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ABSTRACT  

 

This study demonstrates the utility of the Re-Os isotopic system by providing two 

precise, absolute ages for Permian sedimentary strata and by performing high-resolution 

chemostratigraphy across the globally-correlated oceanic anoxic event 2 (OAE2). In 

addition, the majority of Re-Os studies published to date are based on the organophilic 

behavior of Re and Os, however, there is not presently a thorough understanding of 

where in the organic matter Re and Os are complexed. In order to begin to provide an 

understanding of the location of these elements, measurement of Re and Os isotopes in 

organic (bitumen, kerogen, and oil) and inorganic (pyrite) phases from the Eagle Ford 

Shale was performed.  

      Absolute ages and calculated initial 
187

Os/
188

Os ratios of 264.3 ± 7.5 Ma (
187

Os/
188

Osi 

= 0.46 ± 0.09) for the Permian Brushy Canyon Fm. from the Delaware Basin, west Texas, 

and 298.0 ± 2.3 Ma (
187

Os/
188

Osi = 0.56 ± 0.02) for the Permian Tasmanite Shale provide 

some insight into the Os isotopic composition of their respective basins at the time of 

sediment deposition (
187

Os/
188

Osi). These data coupled with a previously published 

compilation of (
187

Os/
188

Os)i values provide a first order examination of the Paleozoic 

seawater 
187

Os/
188

Os record. 

    High-resolution chemostratigraphy across OAE2 in the Eagle Ford Shale demonstrates 

an abrupt negative excursion in (
187

Os/
188

Os)i values ~340 kyr prior to OAE2. This 

represents a drastic shift in the 
187

Os/
188

Os of seawater during this anoxic period, likely 

due to the eruption of basaltic magma during the formation of a large igneous province. 
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This negative excursion, followed ~340 kyr later by a marked enrichment in Pt and Ir 

within highly oxic bottom-waters demonstrate the variable behavior of these elements in 

the water column. The variable enrichment of Os and Pt-Ir before and during OAE2 was 

ultimately caused by changes in insolation controlled by Milankovitch cycles. 

     Re and Os abundances in the various organic and inorganic fractions demonstrate that 

these elements predominantly reside in the kerogen, with only minor amounts in the 

bitumen and pyrite. However, these elements could be sequestered into micro-inorganic 

phases that are tightly held within the kerogen and not thoroughly removed during 

kerogen isolation.   
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DISSERTATION INTRODUCTION 

The discovery of the long-lived nature of 
187

Re by Naldrett and Libby (1948) and the 

subsequent development of the Re-Os geochronometer provided an important tool for the 

geosciences, particularly in geochronology and isotopic studies. Following a period of 

hampered application due to analytical difficulties and the precise determination of the 

187
Re decay constant (Herr et al., 1954; Hirt et al., 1963; Luck and Allegre, 1983, Lindner 

et al., 1989; Smoliar et al., 1996), the 
187

Re-
187

Os isotopic system is now routinely used 

for determining the crystallization ages of early solar system materials (Luck et al., 1980; 

Luck and Allegre, 1983; Horan et al., 1992; Morgan et al., 1992; Brandon et al., 1999), in 

understanding sulfide ore genesis (Hirt et al., 1963; Luck and Allegre, 1982; Foster et al., 

1996; Markey et al,. 1996; Selby et al,. 2002) and mantle evolution and crustal growth 

(Morgan, 1986; Herzberg, 1993; Walker et al. 1994; Pearson et al., 1995; Pearson et al., 

1998) among other applications.  

Rhenium and Os are highly siderophile and chalcophile elements (Hart and Ravizza, 

1996; Burton et al., 1999; Pearson et al., 2004; Fonseca et al., 2007), meaning that they 

are preferentially partitioned into metallic and sulphide phases in solid-melt systems. The 

mechanism that makes the Re-Os system useful for geochemistry is the difference in 

compatibility of Re and Os. During mantle melting, Re and Os behave incompatible, and 

moderately compatible, respectively (Walker et al., 1989). Therefore, during mantle 

melting, the bulk of mantle Re is partitioned into the melt and is subsequently enriched in 

the Earth's crust. Osmium, however, remains in mantle phases (most commonly in 

sulfides) and is depleted in the Earth's crust with respect to Re. This results in upper- 
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mantle sources having low Re/Os ratios, while crustal sources have an average Re/Os that 

is much higher than mantle sources. Because of a crustal enrichment in Re, the isotopic 

decay of 
187

Re to 
187

Os produces an increasing crustal enrichment in 
187

Os with an 

increase in the age of crustal sources. Therefore, older crustal rocks have 
187

Os/
188

Os 

ratios that are much higher than the 
187

Os/
188

Os of younger rocks, and much, much higher 

than that of the mantle (
187

Os/
188

Os = 0.127).  

It was recently discovered that during anoxic, reducing conditions, Re and Os are both 

organophilic, and thus have an affinity for organic complexes (Crusius et al., 1996). This 

becomes useful, as it is suggested that in sedimentary systems, more specifically, marine 

and lacustrine basins, these elements become sequestered by pelagic organisms within the 

water column. It is not presently known whether this is an adsorption process, or if these 

elements are complexed within the organic molecules that make up the organic matter 

(Miller, 2004). However, after deposition on the basin floor, the organic matter preserves 

the Re and Os isotopic signatures of seawater. This results in a relatively high abundance 

of both elements in organic-rich mud rocks (ORM) (hundreds of ppt to hundreds of ppb). 

Over time, the basin floor preserves a vertical sequence of changing seawater chemistry. 

This in turn provides constraints on the seawater chemistry at the time of deposition, and 

is controlled by processes such as climate, weathering rates, and tectonics (Esser and 

Turekian, 1988; Pegram et al., 1992; Peucker-Ehrenbrink et al., 1995; Oxburgh, 1998; 

Burton et al., 2010).   

The utility of the Re-Os isotopic system has increased substantially in the past twenty 

years, mostly due to the development and implementation of higher-precision analytical 
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techniques and instrumentation and the associated ability to analyze very small quantities 

of sample (< 1 ppb Re; < 50ppt Os) with precision (Shirey and Walker, 1995; Volkening 

et al., 1991). From its initial use in the geosciences in the sub-disciplines of 

cosmochemistry and other high-temperature geochemistry, the Re-Os system has now 

evolved as a useful tool in ocean sciences and low temperature geochemistry. It has 

become particularly useful in sedimentary geochemistry and geochronology of ORM 

(Ravizza and Turekian, 1989; Selby and Creaser, 2003; Cohen et al., 2004; Hannah et al., 

2004; Kendall et al., 2004; Kendall et al., 2009; Finlay et al., 2010; Rooney et al., 2012; 

Cumming et al., 2012). 

Organic-rich mud rocks contain Re and Os abundances of parts-per-billion (ppb) and 

parts-per-trillion (ppt) quantities, respectively, and are enriched in these elements by 

orders of magnitude when compared to other crustal rocks (Horan et al., 1994). 
187

Re 

decays to 
187

Os with a half-life of 41.6 billion years, and provided that (1) sufficient 

fractionation between Re and Os occurs to produce a wide range in the measured 

187
Re/

188
Os and 

187
Os/

188
Os ratios, and (2) there is no post-depositional mobilization of 

Re or Os, then it is possible to use this system to determine an age for the deposition of 

ORM. 

The Re-Os system was first applied to ORM by Ravizza and Turekian (1989) on the 

Mississippian/Devonian Bakken Shale in northern USA using a now-outdated, nickel-

sulfide fire-assay procedure. This study achieved a source rock age of 354 ± 49 Ma (± 

13.8%, 2σ) which is in agreement with the accepted age of the Bakken (~360Ma) 

(LeFever et al., 1991). Following this work, Cohen et al. (1999) implemented the use of 
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high-temperature Carius-tube digestion (Shirey and Walker, 1995) using inverse aqua-

regia (1:3 HCl and HNO3) for ORM dissolution. The use of Carius tubes and this highly 

reactive reagent provides a means for more-efficient sample dissolution and more- 

complete sample/spike equilibration (Shirey and Walker, 1995). Cohen et al. (1999) 

reported ages on Hettangian, Toarcian, and Kimmeridgian units in England of 207 ± 

12Ma, 181 ± 13 Ma, and 155 ± 4.3 Ma (2σ), respectively, which are all indistinguishable 

from their accepted ages.  The uncertainties in the isochrons in this study (average ± 

5.2%, 2σ) provided a much-more-precise age determination than previous methods.  

The past decade has seen key advances in sample selection and chemical extraction 

techniques which have subsequently led to a reduction in the uncertainties in shale Re-Os 

isochrons. Perhaps the largest step forward in these studies is the implementation of Jones 

Reagent (Cr
VI

O3 in H2SO4) as the digestion reagent (Selby and Creaser, 2003). It has 

been shown that dissolving ORM samples using inverse aqua regia accesses both the 

hydrogenous (derived from sea-water), and the non-hydrogenous (detrital material) 

component of whole-rock ORM (Selby and Creaser, 2003). However, Re-Os studies in 

ORM are only concerned with the hydrogenous component (Re-Os complexed with 

sulphides and organic carbon), any non-hydrogenous Re and Os that are dissolved during 

digestion result in isochrons with higher uncertainties. This is because non-hydrogenous, 

or detrital, Re and Os has no age correlation with hydrogenous Re and Os, as this 

material is likely of different and varying ages, and have different 
187

Os/
188

Os 

compositions at the time of deposition. Selby and Creaser (2003) pioneered the 

application of the Jones Reagent dissolution, and reported an age of 363.4 ± 5.6 Ma 
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(±1.5%, 2σ) for a black shale unit of the Exshaw Formation, Canada. This same unit, 

digested with inverse aqua regia resulted in a less precise age of 358 ± 10 Ma (±2.8%, 

2σ). Selby and Creaser (2003) concluded that Jones Reagent, an organic oxidizer, only 

accesses the hydrogenous Re and Os of ORM, and in this study, produced an uncertainty 

which is significantly better than any previous used method. Currently, with careful 

sample selection, sample preparation, and digestion using Jones Reagent, uncertainties of 

~1% (2σ) are achievable for ORM.  

Temporal changes in local and global seawater geochemistry have been preserved in the 

rock record and recovered using predominantly O, C, and Sr isotopes. More recently, Os 

has also become a useful isotopic tracer that has begun to be applied to understanding the 

evolution of seawater during different time intervals. The Os isotopic composition of 

ORM reflects the 
187

Os/
188

Os composition of seawater at the time their respective 

sediments were deposited [(
187

Os/
188

Os)i]. Rhenium and Os are redox-sensitive and 

organophilic in nature, and are suggested to be sequestered by organisms at, or below the 

sediment-water interface in both marine and lacustrine basins under suboxic, anoxic or 

euxinic conditions and are thus hydrogenous in nature (Koide, 1991; Colodner et al., 

1993; Crusius et al., 1996; Morford et al., 2009; Cumming et al., 2012). Studies of 

seawater evolution using 
87

Sr/
86

Sr isotopes are hindered by the long residence time of Sr 

in seawater (1 – 4 Myr) resulting in smaller variation in the isotopic range compared to 

Os. Because of this, small temporal variations in seawater average out, or are muted and 

potentially miss influences on seawater chemistry on shorter timescales. The residence 

time of Os in seawater is ~10 – 50 kyr. (Peucker-Ehrenbrink and Ravizza, 2000). 
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Because of this, high-frequency isotopic changes, on the order of tens to hundreds of 

thousands of years, in seawater chemistry (such as orbitally forced, glacial-interglacial 

cycles) are potentially resolvable with Os isotopes. Rhenium and Os in ORM are being 

used more frequently in geochronology for providing depositional ages and for 

understanding potentially small chemical changes in the temporal evolution of seawater 

on shorter timescales which aren’t captured by Sr isotopes (Ravizza and Turekian, 1989; 

Oxburgh, 1998; Cohen et al., 1999; Peucker-Ehrenbrink and Ravizza, 2000; Creaser et 

al., 2002; Selby and Creaser, 2003; Hannah et al., 2004; Kendall et al., 2004; Finlay et 

al., 2010; Rooney et al., 2010). The 
187

Os/
188

Os of seawater is derived from a balance of 

two primary inputs: (1) Radiogenic Os from river water during weathering and 

subsequent continental runoff of upper continental crust (Esser and Turekian, 1993; 

Peucker-Ehrenbrink and Jahn, 2001), and (2) non-radiogenic Os from the mantle via 

seafloor spreading and production of mid-ocean ridge basalts, flood basalt events, 

hydrothermal alteration of oceanic crust and from meteorite influx (Peucker-Ehrenbrink 

and Ravizza, 2000; Schmitz et al., 2004). The relative contributions of these sources have 

varied significantly throughout geologic history leading to significant variations in the 

187
Os/

188
Os of seawater. The evolution of the 

187
Os/

188
Os of seawater over the Earth’s 

history can be reconstructed by measuring the 
187

Os/
188

Os of ORM throughout the 

geologic past. From the 
187

Os/
188

Os of ORM at any given time of formation, a mass- 

balance calculation can be used to determine the relative contribution of radiogenic and 

non-radiogenic Os to seawater. Inferences can then be made about leverate to the Os 

seawater budget from the degree of continental weathering (Ravizza et al., 2001; Schmitz 

et al., 2004), seafloor spreading rates, the eruption of flood basalts (Ravizza and Peucker-
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Ehrenbrink, 2003; Turgeon and Creaser, 2008) as well as the timing and influx of 

meteorite impacts (Paquay et al., 2008).  

The use of the Re-Os isotopic system has even-more recently been expanded to other 

portions of the petroleum system including the timing of petroleum generation. These 

studies obtained Re-Os ages for crude oil that agree with their modeled generation age 

(Selby et al., 2005; Selby and Creaser, 2005; Finlay et al., 2011). Traditionally, the 

timing of hydrocarbon generation involves the construction of basin models using 

parameters that are often grossly estimated (Ruble et al., 2001). Therefore, determining 

the absolute age of petroleum generation provides vital information in understanding the 

petroleum system, including source-rock maturation and hydrocarbon generation. 

Furthermore, Os isotopes have been successfully used in the fingerprinting of oils for 

source rock identification (Finlay et al., 2012). Oil-to-source correlations are commonly 

performed using carbon isotopes or biomarkers, however, these methods are hindered by 

biodegradation, as they rely heavily on the light fractions of oil (Peters et al., 1999; Peters 

et al., 2005). Rhenium and Os are located almost exclusively in the heavy, asphaltene 

fraction of oil and therefore isn’t limited by biodegradation (Selby et al., 2007). These 

preliminary studies provide a strong case that the Re-Os isotopic system, when applied to 

the petroleum system, could be a valuable tool in petroleum exploration.  

The aim of the work presented here is to demonstrate and expand the utility of the Re-Os 

isotopic system in ORM. In addition, the coupled use of Re-Os and Pt-Ir is introduced as 

a powerful tool in redox studies. This dissertation is presented in the format of scientific 

papers with four main research chapters written as distinct papers. Due to selecting this 
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style for the dissertation, some repetition exists, particularly in the introduction and 

methodology sections of each paper.  
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CHAPTER 1: 

 

RHENIUM-OSMIUM GEOCHRONOLOGY AND GEOCHEMISTRY OF 

THE PERMIAN BRUSHY CANYON FORMATION: INSIGHT INTO 

THE EVOLUTION OF PERMIAN SEAWATER.  
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1.1. INTRODUCTION 

The Permian strata of the Delaware Basin of West Texas potentially record geochemical 

evidence of significant geologic and paleo-climatic changes that occurred during the 

Permian Period (Figure 1.1). The Early Permian (Sakmarian; 295.0 – 290.1 Ma) was 

marked by significant reduction in the glaciers covering large parts of Gondwana during 

the Permo-Carboniferous glaciation (Schwarzbach, 1974; Frakes et al., 1992). 

