.0 0.4 1192.4 7.2 8.075 0.045 0.778 −2.10
L5 49.6 0.2 424.1 3.0 88.4 0.5 1117.0 6.7 7.642 0.042 0.771 −1.89
L6 51.2 0.2 443.0 3.0 92.1 0.4 1107.2 6.3 7.691 0.039 0.755 −1.76
L7 66.1 0.2 633.1 4.1 146.3 0.6 898.4 4.5 6.162 0.031 0.583 −1.50
L8 46.2 0.2 447.0 3.2 99.7 0.5 921.5 5.4 6.650 0.040 0.682 −1.21
L9 57.7 0.2 515.9 3.3 114.5 0.5 1001.9 5.2 6.716 0.031 0.680 −1.83

* Uncertainty is less than 0.01.
a “ar” denotes inverse aqua regia digestion.
b Rho is the associated error correlation (Ludwig, 1980).
c Osi = initial 187Os/188Os isotope ratio calculated at 659 Ma for the Ballachulish Slate samples and at 512 Ma for the Leny Slate samples.

using a secondary electron multiplier in peak-hopping mode for
Os. Average procedural blanks for the CrVI–H2SO4 method during
this study were 16.8 ± 0.06 pg and 0.43 ± 0.06 pg (1� S.D., n = 3)
for Re and Os respectively, with an average 187Os/188Os value of
∼0.25 ± 0.11 (n = 3). For the inverse aqua-regia method procedural
blanks for Re and Os were 1.9 ± 0.01 pg and 0.12 ± 0.06 pg, respec-
tively (1� S.D. n = 2) with an average 187Os/188Os value of ∼0.4 ± 0.5
(1� S.D., n = 2).

Uncertainties for 187Re/188Os and 187Os/188Os are determined
by error propagation of uncertainties in Re and Os mass spectrom-
eter measurements, blank abundances and isotopic compositions,
spike calibrations and reproducibility of standard Re and Os isotopic
values using methods identical to previous studies (e.g., Kendall
et al., 2004; Selby and Creaser, 2005). The Re–Os isotopic data,
2� calculated uncertainties for 187Re/188Os and 187Os/188Os and
the associated error correlation function (rho) are regressed to
yield a Re–Os date using Isoplot V. 3.0 with a � 187Re constant of
1.666 × 10−11 a−1 (Ludwig, 1980, 2003; Smoliar et al., 1996).

To ensure and monitor long-term mass spectrometry repro-
ducibility, in-house standard solutions of Re and Os (Durham Romil
Osmium Standard [DROsS]) are repeatedly analysed at NCIET. The
Re standard analysed during the course of this study is made
from 99.999% zone-refined Re ribbon and is considered to have
an identical Re isotopic composition to that of the AB-1 Re stan-
dard (Creaser et al., 2002; Selby and Creaser, 2003; Kendall et al.,
2004). The NCIET Re standard yields an average 185Re/187Re ratio of
0.59772 ± 0.00172 (1 S.D., n = 114). This is in excellent agreement
with the value reported for the AB-1 standard (Creaser et al., 2002).
The Os isotope reference material (DROsS) yields an 187Os/188Os
ratio of 0.106093 ± 0.00015 (1 S.D., n = 36). The isotopic composi-
tions of these solutions are identical within uncertainty to those
reported by Rooney et al. (2010) and references therein.

5. Results

5.1. Ballachulish Slate Formation samples

The Ballachulish Slate samples have Re (0.3–1.9 ppb) and Os
(25.5–52.2 ppt) abundances that are close to or less than that of
average continental crustal values of ∼1 ppb and 50 ppt, respec-

tively (Table 1; Esser and Turekian, 1993; Peucker-Ehrenbrink
and Jahn, 2001; Hattori et al., 2003; Sun et al., 2003). The
187Re/188Os ratios range from 56.5 to 311.7 and the 187Os/188Os
ratios range from 1.660 to 4.478 (Table 1). Regression of the
Re–Os isotope data yield a Re–Os age of 659.6 ± 9.6 Ma (2�, n = 5,
Model 1, Mean Square of Weighted Deviates [MSWD] = 0.01, initial
187Os/188Os = 1.04 ± 0.03; Fig. 3a).