Simultaneously, a drastic change in global climate from predominantly humid conditions 

during the Asselian (298.9 – 295.0 Ma) and Early Sakmarian to a dominantly dry climate 

during the Artinskian (290.1 – 283.5 Ma) and Kungurian (283.5 – 272.3 Ma) occurred, 

which persisted throughout much of the Late Permian (Kozur, 1984) with more humid 

conditions returning by only the latest Permian (Korte et al., 2006). In addition, opening 

of the Neotethys occurred during the Sakmarian and continued into the Middle Permian 

with a markedly increased spreading rate during the Guadalupian (Stampfli, 2000; 

Stampfli et al., 2001). Evidence for this is preserved by widespread Guadalupian 

Neotethyan pillow basalts overlain by Wordian-Capitanian radiolarites and pelagic 

limestones in Oman (Bechennec, 1988; Blendinger, 1988; Pillevuit et al., 1997). 

Coincident with cessation of Neotethys spreading during the Guadalupian was the 

diminishing of spreading in the Paleo-tethys, with spreading having stopped altogether by 

the Lopingian (260 – 251 Ma) (Bagheri et al., 2003).  
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Figure 1.1. Paleoreconstruction of the southern Laurentian margin during the (A) Late 

Pennsylvanian, and (B) Middle Permian. Texas is outlined in black, with the location of the 

Permian Basin highlighted in each. Modified from Ron Blakey and Colorado Plateau 

Geosystems, Inc. 
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Locally, rapid sedimentation during the Early Permian caused rapid basin subsidence, 

which in turn caused enormous compressional stresses in the underlying crustal rocks 

resulting in uplift of the fault-block separating the Delaware Basin from the Midland 

Basin to the east. In addition, the Diablo Arch to the west was also significantly uplifted 

(Adams, 1965). During the Permian, the Delaware Basin was just north of the equator 

(Ziegler et al., 1997), within an arid climate zone, inferred from the presence of aeolian 

siliciclastics preserved throughout the region (King, 1948; Oriel et al., 1967; Fischer and 

Sarnthein, 1988; Soreghan and Soreghan, 2013).  

Temporal changes in local and global seawater geochemistry have been preserved in the 

rock record and recovered using predominantly O, C, and Sr isotopes. Because of recent 

advances in analytical geochemistry, the 
187

Re-
187

Os isotopic system (t1/2 = 41.6 by; 

Smoliar et al., 1996) has also become a useful geochronometer and isotopic tracer that 

has begun to be applied to understanding the evolution of seawater during different time 

intervals. The Os isotopic composition of organic-rich mud rocks (ORM) reflects the 

187
Os/

188
Os composition of seawater at the time their respective sediments were 

deposited. Rhenium and Os are redox-sensitive and organophilic in nature, and are 

suggested to be sequestered by organisms at, or below the sediment-water interface in 

both marine and lacustrine basins under suboxic, anoxic, or euxinic conditions and are 

thus hydrogenous in nature (Koide, 1991; Colodner et al., 1993; Crusius et al., 1996; 

Morford et al., 2009; Cumming et al., 2012). Studies of seawater evolution using 
87

Sr/
86

Sr 

isotopes are hindered by the long residence time of Sr in seawater (1 – 4 Myr) resulting in 

smaller variation in the isotopic range compared to Os. Because of this, small temporal 
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variations in seawater are averaged out, or are muted, and potentially miss influences on 

seawater chemistry on shorter timescales. The residence time of Os in seawater is ~10 – 

50 kyr (Peucker-Ehrenbrink and Ravizza, 2000). Because of this, high-frequency isotopic 

changes, on the order of tens to hundreds of thousands of years, in seawater chemistry 

(such as orbitally forced, glacial-interglacial cycles) are potentially resolvable with Os 

isotopes. Rhenium and Os in ORM are being used more frequently in geochronology for 

providing depositional ages and for understanding potentially small chemical changes in 

the temporal evolution of seawater on shorter timescales which aren’t captured by Sr 

isotopes (Ravizza and Turekian, 1989; Oxburgh, 1998; Cohen et al., 1999; Peucker-

Ehrenbrink and Ravizza, 2000; Creaser et al., 2002; Selby and Creaser, 2003; Hannah et 

al., 2004; Kendall et al., 2004; Finlay et al., 2010; Rooney et al., 2010). The 
187

Os/
188

Os 

of seawater is derived from a balance of two primary inputs: (1) Radiogenic Os from 

river water during weathering and subsequent continental runoff of upper continental 

crust (Esser and Turekian, 1993; Peucker-Ehrenbrink and Jahn, 2001), and (2) non-

radiogenic Os from the mantle via seafloor spreading and production of mid-ocean ridge 

basalts, flood basalt events, or hydrothermal alteration of oceanic crust or from meteorite 

influx (Peucker-Ehrenbrink and Ravizza, 2000; Schmitz et al., 2004). The relative 

contributions of these sources have varied significantly throughout geologic history 

leading to significant variations in the 
187

Os/
188

Os of coeval seawater. The evolution of 

the 
187

Os/
188

Os of seawater over the Earth’s history can be reconstructed by measuring 

the 
187

Os/
188

Os of ORM throughout the geologic past. From the 
187

Os/
188

Os of ORM at 

any given time of formation, a mass-balance calculation can be used to determine the 

relative contribution of radiogenic and non-radiogenic Os to seawater. Inferences can 
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then be made about leverate to the Os seawater budget from the degree of continental 

weathering (Ravizza et al., 2001; Schmitz et al., 2004), seafloor spreading rates, the 

eruption of flood basalts (Ravizza and Peucker-Ehrenbrink, 2003; Turgeon and Creaser, 

2008) as well as the timing and flux of meteorite impacts (Paquay et al., 2008).  

Within this context, this study presents Re-Os geochronology and geochemical data for 

the Guadalupian Brushy Canyon Formation in order to provide its precise and accurate 

absolute age as well as understand the Os isotopic chemistry of seawater in the Delaware 

Basin during the Guadalupian. These data will help in understanding global ocean 

geochemistry during the Permian which can further lead to a better understanding of the 

global geologic processes that were occurring at that time. 

1.2. GEOLOGIC SETTING 

The Permian Basin of West Texas and southern New Mexico developed during the Early 

Pennsylvanian on the southern edge of Laurentia as a foreland basin as a result of 

cratonic depression associated with uplift of the Marathon Fold Belt during the assembly 

of Pangea (Hills, 1984; Beaubouef et al., 1999) (Figure 1.1). The greater Permian Basin 

is made up of several small sub-basins: the Midland Basin, the Marfa Basin, and the 

Delaware Basin. The western-most Delaware Basin formed during the Early Permian 

(Wolfcampian Epoch) and was the second-largest of the sub-basins, covering an area of 

over 26,000 km
2
 of Laurentia, in what is now west Texas (King, 1948) (Figure 1.2). 

During the Middle Permian, the Delaware Basin was approximately 160 km in diameter 

and is estimated to have been 300 – 600 m deep and accommodated approximately 1,000 

– 1,600 m of terrigenous silt, sand and mud of the Guadalupian Delaware Mountain 
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Group (King, 1948; Newell et al., 1953; Meissner, 1972; Harms, 1974; Harms and 

Williamson, 1988; Kerans et al., 1992) (Figure 1.2). Strata of the Delaware Mountain 

Group preserve a succession of slope and basin deposits in the Delaware Basin (Gardner, 

1977) and are divided into the Brushy Canyon, Cherry Canyon, and Bell Canyon 

Formations, from oldest to youngest (Kerans et al., 1992) (Figure 1.3). 

During the Guadalupian and throughout the majority of the Permian, the Delaware Basin 

was connected to the Panthalassa Ocean to the west by the Hovey Channel, a narrow inlet 

that supplied new seawater to the basin (King, 1948) (Figures 1.1 and 1.2). During 

eustatic sea level changes and subsidence rate fluctuations in the basin, the influx of 

seawater was sporadic throughout the final filling stages of the Delaware Basin during 

the Late Permian. Intermittent marine conditions existed in the Delaware Basin into the 

Ochoan until evaporate accumulation prompted progressive restriction from marine 

influence (King, 1948).  

Variations in relative sea level within the Permian Basin during the Guadalupian are 

preserved in the Delaware Mountain Group by cyclic interbedded sandstone and organic-

rich siltstone (Meissner, 1972; Fischer and Sarnthein, 1988; Gardner, 1992; Gardner, 

1997a, b). 
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Figure 1.2. Present-day map of the Permian Basin, west Texas showing the locations of 

the three sub-basins that comprise the greater Permian Basin. The black star represents 

the location of both cores used in this study (DB-01 and DB-02). Modified after Comer 

(1991) and Harris et al. (2013). 
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During relative sea-level high-stands, widespread, organic-rich siltstones of varying 

thickness accumulated on the basin floor by the hemi-pelagic settling of marine algal 

material and detrital silt and mud through both aeolian and marine processes. Sands were 

restricted from entering the basin due to their entrapment behind a broad, flooded shelf 

and carbonate platform (Meissner, 1972; Dutton et al., 2003). During exposure of the 

carbonate shelf during subsequent sea-level low-stands, sands were transported to the 

shelf margin via aeolian dune progradation and fluvial processes (Fischer and Sarnthein, 

1988) and were carried to the basin floor predominantly by turbidity currents and 

deposited as major submarine fan complexes (Newell et al., 1953; Payne, 1976; Berg, 

1979; Gardner, 1992; Zelt and Rossen, 1995; Bouma, 1996; Beaubouef et al., 1999; 

Gardner and Borer, 2000; Dutton et al., 2003). 

The Brushy Canyon Formation represents a major third-order low-stand wedge deposited 

in slope to basin environments over a 2 – 4 Myr duration during the Guadalupian (Kerans 

et al., 1993; Gardner and Sonnenfeld, 1996; Sageman et al., 1998; Gardner et al., 2003). 

It consists primarily of low-stand turbidite deposits with ubiquitous, widely traceable, 

<0.1 to >2 m thick, organic-rich siltstone marker beds (Gardner, 1992; Sageman et al., 

1998). These beds are interpreted as high-stand, sediment-starved suspension deposits 

marking the basinward equivalent of marine flooding surfaces (Gardner and Sonnenfeld, 

1996) and are proven source rocks for oil found in sandstone reservoirs within the Brushy 

Canyon Formation (Hays and Tieh, 1992). 

The interbedded, organic-rich siltstones contain ~0.5% to ~3% total organic carbon 

(TOC) and a mixture of oxygen-rich Type II and Type III kerogen consistent with marine 
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algal input and downslope transport of terrestrial organic matter (Hays and Tieh, 1992; 

Sageman et al., 1998). The TOC increases during retrogradation, or depositional system 

back-stepping during sea-level transgressions and high-stands, and is negatively 

correlated with both grain size and abundance of Type III kerogen, indicated by higher 

hydrogen index (HI) associated with zones of higher TOC (Hays and Tieh, 1992). 

Conversely, HIs are lowest in organic carbon-poor regions of maximum low-stand, 

reflecting higher input of terrigenous organic matter, or oxidation of marine organic 

matter (Pratt, 1984). The frequency of organic-rich siltstones is also higher during 

relative high-stands of sea-level (Sageman et al., 1998). Biomarker evidence indicates 

that petroleum reservoirs within the Brushy Canyon Formation are sourced primarily by 

the Type II marine kerogen, with only traces of compounds specific to Type III kerogen 

(Hays and Tieh, 1992). The temperature of maximum hydrocarbon formation (Tmax) was 

measured at 439 to 448°C during Rock-Eval pyrolysis, and thermal alteration index 

(TAI) values between 2.4 and 2.8 indicates the Brushy Canyon Formation has been 

thermally matured to depths associated with the oil generation window (Justman, 2001). 

The formations of the Delaware Mountain Group in the Guadalupe Mountains are the 

Global Boundary Stratotype Section and Point (GSSP) for Guadalupian strata (Figure 

1.3). The GSSP are based on the evolution of a single conodont genus, Jinogondolella 

first recognized by Girty (1908) in the Guadalupe Mountains, Texas. The GSSP for the 

Roadian, the basal stage of the Guadalupian, is marked by the first appearance of 

Jinogondolella nankingensis in a black, thin-bedded limestone in the  
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Figure 1.3: Generalized stratigraphic column of the Permian strata of the Delaware 

Basin after Dutton et al. (2003). Small black hammers represent GSSP described by 

Glenister et al. (1999) and further discussed in this paper.  The U/Pb age (black star) is 

a zircon age from an interbedded tuff unit from Bowring et al. (1998). Ages on the left 

hand side are statistically calculated by Agterberg et al. (2012) based on the U/Pb age 

of Bowring et al. (1998). All samples used in this study were taken from a two foot, 

time-correlative interval, across the two cores, shown by the black rectangle.  
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Cutoff Formation, which lies just below the Delaware Mountain Group (Glenister et al., 

1999; Mei and Henderson, 2002). The GSSP for the beginning of the Wordian is marked 

by the first appearance of Jinogondolella aserrata in a skeletal carbonate mudstone just 

below the top of the Cherry Canyon Formation (Glenister et al., 1999). The marker 

horizon for the Capitanian Stage is the first evolutionary appearance of the 

Jinogondolella postserrata within the upper Piney Limestone member of the Bell Canyon 

Formation (Glenister et al., 1999). The top of the Permian is marked by a global 

regression of sea level with very few complete, continuous sections being preserved that 

span the Guadalupian/Lopingian boundary. The Laibin syncline in the Guangxi Province, 

China, is the only section that contains a complete, regionally correlatable succession of 

marine conodonts and is the GSSP for the end of the Guadalupian (Henderson et al., 

2002).   

The only absolute age constraint available for the Delaware Mountain Group, or any 

other Guadalupian strata are from 
206

Pb/
238

U, 
207

Pb/
235

U and 
207

Pb/
206

Pb ages of zircons 

from an ash bed 37m below the base Capitanian GSSP yielding ages of 265.3 ± 0.2 Ma, 

265.4 ± 0.3 Ma and 266.5 ± 1.8 Ma, respectively (Bowring et al., 1998). The best 

estimate of 265.3 ± 0.2 Ma for this ash bed provides a maximum estimate for the age of 

the base of the Capitanian (Bowring et al., 1998) (Figure 1.3).  

All other ages for Guadalupian stage boundaries are estimated using a cubic spline fit. 

Cubic spline fitting is a graphical, curve-fitting statistical method that relates measured 

radiometric ages to stage boundaries without absolute ages based on their stratigraphic 

position and thickness. A full discussion of the method can be found in Agterberg et al. 
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(2012). The section in Figure 3 is calibrated to absolute time using this method tied to the 

U-Pb age of Bowring et al. (1998).  

1.3. SAMPLING AND ANALYTICAL PROCEDURES 

1.3.1. Sampling 

Samples used in this study were taken from a two research cores that were drilled in the 

Delaware Basin by Gulf Oil in 1980’s (Figure 1.2). The research cores penetrate portions 

of the Guadalupian Cherry Canyon and Brushy Canyon Formations and therefore contain 

the formation contact. Eight 1-inch core plugs were taken from an organic-rich interval of 

the Brushy Canyon Formation that was proximal to the Cherry Canyon-Brushy Canyon 

Formation contact based on lithologic interpretations and geochemical correlations by 

Milliken (1994). Sampling close to a previously correlated marker horizon limits the age 

variance between samples taken from multiple cores that are intended to be the same age. 

This marker horizon was correlated between the two cores based on available gamma 

well log data. Six core plugs were taken from the more proximal DB-01 core, and two 

plugs from the more distal DB-02 core. The entire outer surface of the core plugs were 

sanded with silicon carbide to remove any drill markings and possible metal 

contamination that could have been obtained during coring, cleaned with ethanol, and left 

to air dry. A 20-g aliquot of each plug, representing a stratigraphic interval of ~2cm, was 

then broken into chips and powdered using a mortar and pestle. While the actual amount 

of powder used for each Re-Os analysis is much less, larger aliquots of powdered sample 

negate the effects of Re and Os heterogeneity within a sample (Kendall et al., 2009).  
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1.3.2. Organic Characterization (TOC and Pyrolysis) 

Total organic carbon (TOC) content was determined by the dry combustion of an aliquot 

of the powdered sample using a Leco CS244 carbon analyzer at Weatherford 

Laboratories in Houston, Texas. First, samples were pretreated with 2% HCl acid in order 

to remove any carbonate-associated carbon, and then dried. The demineralized sample 

was then placed in a crucible and heated to 1,350°C in an oxygen atmosphere. Carbon is 

oxidized to form CO2 which is carried by the gaseous oxygen flow through scrubbers in 

order to remove chlorine gas and any residual moisture. The CO2 is then measured by an 

infrared detector and corrected to weight percent carbon (TOC %).  

Organic matter type and maturity were determined via Rock-Eval pyrolysis at 

Weatherford Laboratories in Houston, Texas. The Rock-Eval pyrolysis method involves 

step-heating of a sample in an inert atmosphere. In brief, samples are heated to 300°C for 

3 minutes in order to volatilize free hydrocarbons (bitumen) within the sample. Free 

hydrocarbons are hydrocarbons that have already, naturally, been generated in the sample 

and are reported in mg of hydrocarbons per gram of TOC (mgHC/gTOC) and are termed 

S1. The temperature then increases slowly from 300°C to 550°C in order to artificially 

thermally crack and volatilize the heavy carbon compounds (kerogen), are reported in 

mgHC/gTOC and are termed S2. The temperature of maximum hydrocarbon formation 

after free hydrocarbons are removed is termed Tmax and is dependent upon the thermal 

maturity and organic matter type present in the sample. CO2 that is created during the 

thermal cracking of the heavy-carbon compounds is measured and reported as 
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mgCO2/gTOC, is termed S3 and is an indication of the amount of oxygen in the kerogen 

which is also dependent upon organic matter type.  

1.3.3. Re-Os Geochemistry 

Approximately 0.3 g of powdered sample was weighed and transferred to a thick-walled, 

internally cleaned, borosilicate glass Carius tube along with a known amount of a mixed 

185
Re + 

190
Os spike and 8 mL of a chromic-acid solution created by dissolving Cr

VI
O3 

powder into 4N H2SO4 (0.25 g/mL). The CrO3-H2SO4 method was used to preferentially 

dissolve and oxidize hydrogenous Re and Os which yields more accurate and precise 

ages (Selby and Creaser, 2003). The Carius tubes were sealed, and sample and spike were 

digested and equilibrated at 240°C for 48 hours. Digestion dissolves sample powders and 

oxidizes sample Re and Os to ReO3
-
 and OsO4

- 
species, respectively. Following digestion 

the Carius tubes were frozen in a dry ice – ethanol slurry, opened, then thawed, and Os 

was isolated from the CrO3-H2SO4 solution using CHCl3 solvent extraction at room 

temperature (Cohen and Waters, 1996), back extracted into 9N HBr and further purified 

via micro-distillation (Birck et al., 1997). Rhenium was removed from the CrO3-H2SO4 

solution by anion column chromatography following reduction of the Cr
VI 

to Cr
III

 using 

Milli-Q and bubbling with SO2 gas. Rhenium was further purified by passing the output 

of the first column through a second anion column. The isolated Re and Os were then 

loaded onto ultra-pure (>99.99%) Ni and Pt filaments, respectively, and coated with 

activator solutions of Ba(NO3)2 and Ba(OH)2, respectively.  

The Re and Os isotopic compositions were determined by isotope-dilution-negative- 

thermal-ionization mass spectrometry (ID-NTIMS) on a ThermoElectron TRITON Plus 
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TIMS at the University of Houston (Creaser et al., 1991; Volkening et al., 1991). 

Rhenium was measured as ReO4
- 
via static Faraday collection and Os as OsO3

- 
via ion-

counting using a secondary electron multiplier in peak-hopping mode.  

Measured isotopic ratios were spike stripped, corrected for isobaric oxygen interference, 

instrumental mass fractionation (using 
185

Re/
187

Re=0.59738 and 
192

Os/
188

Os=3.08761), 

and procedural blank contributions. Uncertainties were obtained through the error 

propagation of uncertainties in blank abundance and isotopic composition, spike 

abundance values, mass spectrometry measurements of Re and Os, and the 

reproducibility of the Re and Os isotopic values of the standard. Average procedural 

blanks were 19 ± 10 (2σ, n=16) pg for Re and 0.60 ± 1.1 (2σ, n=18) pg for Os with a 

187
Os/

188
Os = 0.16 ± 0.02 (2σ, n=18). 

Repeat measurements of Re and Os standards were performed throughout the analytical 

campaign. The Re standard, made form zone-refined Re ribbon, yields an average 

185
Re/

187
Re ratio of 0.59783 ± 0.00022 (2σ, n=16) for 1.5 ng loads using static Faraday 

collection. The difference between the measured Re standard value and the established 

standard value of 0.59738 ± 0.0039 (Gramlich et al., 1973) was used to correct the 

measured 
185

Re/
187

Re ratios of samples used in this study. The University of Maryland Os 

standard (Brandon et al., 1999), yielded a 
187

Os/
188

Os ratio of 0.11385 ± 0.00026 (2σ, 

n=18) for 500pg loads using a secondary electron multiplier and is, within uncertainty, 

identical to that reported by Brandon et al. (1999).  

The Re-Os ages and (
187

Os/
188

Os)i are obtained via modified York regression (York, 

1969) of the reduced isotopic data and propagated 2σ uncertainties using Isoplot v. 4.15 
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(Ludwig, 2008). Errors are calculated using the maximum-likelihood estimation 

algorithm and are reported as 2σ. 

1.4. RESULTS  

1.4.1. Organic Characterization (TOC and Pyrolysis) 

The TOC values for Brushy Canyon samples range from 0.97 to 4.04% with an average 

of 2.89% and no observed trend with depth (Table 1.1). All but one sample have TOC 

values > 1% making them fair – good source rocks.  

Rock-Eval pyrolysis yielded Tmax (a measure of thermal maturity using the temperature 

of maximum generation of hydrocarbons during pyrolysis) values of 437 – 443°C 

indicating slight to moderate thermal maturity, bordering the onset of oil generation for 

Type II marine kerogen. The type of organic matter that make up the samples is 

determined through the co-variance of ratios (hydrogen index and oxygen index) that are 

proxies for the amount of H, C, and O in the kerogen, traditionally represented on the 

classic van Krevelen atomic H/C versus O/C diagram (Espitalie et al., 1977; Peters, 1986) 

(Figure 1.4). Hydrogen Index (HI) ([100*S2]/TOC), a proxy for atomic H/C, is a measure 

of the amount of hydrogen in the kerogen. Marine organisms and algae are generally 

composed of lipid- and protein-rich organic matter, which has a higher proportion of 

hydrogen than the carbohydrate-rich land plant constituents. Oxygen Index (OI) 

([100*S3]/TOC), a proxy for atomic O/C, is a measure of the amount of oxygen in the 

kerogen. Polysaccharide-rich remains of land plants and inert organic matter are  
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Sample 
TOC 

(%) 
 S1    S2 S3 Tmax OI HI 

Core: DB-01        

BC1-1 0.97 0.47 2.22 0.50 442 51 228 

BC1-1.5 2.65 1.39 8.10 0.74 441 34 328 

BC1-2 1.91 0.94 6.28 0.65 438 21 393 

BC1-2.5 3.19 1.76 11.78 0.70 437 19 382 

BC1-3 3.46 1.58 13.58 0.73 441 16 377 

BC1-3.5 4.04 2.09 15.55 0.78 438 23 311 

BC1-4 3.88 2.30 14.81 0.74 443 28 306 

BC1-4.5 2.71 1.19 9.02 0.63 441 22 370 

BC1-5 3.38 1.68 12.73 0.54 442 19 385 

BC1-6 2.75 1.23 8.54 0.64 439 23 333 

Table 1.1. TOC and Rock-Eval data for Brushy Canyon organic-rich mud rocks. TOC = 

Total organic carbon and is given in weight percent. S1, S2 are in mg of hydrocarbons 

per gram of TOC (mgHC/gTOC), S3 is in mg CO2 per gram of TOC (mgCO2/gTOC), Tmax is 

in °C, Oxygen Index (OI) = S3/TOC, Hydrogen Index (HI) = S2/TOC.  
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Figure 1.4. Modified Van Krevelen diagram showing the co-variation of Hydrogen 

Index (S2/TOC) and Oxygen Index (S3/TOC), both indicators of organic matter 

type.  Black arrow indicates increasing thermal maturity for each organic matter 

type. 
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generally much higher in OI than in marine sediments. Therefore, a thermally immature 

kerogen created from the remains of terrestrial organic matter (Type III). The co-

variation of HI and OI is also useful in the estimation of thermal maturity, as samples 

follow paths on a modified van Krevelen diagram during burial and thermal maturity due 

to a loss of H and O relative to C during hydrocarbon generation (Figure 1.4). The HI 

(228-393 mgHC/gTOC) and OI (16-51 mgCO2/gTOC) data for Brushy Canyon samples 

illustrate that they are comprised of slightly to moderately mature Type II kerogen, 

consistent with a marine kerogen and previous studies of the Brushy Canyon Formation 

(Hays and Tieh, 1992; Sageman et al., 1998) (Table 1.1, Figure 1.4). 

1.4.2. Re-Os Geochemistry 

The Re-Os abundances and isotopic compositions for Brushy Canyon samples are 

presented in Table 1.2. All samples are enriched in Re (17-92 ppb) and Os (149-887 ppt) 

compared to modern-day average continental crust (~1 ppb Re and 30-50 ppt Os; Esser 

and Turekian, 1993) and have typical abundances for ORM (Ravizza and Turekian, 1989; 

Cohen et al., 1999; Creaser et al., 2002; Selby and Creaser, 2003; Hannah et al., 2004; 

Kendall et al., 2004; Finlay et al., 2010; Rooney et al., 2010). The 
187

Re/
188

Os ratios 

range from 436 to 967 and are positively correlated with 
187

Os/
188

Os ratios of 2.42 to 

4.79.  
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Sample 

187
Re 

188
Os 

± 

187
Os    

188
Os 

± 
Re 

(ppb) 
± 

Os 

(ppt) 
± 

Core: DB-01        

BC1-1 864.24 8.64 4.34 0.04 17.31 0.07 149.57 2.67 

BC1-1.5 910.29 9.10 4.46 0.05 57.93 0.21 480.00 4.35 

BC1-2 700.93 7.01 3.57 0.05 32.89 0.12 327.70 3.35 

BC1-2.5 861.21 6.91 4.28 0.03 82.12 0.29 708.27 5.21 

BC1-3 747.19 6.09 3.77 0.03 69.34 0.24 659.69 4.76 

BC1-3.5 436.46 4.20 2.42 0.02 49.63 0.18 711.61 5.11 

BC1-4 809.95 5.53 4.02 0.03 91.76 0.32 823.06 5.40 

BC1-4.5 967.78 9.68 4.79 0.07 69.68 0.25 558.12 5.87 

BC1-5 728.40 5.28 3.65 0.02 78.26 0.27 755.93 5.03 

BC1-6 579.96 5.90 3.02 0.03 41.54 0.15 475.50 3.75 

Core: DB-02        

BC2-1 721.74 2.83 3.62 0.01 91.33 0.32 887.71 3.74 

BC2-2 572.06 2.51 2.98 0.01 49.16 0.17 568.36 2.58 

Table 1.2. Re-Os isotopic data for Brushy Canyon organic-rich mud rocks. Uncertainties for Re-

Os isotopic data are 2σ.  
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Figure 1.5. Re-Os isochron for the Brushy Canyon Formation. Samples from core DB-02 

are labeled as such. All other samples are from core DB-01. Uncertainty is reported as 

2σ.  
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1.5. DISCUSSION 

1.5.1. Re-Os Geochronology 

Regression of all data points from the Brushy Canyon Formation yields a Model 3 age of 

264.3 ± 7.5 Ma (2.8% age uncertainty, 2σ, n=12, mean square of weighted deviates 

[MSWD] = 2.3). Within uncertainty, this agrees with the expected age for this formation 

(see Geologic Setting) (Figure 1.5). The calculated (
187

Os/
188

Os)i at 264 Ma for all 

samples range from 0.43 to 0.51 with no clear correlation with stratigraphic level (using 

λ=1.666 x 10
-11

a
-1

; Smoliar et al., 1996). This, and the MSWD of 2.3, indicates that Os 

input into the basin had some small variations over the length of the sampled section (~1 

m) and was non-systematic or there has been some degree of post-depositional mobility 

of Os on the scale of the 20 g sample size. Model 3 ages assume that the scatter about the 

isochron is not due a result of analytical uncertainty and includes geologic factors (e.g., a 

change in (
187

Os/
188

Os)i, or post-depositional mobility of Os) (Ludwig, 2008).  

1.5.2. Comparison to Established Age 

Whereas there are no previously reported absolute ages for the Guadalupian, Agterberg et 

al. (2012) estimated the age for the upper and lower Guadalupian boundaries using a 

cubic spline fit based on a radiometric age obtained for the base of the Capitanian at 

265.3 ± 0.2 Ma (Bowring et al. 1998). Based on this cubic spline fit, the Guadalupian 

Epoch spanned from 272 Ma to 260 Ma (Figure 1.3). Based on the stratigraphic position 

of the Brushy Canyon (between the Cherry Canyon and Bone Springs Formation) and the 

locations of the Wordian and Roadian GSSP’s (see section), the Brushy Canyon 
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Formation is Roadian in age and therefore has an age of 272 – 269 Ma (Figure 1.3). The 

calculated Model 3 age of 264.3 ± 7.5 Ma from this study agree with the expected age 

based on calculations from Agterberg et al. (2012), however, with large uncertainty.  

In order to obtain precise isochron ages, three conditions must be met: (1) There must be 

a significant spread in measured 
187

Re/
187

Os, which leads to a significant spread in 

measured 
187

Os/
188

Os after significant time, (2) The (
187

Os/
188

Os)i for all samples must 

have been the same, and (3) There must be no post-depositional mobilization of Re or Os. 