Digestion of the Ballachulish samples using inverse aqua-regia
yields elemental abundances of 0.3–1.8 ppb and 30.6–53.5 ppt for
Re and Os, respectively, which are identical within uncertainty to
the values from the samples digested using CrO3–H2SO4 (Table 1).
The 187Re/188Os ratios range from 41.4 to 308.2 and the 187Os/188Os
ratios range from 1.472 to 4.364 (Table 1). Regression of the aqua-
regia derived Re–Os isotope data yield a Model 3 age of 655 ± 49 Ma
(2�, n = 5, MSWD = 16) with an initial Os isotope composition of
1.03 ± 0.16 (Fig. 3b).

5.2. Leny Limestone slate samples

The Leny Limestone slates are enriched in Re (46.2–66.1 ppb)
and Os (419–633 ppt) in comparison to average continental crustal
values of ∼1 ppb and 50 ppt, respectively (Table 1). The 187Re/188Os
ratios range from 898.4 to 1228.0 and the 187Os/188Os ratios range
from 6.162 to 8.075 (Table 1). Regression of the Re–Os isotope data
yield a Re–Os age of 310 ± 110 Ma (2�, n = 9, Model 3, MSWD = 388,
initial 187Os/188Os = 1.7 ± 2.0; Fig. 4).

6. Discussion

6.1. Effect of non-hydrogenous Re and Os in low abundance
samples

The CrO3–H2SO4 method has been shown to yield precise and
accurate depositional age determinations for both Phanerozoic and
Proterozoic sedimentary successions (Kendall et al., 2004, 2006,
2009a,c; Selby and Creaser, 2005; Anbar et al., 2007; Selby, 2007;
Yang et al., 2009; Rooney et al., 2010). Data from the Ballachulish
samples using the CrO3–H2SO4 digestion method yields a Model
1 age with a low uncertainty (1.5%) and a low degree of scatter
about the isochron (MSWD < 1). However, as these samples have
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and 187Os/188Os, and � (rho).

Re and Os abundances comparable to that of average continental
crust it is important to assess the effects of a detrital Re and Os
component on the geochronology data. It has been shown that the
incorporation of a detrital Os component could lead to a younger
or older age depending on the isotopic composition of the detrital
Os (Ravizza et al., 1991). The effects of a detrital Os component on
Re–Os depositional ages have been assessed previously during the

1300120011001000900800

8.4

8.0

7.6

7.2

6.8

6.4

6.0

5.6

SlateLeny
Ma110±310=Age

2.0±1.7=OsOs/Initial
338=MSWD
3)Model9,=(n

188187 OsRe/

1
8
8

1
8
7

O
s

O
s/

7L

8L
9L

1L

3L

6L 5L

4L

2L

Ma512
linereference

0.8=OsOs/Initial
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resents a 512 Ma reference line with the Osi value of 0.8 representing Cambrian
seawater (Mao et al., 2002). The 512 Ma age assigned for the Leny Limestone is
based on a trilobite fauna (Fletcher and Rushton, 2007). See text for discussion.

development of the CrO3–H2SO4 method (Selby and Creaser, 2003;
Kendall et al., 2004).

The results from the inverse aqua-regia digestion show Re and Os
abundances that are comparable with the samples digested using
CrO3–H2SO4 (Table 1). The isotopic composition data highlights the
impact of detrital Re and Os on the determination of depositional
ages. All of the 187Re/188Os and 187Os/188Os values for the aqua-
regia samples are lower than those of the samples digested using
CrO3–H2SO4 (15% and 9% lower, respectively; Table 1). This sug-
gests that the aqua-regia digestion has liberated an unradiogenic
detrital Os component. Both ages for the Ballachulish Slate Forma-
tion are very similar however, the aqua-regia Re–Os data have a
much larger degree of scatter (MSWD = 16) and yield a less precise
age (9% uncertainty; Fig. 3b and c). The samples digested using the
CrO3–H2SO4 method yield a much more precise age with a lower
degree of scatter (MSWD = 0.01; Fig. 3a). These variations in preci-
sion and geological scatter are very similar to those identified by
previous studies which undertook digestion of samples in aqua-
regia (Selby and Creaser, 2003; Kendall et al., 2004). Additionally,
digesting samples in the CrO3–H2SO4 solution at 80 ◦C instead of
220 ◦C has been shown to yield identical data, supporting the notion
that this method does not liberate non-hydrogenous Re and Os even
at high temperatures (Kendall et al., 2009a).