With ranges in 
187

Re/
188

Os of 431- 896 and 
187

Os/
188

Os of 2.39 – 4.15 for the isochron 

presented here, there is adequate spread in both ratios for a precise age. Calculated 

(
187

Os/
188

Os)i at 264 Ma range from 0.43 – 0.51, and as previously discussed, have no 

clear correlation with stratigraphic level, indicating that the variation in calculated initials 

have resulted from post-depositional mobility of Os rather than a systematic change in 

seawater 
187

Os/
188

Os compositions.  

1.5.3. Relationship between Re and Os Abundances and TOC  

The uptake of Re and Os in the water column occurs under suboxic to anoxic conditions 

with complexation likely occurring through a combination of reductive capture (Colodner 

et al., 1993; Yamashita et al., 2007) and adsorption onto organic complexes (Koide, 

1991; Crusius et al., 1996; Levasseur et al., 1998; Oxburgh, 1998; Cohen et al., 1999; 

Morford and Emerson, 1999). Several experimental studies have demonstrated that the 

uptake mechanism varies for each element with soluble Re (Re
VII

O4
-
) being removed 

from seawater by reductive capture during diffusion into anoxic pore waters and 

converted to the insoluble Re
IV

 form under low-oxidation-potential (Eh) conditions 
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(Colodner et al., 1993). Removal of Os from seawater (as soluble Os
IV

) is suggested to be 

directly associated with the presence of organic matter (Yamashita et al., 2007). Over a 

wide range of Eh and pH conditions, Os enters oxic sediment, first as Os
IV

, and is then 

converted to Os
III

 after further reduction during organic complexation (Yamashita et al., 

2007). Osmium removal from seawater is fast compared to Re removal (hours vs. weeks) 

and is complexed into ferromanganese oxides as well as organic-rich sediments, whereas 

Re is only removed to sediment under highly reducing conditions leading to high 

187
Re/

188
Os ratios in organic-rich sediments (Yamashita et al., 2007; Poirier et al., 2011).  

Whereas the removal of Os from seawater has been directly linked to organic matter, the 

rate of removal is controlled not only by the type and abundance of organic matter, but 

also the redox conditions and sediment accumulation rates. The rate of removal of Re 

from seawater, however, is controlled by precipitation kinetics and has been 

demonstrated to be unaffected by changes in sediment accumulation rate and sulfide 

abundance (Crusius and Thompson, 2000; Sundby et al., 2004).  However, Rooney et al. 

(2010) suggests that the enrichment of Re and Os in ORM may be related to local factors 

such as the duration that the pore-water sediment interface is open, and changes in the 

oxic-anoxic boundary of the water column, both of which can be related to sediment 

accumulation rate. Further, the behavior of other redox-sensitive elements such as Ni and 

Mo who’s dominant enrichment factor is sediment accumulation rate, are very similar to 

that of Re and Os, indicates a common dominant enrichment factor (Lewan and Maynard, 

1982; Kendall et al., 2009; Rooney et al., 2010).  
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Some recent studies have shown that Re and Os abundances do not always correlate with 

TOC values. However, these studies either used inverse aqua-regia instead of CrO3-

H2SO4 for sample digestion (Cohen et al., 1999), or were performed on organic-rock 

mudrocks from restricted basins (McArthur et al., 2008; Baioumy et al., 2011; Cumming 

et al., 2012). Sample digestion using inverse aqua-regia alleviates and oxidizes Re and 

Os from both hydrogenous and non-hydrogenous, detrital sources. Since non-

hydrogenous sources aren’t related to seawater and unrelated to organic matter, a strong 

correlation between Re and Os abundances and TOC isn’t expected. In fact, there is a 

weak correlation between Re and Os abundance and TOC for the Jurassic ORM reported 

by Cohen et al. (1999) and perhaps a stronger correlation would result from analysis 

using the CrO3-H2SO4 method.  

Baioumy et al. (2011) reported Re-Os data for laterally correlated marine and non-marine 

shales and coals from Egypt. The marine shales showed a strong positive correlation 

between TOC and both Re and Os abundances (R
2
=0.87 and 0.89, respectively), and a 

lack of correlation in the laterally correlated non-marine gray shales and coals (R
2
=0.19 

and 0.37, respectively). Cumming et al. (2012) also reported a lack of correlation 

between TOC and Os in both distal and proximal (R
2
= 0.56 and 0.41, respectively) 

lacustrine deposits from the Green River Basin. A lack of correlation is also observed 

between TOC and Re in the proximal, lake margin Douglas Creek Member (R
2
=0.17). 

However, the Mahogany Zone which represents distal lake center deposits showed a 

moderate positive correlation between TOC and Re (R
2
 = 0.73) (Cumming et al., 2012). 

The Mahogany Zone was deposited in the lake center when lake levels were at their 
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maximum and sedimentation rates were slow and steady under a stratified water column 

(Bradley, 1931; Boyer, 1982; Tuttle and Goldhaber, 1993; Cumming et al., 2012). In 

contrast, the Douglas Creek Member was deposited on the lake margin during fluctuating 

lake-levels and a variation in sedimentation rate, possibly allowing much higher variation 

in the Re-Os uptake and fractionation compared to the more stable lake center where 

association of Re and Os with organic matter would have been greater (Cumming et al., 

2012). It has been suggested that in restricted basins, organic matter sedimentation draws 

down dissolved Re and Os from the water column resulting in a shortening of the 

residence time subsequently causing rapid variations in the availability of those elements 

in the water column (McArthur et al., 2008). This results in rapid variations in the 

(
187

Os/
188

Os)i of the sediments. However, the proximal lacustrine zones discussed in 

Cumming et al. (2012) that had the weakest correlation between TOC and both Re and 

Os, provided a more precise isochron than the distal shales from the lake center.  

If there is a relationship between TOC, sedimentation rate, and the abundances of Re and 

Os, it can be expected that the slope of a line correlating points from various ORM on a 

TOC vs. Re (or Os) plot would be related to the sediment accumulation rate (Figure 1.6). 

Because TOC decreases during decreased sedimentation rates due to scavenging of 

organic matter by benthic organisms, while Os (or Re) abundances would increase due to 

a longer duration of interaction between pore-waters and the sediment interface, this 

correlation would be negative, with larger slopes (higher Re/TOC or Os/TOC) 

representing slower accumulation rates. In fact, there is a rough correlation between the 

slope of the correlation line and the R
2
 value for most marine and non-marine shales, with 
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slopes of Re/TOC and Os/TOC of up to 18.7 and 350.7, respectively, and R
2
 values of 

0.97 for both (Figure 1.6). This indicates that the slower sedimentation rates in less- 

restricted, marine conditions, provides adequate time for the complexing of Re and Os 

with organic matter. However, the implication of this correlation may not be straight-

forward. In addition to sedimentation rate, the amount of preserved organic matter in 

sediment can be related to water depth, redox conditions, diagenetic processes following 

deposition and burial, as well as degree of restriction of the basin. Molybdenum 

concentration in organic-rich mud rocks is a particularly useful indicator of paleoredox 

state as the uptake of Mo from seawater requires low O2 to anoxic waters with H2S 

present in the sediment pore fluid (Zheng et al., 2000). Georgiev et al. (2011) reported a 

positive relationship between TOC and molybdenum abundance for Upper Permian 

shales from Greenland and the mid-Norwegian shelf and also attributed the correlation to 

the degree of basin restriction. In stagnant, restricted basins with limited deep water 

renewal, Mo drawdown into basin floor sediments progressively depletes the dissolved 

Mo of seawater, resulting in shales that are deposited in this setting to have lower 

Mo/TOC than shales deposited in less restricted basins with continued Mo renewal 

(Georgiev et al., 2011). Therefore, ORM with low Mo/TOC are suggested to be deposited 

in a more restricted basin setting than those with high Mo/TOC (Tribovillard et al., 

2006). Non-marine shales discussed here all plot with low Re/TOC and Os/TOC, in a 

distinct field, separate from the marine shales with high Re/TOC and Os/TOC (Figure 

1.6). If the only factor controlling the slopes of the correlation lines on this diagram was 

sediment accumulation rates, this divergence of marine and lacustrine shales wouldn’t 

occur, as sediment accumulation rates are similar for some lacustrine and marine settings.  
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Figure 1.6. (A) Re abundance (in ppb) vs. Total organic carbon (in weight percent), 

(B) Os abundance (in ppt) vs. Total organic carbon (in weight percent). Solid gray 

lines represent marine shales from:  (a, c) Rooney et al. (2010) and (b) Baioumy et 

al. (2011). Dashed black lines represent non-marine shales from: (g) Baioumy et 

al. (2011), (d, e) proximal lacustrine shale from Cumming et al. (2012) and (f) 

distal lacustrine shales from Cumming et al. (2012).  
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The covariation of Re and Os with TOC therefore has implications for Re and Os renewal 

which is controlled by the degree of basin restrictivity, similar to that of Mo. Also, the 

degree of basin restrictivity does have some control on the rate of sediment accumulation.  

The TOC values for Brushy Canyon samples range from 0.97 to 4.04% and are positively 

correlated with both Re and Os abundances (Figure 1.6). The slope of Re/TOC and 

Os/TOC for Brushy Canyon samples is 26 and 239, respectively, with R
2
 values of 0.86 

and 0.95, respectively. These samples have the highest Re/TOC slope and second highest 

Os/TOC slope of all plotted samples. Based on the discussion above, Brushy Canyon 

samples were deposited in an open, unrestricted marine setting possibly under very slow 

sediment accumulation.  

In summary, in the present understanding of the uptake and fractionation behavior of Re 

and Os in the water column is weak. It is however, likely an intricate balance of degree of 

anoxia, depositional rates, organic matter type, water depth, salinity, pH, and temperature 

that controls the kinetics of Re and Os removal from seawater. A better understanding of 

the types of organic molecules that are involved in Re and Os sequestration is clearly 

necessary to understand their behavior in the water column. In addition, future work is 

necessary to calibrate the Re/TOC and Os/TOC slopes to actual geologic controls such as 

redox conditions or sediment accumulation rate.  
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1.5.4. Dependence of Re and Os Abundance on Organic Matter Type 

The trend in HI vs. OI observed in Figure 1.4 cannot be explained by varying degrees of 

thermal maturation, as all of the samples have similar Tmax values. The trend is oblique to 

the direction of thermal maturity, and trends toward Type III kerogen values indicate 

some contribution of Type III terrestrial kerogen to the organic matter in these samples. 

This is consistent with work by Hays and Tieh (1992) who suggested a mixture of 

oxygen-rich Type II and Type III kerogen indicating marine algal input and downslope 

transport of terrestrial organic matter.  

It has been previously suggested that the abundance of Re and Os are heavily dependent 

upon the organic matter type that comprises the samples, caused by variation in the type 

of organic ligands that are present (Miller, 2004). As noted above, Hydrogen Index is a 

proxy of the hydrogen content in kerogen, which varies depending on the pre-cursor 

organic matter that makes up the kerogen. Marine organisms and lacustrine algae are 

generally composed of lipid- and protein-rich organic matter, which has a higher 

proportion of hydrogen, and thus a higher HI than the carbohydrate-rich land plant 

constituents. This results in Type I and II, algal kerogen having higher HI than Type III 

kerogen that is terrestrial in origin (Figure 1.4). There is a positive correlation between 

both Re and Os abundances and HI for the Brushy Canyon samples, with R
2
 values of 

0.59 and 0.83, respectively (Figure 1.7a). This indicates that the abundances of Re and Os 

are to some degree dependent on the amount of organically bound hydrogen in the 

kerogen, with more hydrogen rich kerogen containing a higher abundance of Re and Os. 

This dependence seems to be more prevalent in the Os abundances. The variable 
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dependence between Re and Os supports previous studies that show differences in the 

uptake mechanism between Re and Os, with the sequestration of Os being directly related 

to the presence of organic matter (Yamashita et al., 2007). Also noted above, Oxygen 

Index is a proxy for the oxygen content in kerogen, which also varies depending on the 

organic matter type or degree of oxidation of the organic matter (Peters, 1986). 

Polysaccharide-rich remains of land plants and inert organic matter generally have a 

much higher OI than marine and lacustrine sediments, resulting in Type I and II, algal 

kerogen having lower OI than Type III terrestrial kerogen (Figure 1.4). There is a 

correlation between both Re and Os abundances and OI for the Brushy Canyon samples, 

with R
2
 values of 0.63 and 0.85, respectively, however, this correlation is negative 

(Figure 1.7b). This indicates that the abundances of Re and Os are also to some degree 

inversely dependent on the amount of oxygen in the kerogen, with more oxidized kerogen 

containing lower abundances of both Re and Os. Cumming (2013) reported a lack of 

correlation between Re and Os abundances and OI values of ~15 and suggested that Re 

and Os enrichment requires lower oxygen-bearing kerogen or lower oxygen conditions 

during organic matter deposition. In the Brushy Canyon samples, a correlation does exist 

above an OI of 15 so additional factors must be involved that are specific to each sample 

suite. Regardless, the amount of oxygen in kerogen has a significant effect on the 

abundance of Re and Os in kerogen, likely due to the difference in chelating site 

precursors that are available during deposition and early burial (Cumming, 2013). A 

similar relationship is seen in vanadium and nickel abundances in kerogen. Vanadium 

and nickel are organically bound in tetrapyrroles (Lewan and Maynard, 1982). 

Chlorophyll, which is converted to a tetrapyrrole during burial, is very sensitive to 
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oxygen as it expands its ring structure making it incapable of hosting metals (Lewan and 

Maynard, 1982). Therefore, sediments and organic matter settling in an oxygenated water 

column have less chance to bind V and Ni in these tetrapyrroles (Lewan and Maynard, 

1982). The similarity of the behaviors of Re and Os to V and Ni indicates the possibility 

of these elements being held in similar chelating sites in similar organic complexes.  

Both HI and OI are interdependent upon TOC, and since TOC has long been recognized 

to correlate with Re and Os abundance, it is possible that the correlation of HI and OI 

with Re and Os abundances in the Brushy Canyon samples is strongly dependent upon 

the underlying correlation with TOC. The ratio of S2/S3 represents the amount of 

hydrocarbons that can be generated from a source rock relative to the amount of organic 

CO2 released during Rock-Eval pyrolysis. S2/S3 ratios are considerably higher for Type I 

and II kerogen than for Type III kerogen because terrestrial derived organic matter 

contains substantially more oxygen than marine or lacustrine algal organic matter.  There 

is a moderate to strong correlation between the S2/S3 ratio and both Re and Os 

abundances for Brushy Canyon samples, with R
2
 values of 0.62 and 0.91, respectively 

(Figure 1.7c). This correlation is a TOC independent linkage between the type of organic 

matter in the rock and Re and Os abundances and provides the most robust evidence to 

date for the dependence of organic matter type on the abundance of Re and Os, with 

hydrogen rich, oxygen poor algal kerogen possibly providing more available chelating 

site for these elements. 
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Figure 1.7. Crossplots of  (a) Hydrogen Index (S2/TOC) and Re (ppb); (b) Hydrogen 

Index and Os (ppt); (c) Oxygen Index (S3/TOC) and Re (ppb); (d) Oxygen Index and Os 

(ppt); (e) S2/S3 (or HI/OI) and Re (ppb); (f) S2/S3 (or HI/OI) and Os (ppt) showing the 

correlation of Re and Os with proxies for organic matter type.  
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1.5.5. Implications of the (
187

Os/
188

Os)i at ~265 Ma 

The (
187

Os/
188

Os)i obtained from the regression of 0.46 ± 0.09 is interpreted to represent 

the 
187

Os/
188

Os of seawater at the time of deposition (Ravizza and Turekian, 1989; Cohen 

et al., 1999). The 
187

Os/
188

Os ratio of seawater is derived from a balance of input from: 

(1) Radiogenic Os from river water during weathering and subsequent continental runoff 

of upper continental crust (
187

Os/
188

Os = 1.4) (Esser and Turekian, 1993; Peucker-

Ehrenbrink and Jahn, 2001), and (2) non-radiogenic Os from the mantle via seafloor 

spreading and production of mid-ocean ridge basalts, flood basalt events, or hydrothermal 

alteration of oceanic crust or from meteorite influx (
187

Os/
188

Os = 0.13) (Peucker-

Ehrenbrink and Ravizza, 2000; Walker et al., 2002; Schmitz et al., 2004).  