The 187Os/188Os initial ratio (Osi) data from the samples digested
using the CrO3–H2SO4 method are all very similar with a coefficient
of variation of 0.3% in contrast to the Osi data from the samples
digested in aqua-regia which have a coefficient of variation of 5%
(coefficient of variation = (S.D./mean) × 100; Table 1). This suggests
that there were variations in Os isotope composition and/or mag-
nitude of the detrital Os flux into the Ballachulish Slate during
deposition. Again, this is identical to the findings of Kendall et al.
(2004) on the Old Fort Point Formation of Canada.

The low degree of scatter coupled with the precise age of
659.6 ± 9.6 Ma represents a depositional age for the Ballachulish
Slate Formation and the initial 187Os/188Os isotope composition of
1.04 represents that of seawater at the time of deposition.

6.2. Implications for low Re and Os abundance geochronology

The Re–Os age for the Ballachulish Slate Formation indicate
that samples with low Re and Os abundances (<1 ppb Re and
<50 ppt Os) can be used to provide precise geochronological data
(Fig. 3a; Table 1). These values are similar to abundances in aver-
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age continental crust which range from 0.2 to 2 ppb and 30–50 ppt,
respectively (Esser and Turekian, 1993; Peucker-Ehrenbrink and
Jahn, 2001; Hattori et al., 2003; Sun et al., 2003).

Previous work on Re–Os geochronology has focused on sed-
imentary units greatly enriched in Re and Os with abundances
>20 ppb and 500 ppt, respectively (Ravizza and Turekian, 1989;
Cohen et al., 1999; Creaser et al., 2002; Selby and Creaser, 2005;
Selby, 2007; Rooney et al., 2010). However, some recent studies
have successfully applied the Re–Os geochronometer to sedi-
mentary rocks with low to moderate enrichments of Re and Os
(1.7–50 ppb and 82–250 ppt, respectively; Kendall et al., 2004,
2006, 2009a,b; Yang et al., 2009). The Re–Os geochronology data for
the Ballachulish Slate Formation represent successful application of
the system to samples with very low Re and Os abundances pro-
vided that the system has not been disturbed as discussed below.

The low Re and Os abundances do not appear to impair the
robustness of the system as the Ballachulish samples all have sim-
ilar 187Os/188Os (Osi) values, yield a large spread in present-day
187Re/188Os values (∼260 units) and display positively corre-
lated, radiogenic 187Os/188Os values indicative of a closed system
(Table 1). This positive correlation indicates that the 659.6 ± 9.6 Ma
age for the Ballachulish Slate Formation does not represent a mixing
line. Additionally, if the systematics had been disturbed, any detri-
tal Os component in these samples would represent a significant
cause of geological uncertainty, resulting in an imprecise and geo-
logically meaningless age. The highly precise age coupled with the
low degree of scatter in the data, (659.6 ± 9.6 Ma and MSWD = 0.01),
suggests that this is a depositional age and the Osi value of 1.04 rep-
resents the Os isotope composition of local seawater at the time
of deposition. The results from the Ballachulish Slate Formation
strongly suggest that the system can be applied to sedimentary
units that have low Re and Os abundances. From this we can also
propose that the system is robust enough to provide depositional
ages for strata that have experienced complex and polyphase meta-
morphic histories.

6.3. Age of the Ballachulish Slate Formation

The Re–Os isotope data from the Ballachulish slates yield an
age of 659.6 ± 9.6 Ma which represents the depositional age of
the Ballachulish Slate Formation (Fig. 3a). Accordingly, this Re–Os
age defines a maximum age constraint for the glaciogenic Port
Askaig Formation (Fig. 2). Taken in the context of the previous
geochronological constraints for the Dalradian, the Re–Os age for
the Ballachulish Slate Formation strongly suggests that the Argyll
Group was deposited within ∼60 Ma, prior to the eruption of the
Tayvallich volcanics at ca. 600 Ma. From these two geochronolog-
ical constraints, combined with the possibility that correlatives of
the ca. 635 Ma Marinoan cap carbonate sequence are found within
units of the Easdale Subgroup (McCay et al., 2006) we suggest that
the Port Askaig Formation records a low-latitude glacial event that
occurred at ca. 650 Ma.