Significant changes over time in the 
187

Os/
188

Os of seawater are observed in the rock 

record. These shifts can be caused by the relative change in the contribution of the 

various sources such as during periods of increased seafloor spreading, accelerated 

crustal weathering during deglaciation, or meteorite impacts. Changes on the order of 

orbitally forced, glacial-interglacial cycles can be resolved due to the short residence time 

of Os in the ocean (Oxburgh, 1998). The isotopic composition of present day seawater 

(~1.06; Peucker-Ehrenbrink and Ravizza, 2000) indicates a dominance of contribution 

from radiogenic crustal Os delivered to the oceans via rivers (
187

Os/
188

Os = 1.54; 

Levasseur et al., 1999). The less-radiogenic 
187

Os/
188

Os for the Brushy Canyon Formation 

of 0.52 ± 0.11 indicates that the Delaware Basin received significantly lower relative 

contributions of crustal Os than did the present-day ocean. Similar conditions existed just 

prior to the Cretaceous-Paleocene boundary and throughout much of the Eocene leading 
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into the Eocene-Oligocene boundary (Burton et al., 1999; Pegram et al., 1992; Turgeon 

and Creaser, 2008).  

Although seawater 
187

Os/
188

Os at any given time in Earth’s history can be known by 

measuring Os isotopes in marine ORM, constraining the relative amount of contributions 

from the various sources is a challenge. This could be manifested in spatial and temporal 

variations in the 
187

Os/
188

Os of the eroding upper continental crust (e.g., weathering of 

ORM with 
187

Os/
188

Os ≤13.6; Peucker-Ehrenbrink and Blum, 1998). The unradiogenic 

component could be the product of a mixture of contributions from the various 

unradiogenic sources of Os.  

The unradiogenic (
187

Os/
188

Os)i of the Brushy Canyon is, within uncertainty, identical to 

those for marine ORM from the mid-Norwegian shelf and Eastern Greenland at 252.1Ma 

(0.57 ± 0.04 and 0.62 ± 0.11, respectively), just prior to the end of the Permian (Georgiev 

et al. 2011) (Figure 1.8). This suggests that either: (1) There was no significant variation 

in the (
187

Os/
188

Os)i of global seawater across the ~13 Myr interval between the 

Guadalupian and the end of the Permian or (2) There was some degree of change in 

seawater conditions between these two times. However, due to small sample resolution, 

the (
187

Os/
188

Os)i is known for only these two distinct times. The data points discussed 

here are the only available 
187

Os/
188

Os data for Permian seawater. Therefore, any further 

187
Os/

188
Os trends in Permian seawater are unknown at this time.  

Fluctuation in 
87

Sr/
86

Sr can also be used as a proxy for evaluating relative contributions 

of radiogenic and unradiogenic Sr to the oceans, however, with a much longer residence 

time (Cohen et al., 1999; Peucker-Ehrenbrink and Ravizza, 2000). This results in the 
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curve of 
87

Sr/
86

Sr being smoother than that for 
187

Os/
188

Os as a result of the temporal 

resolution of Sr being less than that of Os (~10 – 50 kyr; Peucker-Ehrenbrink and 

Ravizza, 2000). The Sr isotopic record of seawater records a general decrease in 
87

Sr/
86

Sr 

from a more radiogenic value of ~0.7080 to a less radiogenic value of 0.70685 from the 

start of the Permian into the Middle Guadalupian (~266Ma) followed by a slow increase, 

recovering to a 
87

Sr/
86

Sr value of 0.70715 by the end of the Permian (Korte et al., 2006) 

(Figure 1.8).  

The trend toward unradiogenic Sr throughout the majority of the Permian represents one 

of the most rapid changes in the Sr isotopic record of the entire Phanerozoic and is 

explained by a coupling of (1) the waning of glacial ice retreat that covered large parts of 

the Late Paleozoic Southern Hemisphere continents, and (2) the opening of the Neotethys 

sea throughout the Cisuralian and into the Guadalupian (Korte et al., 2006). The 

Gondwanan Permo-Carboniferous glaciation culminated in the Asselian and Early 



 

 

 

Figure 1.8. Strontium and osmium isotopic signature of seawater throughout the Permian. Solid black line represents the 
87Sr/86Sr of seawater from Korte et al. (2006) as inferred from Sr isotopes of articulate brachiopod shells. Solid black 

circles represent 187Os/188Os data from Georgiev et al. (2011) from Permo-Triassic shales. Solid black star represents data 

from this study.  
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Sakmarian (Frakes et al., 1992) and glacial ice had waned and vanished by the Late 

Sakmarian (Banks and Clarke, 1987; Dickins and Shah, 1987). The beginning of the 

Permian is marked by radiogenic 
87

Sr/
86

Sr values, coinciding with a period of 

deglaciation in the Southern Hemisphere. Deglaciation accelerates continental erosion 

and thus provides an enhanced riverine flux of radiogenic Sr to the coeval oceans. During 

the waning stage of deglaciation during the Sakmarian, the rate of continental weathering 

decreased resulting in a decrease in the flux of radiogenic crustal material to the oceans. 

This coupled with the enhanced flux of unradiogenic strontium from hydrothermal 

circulation within the young oceanic crust created during the widespread volcanism 

associated with the opening of the Neotethys Ocean during the Cisuralian and into the 

Guadalupian resulted in the steep decrease in the 
87

Sr/
86

Sr during this time (Korte et al., 

2006). Following the cessation of the opening of the Neotethys during the Wordian, 

coeval seawater 
87

Sr/
86

Sr began a slow trend toward more radiogenic values due to a 

larger contribution from radiogenic continental material via riverine flux (Korte et al., 

2006).  

In addition to these major geologic processes, secondary processes such as climate type 

(humid vs. arid) may have had an effect on the Sr isotopic record. The Asselian and Early 

Sakmarian was characterized by a comparatively higher worldwide humidity compared to 

a more arid climate in the Artinskian-Late Permian interval (Kozur, 1984; Korte et al., 

2006). Humid climates are more conducive to chemical weathering of continental 

materials, and thus provide a larger flux of radiogenic Sr to the oceans compared to arid 

climate regimes. While the steep slope of the Sr isotopic curve throughout much of the 
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Permian is believed to be the result of decreased continental weathering due to waning of 

deglaciation, the curve could be affected by decreased weathering under an arid climate 

regime (Korte et al., 2006). In addition, the slower rate of increase in the 
87

Sr/
86

Sr 

following cessation of the opening of the Neotethys could be due to slower weathering 

rates under an arid climate regime (Korte et al., 2006).  

Locally, high sedimentation rates during the Early Permian caused rapid basin subsidence 

which in turn caused enormous compressional stresses in the underlying crustal rocks 

resulting in uplift of the fault-block separating the Delaware Basin from the Midland 

Basin to the east. In addition, the Diablo Arch to the west was also significantly uplifted 

(Adams, 1965). During this time, massive sediment loads were being dumped into the 

Delaware Basin. Subsidence continued during the Leonardian although not as rapidly as 

during the Early Permian resulting in a slowed uplift of surrounding areas and an 

eventual leveling of the mountains to the west and northwest of the basin (Adams, 1965). 

Sedimentation continued into the Guadalupian and Ochoan, with Upper Permian strata 

reaching ~2,100 m thick. About one-third of the sediment thickness was attained by 

filling the depression inherited from the Early Permian, the rest was provided by regional 

downwarping and late rotational tilting (Adams, 1965). Around the margin of the 

Delaware Basin, marginal reefs rose ~450-600 m about the floor of the central Delaware 

Basin (Adams, 1965). During relative sea level high-stands, widespread, organic-rich 

siltstones of varying thickness accumulated on the basin floor by the hemi-pelagic 

settling of marine algal material and detrital silt and mud through both aeolian and marine 

processes while sands were restricted from entering the basin due to their entrapment 
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behind the broad, flooded shelf and carbonate platform (Meissner, 1972; Dutton et al., 

2003). During exposure of the carbonate shelf during subsequent low-stands, sands were 

transported to the shelf margin via aeolian dune progradation and fluvial processes 

(Fischer and Sarnthein, 1988) and were carried to the basin floor predominantly by 

turbidity currents and deposited as major submarine fan complexes (Newell et al., 1953; 

Payne, 1976; Berg, 1979; Gardner, 1992; Zelt and Rossen, 1995; Bouma, 1996; 

Beaubouef et al., 1999; Gardner and Borer, 2000; Dutton et al., 2003). Basinal 

subsidence slowed during the Guadalupian, from 3.7cm/ky. in the Early Permian to 

0.8cm/ky. in the Guadalupian as the area attained tectonic stability (Ye and Kerans, 

1996). Intermittent marine conditions existed in the Delaware Basin into the Ochoan until 

evaporate accumulation prompted progressive restriction from marine influence (King, 

1948) and an eventual filling of the basin by the end of the Permian. 

During the Permian, the Delaware Basin was located just north of the equator (Ziegler et 

al., 1997), within an arid climate zone, inferred from the presence of aeolian siliciclastics 

and massive marine evaporate deposits of the Castile, Salado, and Rustler evaporates 

preserved throughout the region (King, 1948; Oriel et al., 1967; Magaritz et al., 1983; 

Fischer and Sarnthein, 1988; Soreghan and Soreghan, 2013). 

Rapid sedimentation during the Early Permian would have provided an increase in 

radiogenic continental crustal material to the oceans, resulting in an increase in the 

187
Os/

188
Os of coeval seawater. To further enhance this radiogenic flux, the uplifting of 

the areas around the Delaware Basin would have exposed more continental material 

providing more radiogenic continental crust to weathering. There are no available 
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187
Os/

188
Os data for Early Permian seawater. However, during slowed sedimentation 

following the attainment of tectonic stability of the Delaware Basin during the 

Guadalupian, the flux of radiogenic material to the Delaware Basin, and thus to global 

seawater, would have been less. Coupled with the decreased chemical weathering under 

the arid climate regime that existed in the region during much of the Permian, the 

contribution of radiogenic Os to the oceans via riverine input from the continents was 

likely to be significantly less than during the Early Permian, resulting in a lower 

187
Os/

188
Os than Early Permian seawater.  

Within uncertainty, the Os isotopic curve parallels the Sr isotopic curve for the Late 

Permian, within the limited data that is available (Figure 1.8). This indicates that there 

was a slight increase in the flux of radiogenic continental crustal material to the ocean 

over the 13 Myr interval between the Guadalupian and the end of the Permian. However, 

it could be argued that the overlap of the data points voids any conclusion about changes 

in seawater chemistry, as these data points could represent the same value, 
187

Os/
188

Os = 

~0.55. Regardless, the 
187

Os/
188

Os of seawater at ~264 Ma is 0.46 ± 0.09 and is much less 

than that of present day seawater (~1.06; Peucker-Ehrenbrink and Ravizza, 2000) which 

indicates a significantly smaller relative contribution of radiogenic continental crustal 

material than the present day ocean is receiving, similar to times just prior to the 

Cretaceous-Paleocene boundary and throughout much of the Eocene leading into the 

Eocene-Oligocene boundary (Burton et al., 1999; Pegram et al., 1992; Turgeon and 

Creaser, 2008).  
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1.6. CONCLUSIONS 

New Re-Os geochronology of the Brushy Canyon Formation from the Delaware Basin of 

west Texas yields a Model 3 age of 264.3 ± 7.5 Ma (2.8% age uncertainty, 2σ, n=12, 

mean square of weighted deviates [MSWD] = 2.3) and, within uncertainty, agrees with 

the expected estimate age of this formation. This data provides the first absolute age for 

Guadalupian strata. As there is no systematic trend seen in the calculated (
187

Os/
188

Os)i 

with depth, the large uncertainty in the age is most likely due to post-depositional 

mobility of Re and/or Os. 

In addition, the (
187

Os/
188

Os)i obtained from the isochron regression provides the 

187
Os/

188
Os composition of seawater at the time that the Brushy Canyon Formation was 

deposited (~265Ma). The (
187

Os/
188

Os)i of 0.46 ± 0.09 is much less radiogenic than 

present-day seawater (~1.06; Peucker-Ehrenbrink and Ravizza, 2000), similar to 

conditions that existed just prior to the Cretaceous-Paleocene boundary and throughout 

much of the Eocene leading into the Eocene-Oligocene boundary. This indicates that 

vastly different conditions existed in the Guadalupian than today. Specifically, present 

day seawater is receiving a larger relative amount of radiogenic continental crustal 

material than Guadalupian seawater was receiving. This is likely largely due to decreased 

continental weathering following a period of deglaciation associated with the Permo-

Carboniferous glaciation that culminated in the Asselian, with much of the glaciers 

having vanished by the Late Sakmarian (Banks and Clarke, 1987; Dickins and Shah, 

1987). Within the Delaware Basin, denudation had slowed following tectonic stability 

during the Middle Permian. In addition, an arid climate regime slowed chemical 
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weathering of exposed continental crust, further restricting the flux of radiogenic 

continental crustal material to the Late Permian Ocean.  

The lack of available Os isotopic data for Permian seawater inhibits any conclusions on 

trends in the 
187

Os/
188

Os. However, given the few data available (n=2), the Os isotopic 

curve seems to parallel the Sr isotopic curve with both exhibiting an increase in 

contribution of radiogenic material over the 13 Myr interval bounded by the data points 

within the Late Permian. 

Re and Os abundances correlate with HI, OI, and the ratio of S2/S3, all indicating a 

relationship between these elemental abundances and the type of organic matter that 

makes up the samples. This correlation is positive for HI and S2/S3, and negative for OI. 

The positive relationship between the abundances of Re and Os and both HI and S2/S3 

indicate that the presence of hydrogen rich, oxygen poor organic matter, such as Type I 

and Type II algal kerogen, yield higher abundances of Re and Os in these samples. On 

the other hand, the negative correlation between the elemental abundances and OI means 

that the amount of oxygen in kerogen has a significant effect on the abundance of Re and 

Os in kerogen, likely due to the difference in chelating site precursors that are available 

during deposition and early burial, similar to the relationship seen with vanadium and 

nickel in organic matter. However, these correlations may be complicated by other 

controlling factors such as variability in redox conditions.  
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2.1. INTRODUCTION 

Temporal changes in local and global seawater geochemistry have been preserved in the 

rock record and are traditionally recovered using predominantly O, C, and Sr isotopes. 