Much of the recent work relating to the Dalradian Supergroup
has focused on �13C carbonate and 87Sr/86Sr chemostratigraphy
of the various carbonate units (Prave et al., 2009a and references
therein; Sawaki et al., 2010). This focus on chemostratigraphy cou-
pled with the lack of reliable geochronology data has resulted in
several attempts at correlation of the Dalradian Supergroup with
better constrained Neoproterozoic sequences (McCay et al., 2006;
Prave et al., 2009a; Sawaki et al., 2010). The Ballachulish Limestone
is ca. 200 m in thickness and passes upwards into the Ballachul-
ish Slate (Anderton, 1982; Prave et al., 2009a). Work by Prave
et al. (2009a) suggested that the Ballachulish Limestone possess
�13Ccarbonate values as low as −7‰ and was tentatively correlated
with the ca. 800 Ma Bitter Springs anomaly of central Australia (Hill
and Walter, 2000; Halverson et al., 2007b). However, the Re–Os

data of 659.6 ± 9.6 Ma for the Ballachulish Slate Formation negates
the possibility of this correlation (Fig. 2).

A 60 Ma duration for Argyll Group deposition suggested by the
Re–Os data presented here contrasts with a duration of ca. 120 Ma
required by chemostratigraphic and lithostratigraphic correlations
of the Port Askaig Formation with a ca. 715 Ma “Sturtian” glacial
(Prave, 1999; Brasier and Shields, 2000; Prave et al., 2009a). A short
duration for Argyll Group deposition is geologically more probable
given that the Argyll Group represents a time of increased tectonic
activity and syn-depositional faulting with rapid deposition tak-
ing place in subsiding fault-bounded sub-basins (Anderton, 1982,
1985). A short duration for Argyll Group deposition also negates
the need for any putative regional-scale unconformity within the
Argyll Group, which remains contentious (see Hutton and Alsop,
2004; Tanner et al., 2005 for a review).

The new Re–Os geochronology data provide a more precise
chronostratigraphic framework for understanding the tectonic
evolution of the Dalradian basin and the onset of sedimentation
within the basin. Furthermore, the Re–Os geochronology helps
refine Neoproterozoic palaeogeographies related to the formation
and breakup of the Rodinia supercontinent (e.g., Li et al., 2008; Li
and Evans, 2010). Deposition of the Dalradian Supergroup occurred
along the eastern margin of Laurentia, close to the triple junction
of Baltica, Laurentia and Amazonia (Soper, 1994; Dalziel, 1994).

6.4. Implications for global correlations involving the glacial Port
Askaig Formation

At present, global correlation schemes for Neoproterozoic
glaciogenic deposits are dependent on correlation of two distinctive
types of diamictite cap-carbonate pairs. These have been desig-
nated as “Sturtian” and “Marinoan” events after the type localities
in southern Australia (Kennedy et al., 1998; Hoffman and Schrag,
2002; Halverson et al., 2005; Corsetti and Lorentz, 2006). The Stur-
tian glaciation however, is also used to define much older glacial
events than the Sturtian sensu stricto of the Adelaide Rift Com-
plex which has geochronological constraints of ca. 640–660 Ma
(Preiss, 2000; Kendall et al., 2009a and references therein). These
earlier glacial events assigned to the “Sturtian” have geochronolog-
ical constraints which indicate low-latitude global glaciation at ca.
715 Ma based on U–Pb zircon ages (Bowring et al., 2007; Macdonald
et al., 2010a). In this summary, they are referred to as middle Cryo-
genian (ca. 715 Ma) deposits to distinguish them from younger
Sturtian (sensu stricto) glacial deposits on the Australian craton at
ca. 640–660 Ma.

Early work on correlation of the Port Askaig Formation (Fig. 2)
suggested a possible correlation with North Atlantic Varangerian
tillite sequences which were originally constrained by a Rb–Sr
diagenetic illite age of ca. 630 Ma (Hambrey, 1983; Fairchild and
Hambrey, 1995; Gorokhov et al., 2001). Correlation of the Port
Askaig Formation with the Varangerian tillite was also suggested
by 87Sr/86Sr chemostratigraphy of Dalradian limestones that indi-
cate that the base of the Dalradian Supergroup is younger than ca.
800 Ma and may be as young as ca. 700 Ma (Thomas et al., 2004).
This correlation is difficult to support as the geochronological con-
straints for the Varangerian glaciation are based upon Rb–Sr illite
geochronology, which is unlikely to represent a depositional age
(Morton and Long, 1982; Ohr et al., 1991; Awwiller, 1994; Evans,
1996; Gorokhov et al., 2001; Selby, 2009).