Because of recent advances in analytical geochemistry, the 
187

Re-
187

Os isotopic system 

(t1/2 = 41.6 by; Smoliar et al., 1996) has also become a useful geochronometer and 

isotopic tracer that has begun to be applied to understanding the evolution of seawater 

during different time intervals. The Os isotopic composition of organic-rich mud rocks 

(ORM) reflects the 
187

Os/
188

Os composition of seawater at the time their respective 

sediments were deposited. Rhenium and Os are redox-sensitive and organophilic in 

nature, and are suggested to be sequestered by organisms at, or below the sediment-water 

interface in both marine and lacustrine basins under suboxic, anoxic, or euxinic 

conditions and are thus hydrogenous in nature (Koide, 1991; Colodner et al., 1993; 

Crusius et al., 1996; Morford et al., 2009; Cumming et al., 2012). Studies of seawater 

evolution using 
87

Sr/
86

Sr ratios have demonstrated Sr variation throughout the 

Phanerozoic (Veizer and Compston, 1974; Burke et al., 1982; Denison et al., 1994; 

Denison et al., 1997; Veizer et al., 1999; Ebneth et al., 2001). However, the long 

residence time of Sr of 1-4 Myr means that Sr isotopes are averaged out, or muted and 

potentially miss influences on seawater chemistry on shorter timescales. The residence 

time of Os in seawater is a ~10,000 – 50,000 yrs. (Peucker-Ehrenbrink and Ravizza, 

2000). Because of this, high-frequency isotopic changes on the order of tens to hundreds 

of thousands of years in seawater chemistry (such as orbitally forced, glacial-interglacial 

cycles) are potentially resolvable with Os isotopes. Rhenium and Os in ORM are being 
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used more frequently in geochronology for providing depositional ages for these rocks 

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

2003; Hannah et al., 2004; Kendall et al., 2004; Finlay et al., 2010; Rooney et al., 2010). 

In addition, the (
187

Os/
188

Os)i (isotopic ratio at the time of rock formation) of ORM can be 

used to investigate potentially small chemical changes in the temporal evolution of 

seawater on shorter timescales which aren’t captured by Sr isotopes (Oxburgh, 1998; 

Peucker-Ehrenbrink and Ravizza, 2000). The 
187

Os/
188

Os ratio of seawater is derived 

from a balance of two primary inputs: (1) Radiogenic Os from river water during 

weathering and subsequent continental runoff of upper continental crust (Esser and 

Turekian, 1993; Peucker-Ehrenbrink and Jahn, 2001), and (2) less-radiogenic Os from the 

mantle via seafloor spreading and production of mid-ocean ridge basalts, flood basalt 

events, hydrothermal alteration of oceanic crust, or from meteorite influx (Peucker-

Ehrenbrink and Ravizza, 2000; Schmitz et al., 2004). The relative contributions of these 

sources have varied significantly throughout geologic history leading to significant 

variations in the 
187

Os/
188

Os of seawater. From the (
187

Os/
188

Os)i of ORM at any given 

time of formation, a mass balance calculation can be used to determine the relative 

contribution of radiogenic and non-radiogenic Os to seawater. Inferences can then be 

made about the degree of continental weathering (Ravizza et al., 2001; Schmitz et al., 

2004), seafloor spreading rates, the eruption of flood basalts (Cohen et al., 1999; Ravizza 

and Peucker-Ehrenbrink, 2003; Turgeon and Creaser, 2008) as well as the timing and size 

of meteorite impacts (Paquay et al., 2008).  
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The majority of ORM studies have focused on 
187

Os/
188

Os ratio stratigraphy not only to 

construct the marine Os isotopic curve through time, but also to examine temporal 

perturbations in the record as they apply to changes in global ocean geochemistry caused 

by paleoclimate, tectonic, or extraterrestrial processes (Widom et al., 2004; Turgeon et 

al., 2007; Turgeon and Creaser, 2008; Du Vivier et al., 2014). The Cenozoic has received 

considerable attention. These studies have reported a steady increase in the 
187

Os/
188

Os 

ratio of seawater throughout the Cenozoic, increasing from a 
187

Os/
188

Os value of 0.20 at 

the K-T boundary to 1.06 at present day (Pegram et al., 1992; Ravizza, 1993; Peucker-

Ehrenbrink et al., 1995; Turekian and Pegram, 1997; Pegram and Turekian, 1999; 

Peucker-Ehrenbrink and Ravizza, 2000). This 
187

Os/
188

Os trend is similar to the trend 

observed in increasing 
87

Sr/
86

Sr of this time interval. This progressive increase is 

interpreted to reflect an increase in continental weathering likely resulting from the uplift 

of the Himalayas (Raymo and Ruddiman, 1992; Richter et al., 1992). This tectonic 

forcing results in a consequent increase in the flux of crustal, radiogenic Os to the oceans. 

If Os-enriched rocks such as ORM and Precambrian crust (
187

Os/
188

Os ≤13.6) are 

exposed to weathering, the resultant effect on the 
187

Os/
188

Os ratio of seawater is 

magnified (Peucker-Ehrinbrink and Blum, 1998).  

Efforts to reconstruct the pre-Cenozoic record of seawater 
187

Os/
188

Os focus on specific 

geologic events such as pre-Cambrian glaciations (Kendall et al., 2004; Rooney et al., 

2014), orogenic events (Rooney et al., 2010; Rooney et al., 2011), the onset of 

atmospheric oxygenation (Hannah et al., 2004) and important stratigraphic boundaries 

(Selby and Creaser, 2005; Turgeon et al., 2007; Selby et al., 2009; Du Vivier et al., 
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2014).  Few studies have focused on the Paleozoic. The few extant data suggest that 

Paleozoic seawater had radiogenic 
187

Os/
188

Os compositions, within the range of 

Cenozoic values (Peucker-Ehrenbrink and Ravizza, 2012). However, despite the 289 Myr 

span of the Paleozoic, most of the available 
187

Os/
188

Os data are grouped around the 

Devonian/Mississippian boundary, and many of these data have large uncertainty. The 

lack of data for the Paleozoic is present primarily due to the substantial analytical effort 

required to obtain accurate and precise 
187

Os/
188

Os values (Peucker-Ehrenbrink and 

Ravizza, 2012). 

In order to begin to establish the Os-isotope evolution of seawater during the Paleozoic, 

this study reports new Re-Os geochronology for the Permian Tasmanite oil shale from 

Tasmania and provides a 
187

Os/
188

Os value for seawater in the earliest Permian. This is 

coupled with a compilation of previously published Re-Os isotope data, many of which 

have not been included in previous review papers, to present a first-order examination of 

the Paleozoic seawater 
187

Os/
188

Os record. The long-term goal of this work is to 

determine the processes that control the 
187

Os/
188

Os of seawater within the Paleozoic and 

to compare these constraints to what occurred during other times. 

2.2. GEOLOGIC SETTING 

During the Late Pennsylvanian and Early Permian, Tasmania was positioned within the 

southern polar circle, close to a polar latitude of ~80° (Li and Powel, 2001) as part of 

Gondwana (Figure 2.1). The onshore Tasmania Basin was glaciated during this time in 

the Late Paleozoic Ice Age (Veevers and Powell, 1987; Clarke and Forsyth, 1989; 

Dickins, 1996; Lopez-Gamundi, 1997; Isbell et al., 2003). This basin contains a 
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glaciomarine to terrestrial sequence of Late Carboniferous to Late Triassic age which 

unconformably overlies Precambrian and Paleozoic folded and metamorphosed 

sedimentary and igneous rocks (Reid and Burrett, 2004). This sequence, The Parmeener 

Supergroup was deposited in an intra-cratonic basin that was active during the 

Pennsylvanian to Late Triassic where sediment accumulated over a glacially-influenced, 

fragmented shelf with local topographic highs, in a fjord-like seaway (Clarke and 

Forsyth, 1989; Hand, 1993; Lopez-Gamundi, 2010). The Parmeener Supergroup is 

subdivided into the Lower Parmeener and Upper Parmeener Supergroups based on 

lithostratigraphic properties. This study will focus on the Lower Parmeener Supergroup 

(Figure 2.2).  

The Late Pennsylvanian-Middle Permian Lower Parmeener Supergroup is predominantly 

glaciomarine. The confinement of glacigenic formations within this unit, deep structural 

depo-centers, abrupt lateral facies changes and pinching out of sedimentary units onto 

marginal structural highs, suggests that the majority of the lower Early Permian strata 

were deposited in a series of grabens or half-grabens separated by uplifted horsts during a 

period of extensional subsidence within the basin (Fielding et al., 2010) and throughout 

eastern Australia (Korsch et al., 2009). This wide-spread extension created a large 

number of discrete intra-cratonic basins, some of which later coalesced to form the larger 

Bowen-Gunnedah-Sydney Basin system (Clarke, 1989). The base of the Lower 

Parmeener Supergroup is characterized by thick Late Pennsylvanian diamictites, glacial 

outwash conglomerates and sandstones, and local mudstones and rythmites of the 
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Wynyard Formation, also called the Truro or Stocker’s Tillite (Clarke, 1989; Hand, 

1993).  

The Quamby mudstone represents a widespread marine transgression that covered most 

of Tasmania as glaciers retreated during the Asselian (Brakel and Totterdell, 1993; Hand, 

1993; Lopez-Gamundi, 2010). The low terrigenous content and high concentration of 

pelagic organic carbon of the Tasmanite horizon, in addition to the overall facies 

succession of the Quamby Mudstone have been interpreted to indicate that the Tasmanite 

horizon represents the maximum flooding surface of the post-glacial marine 

transgression, and thus is a global, time-synchronous horizon in the succession of post-

glacial events in the Early Permian (Lopez-Gamundi, 2010). 
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Figure 2.1. Paleogeographic reconstruction of Gondwana at 290Ma highlighting the location of Tasmania within the polar 

circle. Dark gray polygons represent basins that were glaciated during the Late Paleozoic, P1 glaciation. Modified after Isbell 

et al. (2003). 

80
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Figure 2.2. Simplified stratigraphic column of the Tasmania Basin during the 

Permian. UPS = Upper Parmeener Supergroup. Black bar show the Re-Os age for 

the Tasmanite Oil Shale within the Quamby Mudstone achieved in this study. 

Modified after Fielding et al. (2010). 
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The tillite-to-marine-mudstone transition that is observed in Tasmania has been 

correlated with similar successions in Antarctica, Eastern Australia, and South Africa 

(Lindsay, 1970; Miller, 1989; Collinson et al., 1994; Isbell et al., 2008; Stollhofen et al., 

2000) and is interpreted as the termination of the P1 glaciation episode in the Sakmarian, 

one of many periodic glacial episodes of the Late Paleozoic Ice Age. This horizon thus 

provides critical information in providing key correlations between well-known 

glacigenic successions in Gondwana.  

Marine conditions continued into the Late-Sakmarian with gradual filling of the 

Tasmania Basin through the deposition of the Bundella Formation. The Bundella 

Formation is a fossiliferous siltstone and sandstone followed by the marginal marine, 

organic-rich siltstones of the Macrae Mudstone and the non-marine sandstones and 

carbonaceous siltstones of the Sakmarian-Artinskian Liffey Group. The Liffey Group is 

interpreted to represent an alluvial plain environment and complete filling of the basin 

(Banks, 1980; Clarke, 1989; Reid and Burrett, 2004). A marine transgression in the mid-

Early Permian brought marine conditions back to the Tasmania Basin with the deposition 

of marginal marine, then shallow shelf marine fossiliferous siltstones, limestones, and 

minor sandstones of the Cascades Group (Clarke, 1989). In the Late-Artinskian to 

Kungurian, the Cascades Group was overstepped by fossiliferous siltstone and sandstone 

of the Deep Bay and Malbina Formations (Farmer, 1985). By the Late Permian, the 

deposition of shallow marine to estuarine mudstone and siltstone of the Fern Tree Group 

resulted in an almost filled Tasmania Basin (Reid and Burrett, 2004). The Late Permian 
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marks the top of the Lower Parmeener Supergroup, preceding the deposition of the Upper 

Parmeener Supergroup. 

Age control for the tillite-to-marine-mudstone transition at the base of the Quamby is 

entirely based on biostratigraphic data (Fielding et al., 2010) and primarily on regional 

zonations of macro-invertebrates of Clarke and Farmer (1976) and micro-flora. These 

zonations have been correlated in detail to similar successions in eastern Australia and 

the Australian late Paleozoic palynostratigraphic zonations (Fielding et al., 2010), 

however, have not been correlated with other portions of Gondwana. A direct, absolute 

and precise age for this glacigenic-marine transition will provide useful in the test for the 

episodic glaciation hypothesis to explain the protracted periods of glacial and non-glacial 

conditions in the Permian phase of the late Paleozoic Ice Age and how they relate to 

global paleoclimatic changes. In addition, the (
187

Os/
188

Os)i obtained from a Re-Os 

isochron will provide constraints on the Os isotopic composition of seawater during the 

earliest Permian and provide another data point toward the construction of a Paleozoic 

seawater 
187

Os/
188

Os curve. 

2.3. SAMPLING AND ANALYTICAL PROCEDURES 

2.3.1. Sampling 

Samples used in this study were taken from three research cores (Douglas River, 

Tunbridge, and Ross B.H. #2) that were drilled in the Tasmania Basin (Figure 2.3). All 

research cores penetrate the Quamby Mudstone and the entire Tasmanite marker horizon 

and together represent ~100 km of lateral sampling across Tasmania (Figure 2.3). Six 1-
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inch core plugs were taken from the Tasmanite horizon across the three cores. The entire 

outer surface of the core plugs were sanded with silicon carbide to remove any drill 

markings and possible metal contamination that could have been obtained during coring, 

cleaned with ethanol, and left to air dry. Each plug was split into several samples. A 20 g 

aliquot of each plug, representing a stratigraphic interval of ~2 cm, was then broken into 

chips and powdered using a mortar and pestle. While the actual amount of powder used 

for each Re-Os analysis is much less, larger aliquots of powdered sample were used to 

minimize the effects of Re and Os heterogeneity within a sample (Kendall et al., 2009).  

2.3.2. Re-Os Geochemistry 

Approximately 0.3 g of powdered sample was weighed and transferred to a thick-walled, 

internally cleaned, borosilicate glass Carius tube along with a known amount of a mixed 

185
Re + 

190
Os spike and 8mL of a chromic acid solution created by dissolving Cr

VI
O3 

powder into 4N H2SO4 (0.25g/mL). The CrO3-H2SO4 method was used to preferentially 

dissolve and oxidize hydrogenous Re and Os which yields more accurate and precise 

ages (Selby and Creaser, 2003). The Carius tubes were sealed, and sample and spike were 

digested and equilibrated at 240°C for 48 hours. Digestion dissolves sample powders and 

oxidizes sample Re and Os to ReO3
-
 and OsO4

- 
species, respectively. Following digestion 

the Carius tubes were frozen in a dry ice – ethanol slurry, opened, then thawed, and Os 

was isolated from the CrO3-H2SO4 solution using CHCl3 solvent extraction at room 

temperature (Cohen and Waters, 1996), back extracted into 9N HBr and further purified 

via micro-distillation (Birck et al., 1997). Rhenium was removed from the CrO3-H2SO4 

solution by anion column chromatography following reduction of the Cr
VI 

to Cr
III

 using 



85 
 

Milli-Q and bubbling with SO2 gas. Rhenium was further purified by passing the output 

of the first column through a second anion column. The isolated Re and Os were then 

loaded onto ultra-pure (>99.99%) Ni and Pt filaments, respectively, and coated with 

activator solutions of Ba(NO3)2 and Ba(OH)2, respectively.  