Recent work has rejected the correlation of the Port Askaig For-
mation and the Varangerian glaciation. Instead, �13C and 87Sr/86Sr
profiles from the underlying Islay Limestone and overlying Bona-
haven Formation have been used to suggest a middle Cryogenian
(ca. 715 Ma) age for the Port Askaig Formation (Brasier and Shields,
2000; Prave et al., 2009a). Further ‘evidence’ for a 715 Ma middle
Cryogenian age for the Port Askaig Formation is the presence of
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Fig. 5. Graphic illustration of Re–Os geochronology data and Osi values for Cryo-
genian and Sturtian (sensu stricto) pre- and post-glacial horizons. See text for
discussion. Data from Ballachulish Slate Formation (this study); Aralka Formation
(Kendall et al., 2006); Tapley Hill Formation (Kendall et al., 2006); Black River
Dolomite (Kendall et al., 2009a).

younger glaciogenic units in the Dalradian, namely the Stralinchy-
Reelan (a possible Marinoan correlative) and the Inishowen-Loch
na Cille Formations (a possible Gaskiers correlative; Condon and
Prave, 2000; McCay et al., 2006). However, the Re–Os age of
659.6 ± 9.6 Ma for the Ballachulish Slate Formation refutes the
notion that the Port Askaig Formation is a component of a mid-
dle Cryogenian (ca. 715 Ma) glaciation. As reported above, the
Re–Os age, coupled with existing geochronology constraints on the
Tayvallich volcanics strongly suggest that the Port Askaig Forma-
tion records a glacial event on the eastern margin of Laurentia at
∼650 Ma.

Palaeomagnetic constraints from Laurentia during the Neo-
proterozoic indicate that Laurentia (and hence the Port Askaig
Formation) was at low latitudes from 723 to 614 Ma (see Trindade
and Macouin, 2007 and references therein). Similarly, the Stur-
tian (sensu stricto) glaciations on the Australian craton were also
at low latitude and Re–Os geochronology of post-glacial rocks indi-
cates an age of ∼650 Ma for these glacial deposits. The Ballachulish
Slate Formation Re–Os geochronology implies that the Port Askaig
Formation could be correlated with the ∼650 Ma Sturtian (sensu
stricto) deposits of the Adelaide Rift Complex (Preiss, 2000; Kendall
et al., 2006, 2009a). This suggestion is also supported by the Osi
data for the Ballachulish Slate, Upper Black River Dolomite and Tap-
ley Hill formations as discussed below (Fig. 5; Kendall et al., 2006,
2009a; This study).

6.5. Os isotopic composition of seawater at 660 Ma

The initial Osi values determined from the regression of the
Re–Os isotope data (Table 1; Figs. 3 and 4) are interpreted to reflect
the Os isotope composition of seawater at the time of deposition
(Ravizza and Turekian, 1989; Cohen et al., 1999; Selby and Creaser,
2003). The Os isotope composition for seawater at the time of
deposition of the Ballachulish Slate (1.04 ± 0.03) is identical, within
uncertainty, to that of the present day Os isotopic composition of
seawater (∼1.06; Peucker-Ehrenbrink and Ravizza, 2000 and refer-
ences therein; Rooney et al., unpublished data). The radiogenic Osi
value from the Ballachulish Slate Formation suggests that the con-
tribution of radiogenic Os from riverine inputs and weathering of
upper continental crustal material (present-day riverine inputs of
187Os/188Os ∼1.5; Levasseur et al., 1999) dominated over the influx
of unradiogenic Os from cosmic dust and hydrothermal alteration
of oceanic crust and peridotites (present-day 187Os/188Os ∼ 0.13;
Walker et al., 2002a,b).

The radiogenic values for the Osi of the Ballachulish Slate For-
mation closely match values for the post-glacial Upper Black River

Dolomite, Aralka and Tapley Hill Formations of southern Australia
(1.04; 1.00; 0.82; 0.95, respectively; Kendall et al., 2006, 2009a).
Although there are many contrasting palaeomagnetic reconstruc-
tions of the Laurentian and Australian cratons, most models
indicate that during the Neoproterozoic these two cratons were
both located at low latitudes and were separated by oceanic basins
that formed as a result of rifting associated with the breakup of
Rodinia (Li et al., 2008 and references therein; Li and Evans, 2010).
We postulate that the very similar Osi values reported from the pre-
glacial Ballachulish and post-glacial Upper Black River Dolomite,
Aralka and Tapley Hill Formations represent a possibly global Os
isotope composition for the 660–640 Ma time interval (Kendall
et al., 2006, 2009a). Additionally, this ‘global’ isotope composition
for this interval is significantly more radiogenic than values for
Mesoproterozoic seawater Os isotope composition (1.04 compared
to 0.33 and 0.29; Rooney et al., 2010; Kendall et al., 2009c). One pos-
sibility is that falling sea levels and the exposure of rifted margins
associated with the breakup of Rodinia would expose older, more
radiogenic continental crust to weathering. A further explanation
for the increase in 187Os/188Os isotope composition for the Neopro-
terozoic is the increased oxygenation of deep waters during the late
Neoproterozoic (Canfield and Teske, 1996; Anbar and Knoll, 2002;
Canfield et al., 2007, 2008; Scott et al., 2008). This oxygenation
of the oceans and atmosphere would result in increased chemical
weathering of continental crust which, coupled with the breakup
of Rodinia may result in an increase in seawater Os as seen for the
Sr isotope composition of Neoproterozoic seawater (Jacobsen and
Kaufman, 1999; Halverson et al., 2007a).

6.6. Systematics of Re–Os in Leny Limestone Formation

Although the Ballachulish Slate Formation experienced complex
and polyphase metamorphism, these samples yield a precise depo-
sitional age with a low degree of scatter about the linear regression
of the Re–Os data (659.6 ± 9.6 Ma, MSWD = 0.01). The results for
the Ballachulish Slate samples imply that anhydrous metamor-
phism and dehydration reactions do not adversely affect Re–Os
systematics. In contrast, the Leny Limestone Formation which
has also experienced regional Grampian metamorphic events has
been disturbed. We suggest that this Re–Os isotope disturbance
is probably related to hydration and fluid-flow events associated
with Carboniferous/Permian contact metamorphism as discussed
below.

The Re–Os isotope data for the Leny Limestone Formation yield
a highly imprecise age of 310 ± 110 Ma (MSWD = 338) that is signif-
icantly younger than the accepted age of ca. 512 Ma based upon the
trilobite fauna found in the Leny Limestone (Fletcher and Rushton,
2007). In addition, the Osi value of 1.7 ± 2.0 is much more radio-
genic than known values for Cambrian seawater (∼0.8; Mao et al.,
2002) and all of the Phanerozoic. The Re–Os geochronometer has
been shown to be robust following hydrocarbon maturation events,
greenschist-facies metamorphism and flash pyrolysis thus sug-
gesting the system is robust even after temperatures as high as
650 ◦C and pressures as high as 3 kbar (Creaser et al., 2002; Kendall
et al., 2004, 2006, 2009a,b,c; Rooney et al., 2010). Disturbance of
the Re–Os systematics by chemical weathering has been identi-
fied from outcrop studies on the Ohio Shale (Jaffe et al., 2002).
The Leny Limestone Formation outcrop is not significantly weath-
ered and the samples were taken in such a way as to avoid the
effects of recent chemical weathering on the outcrop. The mea-
sures undertaken to ensure that fresh samples were used for Re–Os
geochronology include; removal of surficial weathering prior to
sampling of large (∼200 g) samples extracted from the outcrop
prior to cutting which meant that any evidence of weathering e.g.,
iron-staining or leaching and features such as quartz veins could
be scrupulously avoided. Thus we do not consider these factors to
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have played a role in the Re–Os analysis of the Leny Limestone
Formation.