The Re and Os isotopic compositions were determined by isotope-dilution-negative- 

thermal-ionization mass spectrometry (ID-NTIMS) on a ThermoElectron TRITON TIMS 

at the University of Houston (Creaser et al., 1991; Volkening et al., 1991). Rhenium was 

measured as ReO3
 
via static Faraday collection and Os as OsO4

 
via ion-counting using a 

secondary electron multiplier in peak-hopping mode. Measured isotopic ratios were spike 

stripped, corrected for isobaric oxygen interference, instrumental mass fractionation 

(using 
185

Re/
187

Re=0.59738 and 
192

Os/
188

Os=3.08761), and procedural blank 

contributions. Uncertainties were obtained through the error propagation of uncertainties 

in blank abundance and isotopic composition, spike abundance values, mass spectrometry 

measurements of Re and Os, and the reproducibility of the Re and Os isotopic values of 

the standard. Average procedural blanks were 19 ± 10 (2σ, n=16) pg for Re and 0.60 ± 

1.1 (2σ, n=18) pg for Os with a 
187

Os/
188

Os = 0.16 ± 0.02 (2σ, n=18). 
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Figure 2.3. Stratigraphic correlation of the Tasmanite Oil Shale within the cores used 

in this study. Modified after Domack et al. (1993) and Lopez-Gamundi (2010). 
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Repeat measurements of Re and Os standards were performed throughout the analytical 

campaign. The Re standard, made from zone-refined Re ribbon, yields an average 

185
Re/

187
Re ratio of 0.59783 ± 0.00022 (2σ, n=16) for 1.5ng loads using static Faraday 

collection. The difference between the measured Re standard value and the established 

standard value of 0.59738 ± 0.0039 (Gramlich et al., 1973) was used to correct the 

measured 
185

Re/
187

Re ratios of samples used in this study. The Os standard (University of 

Maryland, Brandon et al., 1999), yielded a 
187

Os/
188

Os ratio of 0.11385 ± 0.00026 (2σ, 

n=18) for 500pg loads using a secondary electron multiplier and is, within uncertainty, 

identical to that reported by Brandon et al. (1999).  

The Re-Os ages and (
187

Os/
188

Os)i are obtained via modified York regression (York, 

1969) of the reduced isotopic data and propagated 2σ uncertainties using Isoplot v. 4.15 

(Ludwig, 2008). Errors are calculated using the maximum-likelihood estimation 

algorithm and are reported as 2σ. 

2.4. RESULTS 

The Re-Os abundances and isotopic compositions for Tasmanite horizon samples are 

presented in Table 2.1. All samples are enriched in Re (4-17 ppb) and Os (99-233 ppt) 

compared to modern-day average continental crust (~1 ppb Re and 30-50 ppt Os; Esser 

and Turekian, 1993) and have typical abundances of ORM (Ravizza and Turekian, 1989; 

Cohen et al., 1999; Creaser et al., 2002; Selby and Creaser, 2003; Hannah et al., 2004; 

Kendall et al., 2004; Finlay et al., 2010; Rooney et al., 2010). The 
187

Re/
188

Os ratios 
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range from 236 to 992 and are positively correlated with 
187

Os/
188

Os ratios of 1.75 to 

5.50.  

Rhenium and Os abundances and 
187

Re/
188

Os are lowest in samples from the Ross #1 core 

(4.0-4.5 ppb, 99-100 ppt, 230-260, respectively). Rhenium abundances and 
187

Re/
188

Os 

are highest in the Douglas River samples (11-17 ppb, 753-992), while Os abundances are 

highest in Tunbridge samples (151-233 ppt).  

Linear regression of the Douglas River, Tunbridge, and Ross B.H. #2 provide ages of 293 

± 10 Ma (3.4% age uncertainty, 2σ, n=6, Mean Square Weighted Deviates [MSWD] = 

2.1), 298.8 ± 8.3 Ma (2.7% age uncertainty, 2σ, n=4, MSWD = 2.2) and 219 ± 91 Ma 

(41.5% age uncertainty, 2σ, n=3, MSWD = 0.34), respectively (Figure 2.4). These 

isochrons yield (
187

Os/
188

Os)i ratios of 0.58 ± 0.04, 0.56 ± 0.12, and 0.91 ± 0.37, 

respectively. A pooled isochron, using all data yields an age of 298.0 ± 2.3 Ma and an 

(
187

Os/
188

Os)i of 0.56 ± 0.02 (0.7% age uncertainty, 2σ, n=13, MSWD = 2.1) and 

represent the best candidate for the age of the Tasmanite oil shale in the Tasmania Basin 

(Figure 2.4).  
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Sample 
187

Re/
188

Os ± 
187

Os/
188

Os ± 
Re 

(ppb) 
± Os (ppt) ± 

Core: Tunbridge        

TB-1 328.99 2.16 2.20 0.01 8.13 0.03 151.29 0.78 

TB-2 330.88 2.57 2.21 0.01 8.26 0.04 152.99 0.97 

TB-3 281.32 1.53 1.95 0.01 11.01 0.04 233.36 1.00 

TB-4 236.95 1.41 1.75 0.01 8.15 0.04 200.77 0.87 

Core: Douglas River       

DR-1 753.66 4.29 4.32 0.02 11.84 0.05 117.07 0.68 

DR-2 764.74 4.97 4.37 0.03 11.94 0.04 116.93 0.76 

DR-3 894.91 3.45 5.05 0.03 15.84 0.06 140.02 0.84 

DR-4 992.21 4.57 5.50 0.03 17.35 0.06 143.27 0.90 

DR-5 958.30 6.55 5.27 0.05 16.97 0.06 142.53 1.34 

DR-6 963.02 4.03 5.37 0.02 15.41 0.06 129.87 0.63 

Core: Ross B.H. #2       

BH2-1 260.19 3.72 1.85 0.02 4.50 0.03 102.28 0.82 

BH2-2 236.56 3.52 1.76 0.02 4.00 0.03 99.13 0.79 

BH2-3 246.28 2.87 1.81 0.01 4.21 0.03 100.46 0.64 

Table 1. Rhenium-Os data for the Tasmanite Oil Shale horizon within the Quamby Formation. 

Uncertainties are reported as 2σ. 
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2.5. DISCUSSION 

2.5.1. Re-Os Geochronology 

Linear regressions of samples from individual cores yield Model 1 ages that agree, within 

uncertainty, with the expected age for the Tasmanite oil shale. The expected age is based 

on macro-invertebrate and palynostratigraphic zonations in Tasmania which correlate to 

the GSSP for the base of the Permian across most northern basins of Pangea (Ritter, 

1995). U-Pb zircon ages of ash-bearing intervals that straddle the GSSP for the base 

Permian in the Aidaralash Creek section of the Uralian foredeep  provide an absolute age 

for the base Permian of 298.90 +0.31, -0.15 (2σ) (Ramezani et al., 2007) (Figure 2.2).  

As noted earlier, the Douglas River and Tunbridge samples yield Model 1 ages of 293 ± 

10 Ma and 298.8 ± 8.3 Ma, respectively (Figure 2.4). The age overlap within their 

uncertainties for the two isochrons are consistent with minimal to no post-depositional 

disturbance to the Re-Os system. Ross B.H. #2 Re-Os data provides an age of 219 ± 91 

Ma (41.5% age uncertainty, 2σ, n=3, MSWD = 0.34). This is a much higher age 

uncertainty than Douglas River and Tunbridge samples. Large MSWD values are 

indicative of large scatter about the isochron. However, the MSWD of less than 1 

suggests that the observed scatter is less than that predicted by the analytical uncertainty 

which is caused by an overestimation of the uncertainties and an underdispersion of the 

data. The large uncertainty on the age and (
187

Os/
188

Os)i for the Ross B.H. #2 core is a 

result of the extremely narrow range in both 
187

Re/
188

Os and 
187

Os/
188

Os and likely not a 

result of geologic scatter from post-depositional mobility of Re or Os.  
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A pooled isochron, using all data yields an age of 298.0 ± 2.3 Ma and an (
187

Os/
188

Os)i of 

0.56 ± 0.02 (0.7% age uncertainty, 2σ, n=12, MSWD = 2.1) for the Tasmanite oil shale 

horizon in the Tasmania Basin. This age correlates the Tasmanite oil shale to the GSSP 

for the base of the Permian in the Ural Mountains and other globally correlated base 

Permian maximum flooding surfaces in the midcontinent of the U.S. and Namibia 

(Ramezani et al., 2007). This age represents the best candidate for the base of the 

Permian in Gondwana and suggests that it was marked by a global flooding event. This 

age provides the first absolute age for the correlation of eustatic events between the 

northern and southern hemispheres during the Permian (Domack et al., in prep.).  

2.5.2. Implications of the (
187

Os/
188

Os)i at ~298 Ma 

The (
187

Os/
188

Os)i obtained from the isochron regression of 0.56 ± 0.02 for the Tasmanite 

oil shale horizon is interpreted to represent the 
187

Os/
188

Os of seawater at the time of 

deposition (Ravizza and Turekian, 1989; Cohen et al., 1999). As previously described, 

the 
187

Os/
188

Os ratio of seawater is derived from a balance of inputs of radiogenic river 

water during weathering and subsequent continental runoff of upper continental crust 

(
187

Os/
188

Os = 1.4) and non-radiogenic inputs from the mantle via seafloor spreading, 

flood basalt events, hydrothermal alteration of oceanic crust, and from meteorite impacts 

(
187

Os/
188

Os = 0.13). 
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Figure 2.4. Rhenium-Os isochron for the Tasmanite Oil Shale from the Quamby 

Formation. (A) Samples from Tunbridge core, (B) Sample from Douglas River core, (C) 

Samples from Ross B.H. #2 core, (D) A pooled isochron using all samples from all cores. 

Uncertainty is reported as 2σ. 
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Large temporal shifts in the 
187

Os/
188

Os of seawater can be detected in the rock record. 

These shifts can be caused by the relative change in the contribution of the various 

sources such as during periods of increased seafloor spreading, accelerated crustal 

weathering during deglaciation, or meteorite impacts. Changes on the order of orbitally 

forced, glacial-interglacial cycles (~12,000 yrs) can be resolved due to the short residence 

time of Os in the ocean (Oxburgh, 1998). The isotopic composition of present day 

seawater (~1.06; Peucker-Ehrenbrink and Ravizza, 2000) suggests a dominance of 

contribution from radiogenic crustal Os delivered to the oceans via rivers (
187

Os/
188

Os = 

1.54; Levasseur et al., 1999). The less-radiogenic 
187

Os/
188

Os for the Tasmanite oil shale 

of 0.56 ± 0.02 indicates that the Tasmanite Basin received significantly lower relative 

contributions of crustal Os during the earlier Permian than for the present-day ocean. 

Similar conditions existed just prior to the Cretaceous-Paleocene boundary and 

throughout much of the Eocene leading into the Eocene-Oligocene boundary (Pegram et 

al., 1992; Burton et al., 1999; Turgeon and Creaser, 2008). The less radiogenic nature of 

seawater at 298 Ma could also be explained by a difference in the composition of 

exposed crustal material. If a young or mafic crust were exposed to weathering, both of 

which have unradiogenic Os isotopic signatures, the coeval oceans would reflect this 

contribution.   

Although seawater 
187

Os/
188

Os at any given time in Earth’s history can be known by 

measuring Os isotopes in marine ORM, constraining the absolute amount of contributions 

from the various sources is a challenge. This could be manifested geographic and 

temporal variations in the 
187

Os/
188

Os of the eroding upper continental crust (e.g., 
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weathering of organic-rich mudrocks with 
187

Os/
188

Os ≤13.6; Peucker-Ehrenbrink and 

Blum, 1998). The unradiogenic component could be the product of a mixture of 

contributions from the various unradiogenic sources of Os.  

The unradiogenic (
187

Os/
188

Os)i of the Tasmanite oil shale represents the first reported 

data for the Os isotopic signature of seawater during the earliest Permian.  

2.5.3. Osmium Isotopic Evolution of Paleozoic Seawater 

The most recent review of the evolution of seawater Os during the Paleozoic reported 

four data points for the entire Paleozoic, three of which occur at the Devonian-

Mississippian boundary (Peucker-Ehrenbrink and Ravizza, 2012). Two of these data 

points have extremely large uncertainties in the (
187

Os/
188

Os)i  (±38 and ±53%) resulting 

in error bars which span a significant portion of the entire range of possible values for 

seawater 
187

Os/
188

Os. The few 
187

Os/
188

Os ratios that are reported for Paleozoic seawater 

are similar to Cenozoic values (0.42 – 0.75). This may reflect a general secular trend of 

increasing 
187

Os/
188

Os values from chondritic values in the Precambrian (
187

Os/
188

Os = 

0.112; Hannah et al., 2004) toward more continental crustal values during the Paleozoic 

(Peucker-Ehrenbrink and Ravizza, 2012). This follows the trend of changing values for 

Precambrian and Early Paleozoic 
87

Sr/
86

Sr ratios (Halverson et al., 2010). 

Previously, constraining secular trends for 
187

Os/
188

Os during the Paleozoic was limited 

by the lack of data. This study compiles all previously published 
187

Os/
188

Os ratios for 

Paleozoic seawater, including new data presented here and thus provides a five-fold 

increase in the number of 
187

Os/
188

Os values for Paleozoic seawater (Figure 2.5).  
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The 
87

Sr/
86

Sr ratios of past seawater can be measured through analysis of marine 

carbonate shells and rocks. Strontium in seawater behaves similarly to Os, in that 

fluctuation in 
87

Sr/
86

Sr can be used as a proxy for evaluating relative contributions of 

radiogenic and unradiogenic Sr to the oceans, but with a much longer residence time as 

noted above (Cohen et al., 1999; Peucker-Ehrenbrink and Ravizza, 2000). This results in 

the curve of 
87

Sr/
86

Sr being smoother than that of 
187

Os/
188

Os because the temporal 

resolution of Sr is averaged out over longer time segments than that of Os. The Sr 

isotopic record of Paleozoic seawater is very well constrained (Figure 2.5).  

Because the Sr evolution curve of seawater in the Paleozoic is well constrained, and 

because Os and Sr behave similarly in the oceans, further discussion will compare the 

somewhat sparse Os isotopic curve reported here with the established Sr isotopic curve.  

 

 



 

 

  

Figure 2.5. Temporal 187Os/188Os variation of Paleozoic seawater. Large symbols = 187Os/188Os achieved through the regression of a 

Re-Os isochron, Small symbols = 187Os/188Os achieved through chemostratigraphic measuremenets. Symbols are as described in the 

key. Gray bars across the top designate the timing of orogenic or climatic events as discussed in this paper. Caled = Caledonian; A = 

Decline of Late Paleozoic ice sheets; B = Opening of the Neotethys, C = Cessation of Paleotethys volcanism. Gray line at the bottom = 

temporal variation of 87Sr/86Sr of Paleozoic seawater from Veizer et al. (1999), Sawaki et al. (2008), Sawaki et al. (2010); Korte et al. 

(2006). MISS. = Mississippian; PENN. = Pennsylvanian. Semi-transparent symbols represent data points that have either too large of 

uncertainty, or have geologic explanations as to why they shouldn’t be included in the secular trend of 187Os/188Os (see discussion in 

text). 
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2.5.3.1. Cambrian 

The Os isotopic composition of Cambrian seawater is represented by three data points 

clustered around 538 ± 14 Ma (Figure 2.5). These show a dichotomy in values. Li et al. 