Recent work has shown that the Re–Os geochronometer is sus-
ceptible to disturbance caused by hydrothermal fluid interaction
with sedimentary units associated with the formation of a SEDEX
deposit (Kendall et al., 2009c). The proximity of the Leny Limestone
exposures to the Devonian and Permo-Carboniferous intrusions
and associated interactions with hydrothermal fluids are likely
causes of disturbance of the Re–Os systematics. In agreement with
work by (Kendall et al., 2009c) we suggest that the Re–Os age for
the Leny Limestone represents a disturbed dataset. The negative
Osi values calculated at 512 Ma and the anomalously young age
can be best explained by post-depositional mobilization of Re and
Os resulting from hydrothermal fluid flow driven by the igneous
intrusions found within the Leny Quarry. Possibly oxidising fluids
generated by the intrusions may have leached Re and/or Os from
the Leny Slate samples. The Leny Limestone slate samples all have
187Re/188Os values that plot to the right of the 512 Ma reference
line suggestive of either Re gain or Os loss (Fig. 5). The occurrence
of kaolinite, muscovite and berthierine from XRD analysis of the
Leny Limestone Formation slates suggests that these minerals are
the products of retrograde reactions involving chlorite, muscovite
and an Fe-rich phase such as cordierite that was driven by reactions
with hydrothermal fluids (Slack et al., 1992; Abad et al., 2010).

The lack of documented mineralisation (small [<1 cm thick]
dolomite veins in the limestones notwithstanding) and identifiable
accessory or index minerals renders it extremely challenging to
gain a full understanding of the P-T conditions of contact metamor-
phism in the Leny Limestone Formation. However, given that the
Grampian Orogeny would have generated local greenschist-facies
conditions it is likely that hydrothermal fluid flow driven by the
Palaeozoic igneous intrusions hydrated the Leny Limestone slates
resulting in retrograde reactions and the disturbance of the Re–Os
geochronometer.

7. Conclusions

New Re–Os geochronology for the Ballachulish Slate Formation
yields a depositional age of 659.6 ± 9.6 Ma providing a maximum
age constraint for the overlying glaciogenic Port Askaig Formation.
The precise age coupled with the excellent linear fit of the Re–Os
isotope data for the Ballachulish Slate Formation represents the
first successful application of the Re–Os system in samples with Re
and Os abundances comparable with, or lower than, average con-
tinental crustal values. Additionally, these results strongly suggest
that meaningful Re–Os geochronology data can be obtained from
sedimentary successions that have experienced polyphase contact
and regional metamorphism provided that thermal alteration was
anhydrous.

The Re–Os geochronology presented here indicates that the
Port Askaig Formation is much younger than the middle Cryoge-
nian glacial horizons bracketed at ca. 750–690 Ma, with which it
was previously correlated. The new geochronology data for the
Ballachulish Slate Formation also refutes a correlation of the under-
lying Ballachulish Limestone Formation with the ca. 800 Ma Bitter
Springs anomaly of Australia (Hill and Walter, 2000; Halverson
et al., 2007b; Prave et al., 2009a). The Re–Os geochronology pro-
vides a chronostratigraphic framework that indicates deposition of
the Argyll Group occurred within a ∼60 Ma interval prior to erup-
tion of the Tayvallich Volcanics. The Re–Os data provide further
support for the argument that Re–Os and U–Pb zircon geochronol-
ogy are fundamental if we are to use chemostratigraphy to evaluate
Neoproterozoic environments.

The Osi value for seawater at the time of deposition of the Bal-
lachulish Slate Formation is similar to that of the present-day value
indicating that the dominant input of Os to seawater was radiogenic

input from the weathering of the continental crust. Additionally,
the close similarity of Osi values from the Ballachulish Slate For-
mation with Sturtian (sensu stricto) deposits from the Australian
craton indicates that the dominant source of Os to the oceans was
from weathering of an evolved upper continental crust.

Disturbance of Re–Os systematics in the Leny Limestone Forma-
tion is evident by a very imprecise and inaccurate age along with
a negative value for the Osi value (calculated at 512 Ma) for sea-
water in this biostratigraphically constrained Cambrian unit. These
factors strongly suggest that the Re–Os system was disturbed in
response to hydrothermal fluid flow associated with the intrusion
of a number of igneous bodies during the Palaeozoic. The circula-
tion of fluids through the Leny Limestone Formation is suggested to
be the cause for the gain of Re and/or the loss of Os thus generating
an imprecise age younger than the known depositional age.
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