(2003) report a (
187

Os/
188

Os)i value of 0.84 ± 0.12 at 542 ± 11 Ma for the marine, Lower 

Cambrian black rock series of the Hunan-Guizhou provinces in South China. Jiang et al. 

(2007) report a similar (
187

Os/
188

Os)i value of 0.80 ± 0.04 at 535 ± 11 Ma for marine, 

Lower Cambrian black shales of the Niutitang Formation, Yangtze Platform in South 

China, in the Hunan Province, ~550 km away from the area studied by Li et al. (2003). 

However, lower Cambrian marine, black shales from the Lesser Himalaya have a higher 

(
187

Os/
188

Os)i value than those obtained from Lower Cambrian black shales of South 

China (Figure 2.5) (1.181 ± 0.024; Singh et al., 1999).  

The Lower Cambrian black shales studied by Li et al. (2003) and Jiang et al. (2007) are 

part of a regionally distributed polymetallic Ni-Mo-PGE-Au enriched unit. Based on 

detailed field and laboratory studies, the presence of a middle sulfide bed bounded by 

chert beds reflects the structure typical of Early quartz stage – middle sulfide stage – and 

later quartz, carbonate stage, a sequence typical of hydrothermal ore deposits (Li, 1996). 

This coupled with the enrichment of some platinum group elements (PGE), rare earth 

elements, trace elements, and noble metals indicate seafloor hydrothermal fluid activities 

(Li, 1995; Li, 1996; Li, 2000). Previous studies have shown that submarine hydrothermal 

solutions can depress 
187

Os/
188

Os values as a result of delivery of hydrothermal, non-

radiogenic Os to the oceans likely from venting of hydrothermal fluids that interacted 

with mafic and ultramafic oceanic lithosphere (Ravizza et al., 1996; Brugmann et al., 
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1998; Burton et al., 1999; Peucker-Ehrenbrink and Ravizza, 2000; Sharma et al., 2000; 

Terakado, 2001; Cave et al., 2003). Snow and Reisberg (1995) estimated that the 

alteration of ultramafic rocks might provide a flux of Os to seawater that is similar in 

magnitude to the total riverine Os flux. For example, modern day pyrite ores from the 

active mound of the TAG hydrothermal field on the Mid-Atlantic Ridge show a 

progressive increase in 
187

Os/
188

Os from 0.59 to 1.07 over a 3 m interval (Brugmann et 

al., 1998). The highest value, observed in the upper part of the interval, most removed 

from the hydrothermal system is identical to the 
187

Os/
188

Os value of present day 

seawater (Brugmann et al., 1998).  Rhenium and Os isotopic data from the Miocene 

Kuroko sulfide ores yield a 18.4 ± 0.6 Ma isochron with an (
187

Os/
188

Os)i value of 0.62 

(Terakado, 2001). This value is significantly less than the accepted value for Miocene 

seawater (0.73; Ravizza, 1993). Cave et al. (2003) reported a systematic increase in 

187
Os/

188
Os with increasing distance from the Rainbow hydrothermal field in recent sea-

floor sediments. The most proximal samples have 
187

Os/
188

Os ratios of 1.000 to 1.008, 

lower than present-day seawater values, while the most distant sample, 25 km away from 

the vent site, has a 
187

Os/
188

Os ratio of 1.06 which is indistinguishable from modern-day 

seawater (Cave et al., 2003).  

The lack of noticeable polymetallic enrichment typically associated with ORM that are 

proximal to hydrothermal systems, suggest that the Lower Cambrian black shales from 

the Lesser Himalaya, India, with 
187

Os/
188

Os = 1.181 ± 0.024 (Singh et al., 1999) is a 

better representation of Early Cambrian seawater Os than those from the studies of Jiang 

et al. (2007) and Li et al. (2003). This is the most radiogenic 
187

Os/
188

Os value for the 
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entire Phanerozoic. Assuming the 
187

Os/
188

Os composition of continental crust exposed in 

the Early Cambrian is similar to that of the present-day continental crust, a seawater 

187
Os/

188
Os value of 1.181 is more radiogenic than present-day seawater, suggesting an 

even higher contribution of radiogenic continental crustal Os likely as a result of 

weathering, relative to non-radiogenic inputs during the Early Cambrian.  

Due to the clustered nature of the Os isotopic record, attempts at identifying temporal 

trends in the 
187

Os/
188

Os of seawater during the Cambrian are very limited. There is a ~86 

Myr gap between the cluster of Cambrian data points and the 
187

Os/
188

Os reported for the 

Late Ordovician (Figure 2.5). However, the Early Cambrian is also characterized by 

radiogenic 
87

Sr/
86

Sr values relative to the modern oceanic value of ~0.7090 and supports 

high continental weathering rates during this time (Veizer et al., 1999). 

The Sr record shows an increase, with minor fluctuations, in 
87

Sr/
86

Sr throughout much of 

the Precambrian from 0.7052 to 0.7090 in the Late Neoproterozoic (Shields, 1999; 

Jacobsen and Kaufman, 1999; Melezhik et al., 2001; Shields and Veizer, 2002; Sawaki et 

al., 2010) (Figure 2.5). At the Precambrian-Cambrian (pC-C) boundary, an abrupt 

positive Sr isotopic excursion drives the 
87

Sr/
86

Sr value to 0.7108 followed by an abrupt 

return to a less radiogenic value of 0.7086 by the Middle Cambrian (Denison et al,. 1998; 

Sawaki et al., 2008). The 
87

Sr/
86

Sr value of seawater then rose to a more radiogenic value 

of 0.7093 by the beginning of the Late Cambrian (Denison et al,. 1998) (Figure 2.5). The 

87
Sr/

86
Sr value of 0.7108 observed during the Early Cambrian is the highest value of 

87
Sr/

86
Sr during the entire Phanerozoic. This is consistent with a Phanerozoic maximum 

in seawater 
187

Os/
188

Os. Following the earliest Late Cambrian peak, seawater 
87

Sr/
86

Sr 



101 
 

values flatten briefly, and then decline slightly to 0.70903 at the Cambrian-Ordovician 

boundary (Denison et al., 1997).  

The long-term increase in seawater 
87

Sr/
86

Sr throughout the Precambrian is interpreted to 

record an increase in the flux of radiogenic Sr via riverine input of continental crustal 

material resulting from high uplift rates and consequent increased denudation rates during 

the Late Proterozoic-Cambrian Pan-African Orogen (Miller, 1983; Asmerom et al., 1991; 

Derry et al., 1992; Montanez et al., 1996). Old felsic rocks from Precambrian cratons are 

an important source of radiogenic Sr (
87

Sr/
86

Sr ~0.720) and Os (
187

Os/
188

Os ≤13.6) to 

global seawater (Brass, 1976; Peucker-Ehrinbrink and Blum, 1998). Weathering of these 

rocks during orogenic events can contribute a large amount of radiogenic Sr and Os to the 

oceans, thus raising seawater 
87

Sr/
86

Sr and 
187

Os/
188

Os values (Burke et al., 1982). The 

comparable rapid increased in the Cenozoic 
87

Sr/
86

Sr and 
187

Os/
188

Os has been explained 

by rapid exhumation and chemical weathering of Himalayan 
87

Sr-rich metamorphic and 

187
Os-rich ORM (Pegram et al., 1992; Richter et al., 1992; Ravizza, 1993; Peucker-

Ehrenbrink et al., 1995; Turekian and Pegram, 1997; Pegram and Turekian, 1999; 

Peucker-Ehrenbrink and Ravizza, 2000).  

The large positive 
87

Sr/
86

Sr excursion at the pC-C boundary was originally explained by a 

large increase in the amount or radiogenic Sr reaching the oceans during the assembly of 

Gonwana (Shields, 2007). However, the short duration and magnitude of the excursion 

requires a reversible change just after the event, inconsistent with the long time-scales of 

tectonics (Sawaki et al. 2008). Santosh and Omori (2008) proposed that the sudden 

increase of atmospheric pCO2, coupled with other environmental changes associated with 
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the pC-C boundary and the Cambrian explosion, would increase the rate of silicate 

weathering, and thus provide a much larger amount of radiogenic Sr to the oceans than 

could be explained by tectonics. Following recovery of pCO2, weathering slowed causing 

a decline in the 
87

Sr/
86

Sr of seawater.   

Perhaps the rapid increase and Phanerozoic maximum in 
87

Sr/
86

Sr during the Early 

Cambrian may record unroofing and weathering of unstable, 
87

Sr rich high-grade 

metamorphic rocks within the Pan-African orogenic zone (Montanez et al., 1996). The 

overall higher 
87

Sr/
86

Sr and 
187

Os/
188

Os observed during the Cambrian may have been 

accentuated by an overall increase in erosion rates caused by a lack of vegetation on the 

continents. A reduction in isostatic uplift and chemical weathering during the mature 

phases of orogenesis may explain the gradual decrease in seawater 
87

Sr/
86

Sr nearing the 

end of the Cambrian period (Montanez et al., 1996).  

Montanez et al. (1996) observed a high-frequency, sinusoidal overprinting on the 

Cambrian 
87

Sr/
86

Sr seawater curve and suggested they may be caused by changes in 

continental weathering rates governed by sea-level fluctuations of 10
6
 yrs. Similar 

patterns are reported for seawater 
187

Os/
188

Os during the Ordovician (Finlay et al., 2010) 

and Pleistocene (Oxburgh, 1998) and are interpreted as the result of sea-level fluctuations 

during orbitally forced, glacial-interglacial cycles. During sea-level highstands, less 

continental surface area is exposed, as the edges of previously exposed continents are 

now submerged (Denison et al., 1997). Therefore, radiogenic pericratonic sediment and 

strata are not exposed to physical and chemical weathering, thus decreasing the flux of 

radiogenic continental crust to the oceans via rivers, resulting in a decrease in the 
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seawater 
87

Sr/
86

Sr and 
187

Os/
188

Os ratios. Conversely, during sea-level lowstands, the 

surface area of the continents increases, exposing fine-grained siliciclastic sediments on 

the continental shelf. Weathering of these sediments provides an increase in the flux of 

radiogenic Sr from continental weathering to the oceans, thus resulting in an increase in 

the 
87

Sr/
86

Sr and 
187

Os/
188

Os of coeval seawater.  

The Cambrian was a time of continental flooding, following the end of the Precambrian 

Marinoan glaciation and subsequent sea level rise (Denison et al., 1997). Hallam (1992) 

interpreted the Late Cambrian highstands to be the greatest of the Phanerozoic. Multiple 

sea-level events were superimposed on the longer-term rise in sea-level that occurred 

during the Cambrian (Montanez et al., 1996). Montanez et al. (1996) observed 

progressively increasing 
87

Sr/
86

Sr values, which coincided with times of episodically 

falling sea level, in peritidal carbonates from the Middle to Late Cambrian with the 

highest 
87

Sr/
86

Sr correlating with the culmination of falling sea level. The subsequent 

decrease in the 
87

Sr/
86

Sr value during the Early Late Cambrian corresponds to a gradual 

rise in relative sea level recorded by open-marine carbonates (Montanez et al., 1996). 

Montanez et al. (1996) propose that during greenhouse times, changes in the exposed 

surface area of continents, governed by sea-level fluctuations, contribute to short-term 

variations in seawater 
87

Sr/
86

Sr values. Sea level, however, is not the only control on 

short-term fluctuations in seawater 
87

Sr/
87

Sr. Denison et al. (1998) suggest climate, and 

the age and composition of the exposed crystalline rocks also contribute to seawater 

87
Sr/

86
Sr variations.  



104 
 

Sea-level fluctuations may have had little effect on the long-term variations in seawater 

87
Sr/

86
Sr. This is because the steady increase in sea-level during the Middle to Late 

Cambrian would theoretically submerge large portions of the continents, therefore 

reducing the flux of radiogenic Sr to the oceans. Long-term variations in the 
87

Sr/
86

Sr 

ratio of seawater appear instead to be controlled by tectonic and climatic events. These 

can strongly alter the weathering rates of continental material, and/or provide relatively 

large amounts of unradiogenic Os to the oceans with smaller, high-frequency 

overprinting due to variations in sea-level.  

Although there is limited data to provide a secular trend in the 
187

Os/
188

Os of Cambrian 

seawater, the highly radiogenic Early Cambrian value of 1.18 represents a Phanerozoic 

maximum and is consistent with a maximum in the Phanerozoic 
87

Sr/
86

Sr value. There is 

much work to be done on the Os isotopic evolution of Cambrian seawater which will 

ultimately provide more temporal resolution than the established Sr isotopic curve. 

2.5.3.2. Ordovician 

The 
187

Os/
188

Os composition of Ordovician seawater is represented in two ways. These 

include the (
187

Os/
188

Os)i values obtained from Re-Os isochron regression and a 

chemostratigraphic study of 8 m of ORM spanning 4.3 Myr across the Ordovician - 

Silurian boundary in the Linn Branch section, Dob’s Linn, Scotland (Figure 2.5) (Finlay 

et al., 2010). The two (
187

Os/
188

Os)i values determined by isochron regression are 

indistinguishable within uncertainty. Widom et al. (2004) obtained an (
187

Os/
188

Os)i value 

of 0.53 ± 0.04 at 443 ± 34 Ma for acetic and hydrochloric acid leachates from marine 

carbonates from Serpent Mound, Ohio. This age is consistent with the expected age for 
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these Late Ordovician carbonates based on biostratigraphy (Widom et al., 2004). A 

second study on marine ORM spanning the Ordovician - Silurian boundary obtained a 

(
187

Os/
188

Os)i value of 0.69 ± 0.26 at 449 ± 22 Ma (Finlay et al., 2010). The uncertainties 

of this value overlap that reported by Widom et al. (2004). Finlay et al. (2010) attributes 

the extremely high uncertainty on both the age and (
187

Os/
188

Os)i value obtained by 

isochron regression on rapid changes in the Os isotopic composition of Late Ordovician 

seawater.  

Throughout the Katian stage (453 – 445 Ma) of the Late Ordovician, the 
187

Os/
188

Os 

value becomes more radiogenic from 0.37 – 1.08 over a 2.25 m interval, representing 

~1.2 Myr of time (Finlay et al., 2010). Within this interval, there is an even more abrupt 

increase from 0.48 to 1.08 over a 40 cm interval, representing ~200 kys. (Finlay et al., 

2010). From the peak of (
187

Os/
188

Os)i value of 1.08, values become abruptly less 

radiogenic and remain stable at ~0.6 until 1.70 m below the Ordovician - Silurian 

boundary before spiking to a highly radiogenic value of 1.05 over a 19 cm, 100 ky. 

interval (Finlay et al., 2010).  From this point, 
187

Os/
188

Os values decrease gradually 

across the Ordovician - Silurian boundary to a value of ~0.6 one meter above the 

boundary (Finlay et al., 2010).  

The 
87

Sr/
86

Sr ratio of seawater in the Ordovician Period continued the decline that had 

begun in the Late Cambrian. Several studies reveal decreasing Sr isotope ratios 

throughout the majority of the Ordovician, from ~0.7090 at the Cambrian-Ordovician 

boundary to ~0.7078 by the Late Ordovician (Katian: 453 – 445 Ma) (Veizer and 

Compston, 1974; Burke et al., 1982; Veizer et al., 1986; Denison et al., 1997; Qing et al., 
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1998; Gao and Land, 1991; Johnson and Goldstein, 1993; Ebneth et al., 2001; Shields et 

al., 2003). Seawater 
87

Sr/
86

Sr decreased gradually from ~0.7090 to ~0.7088 during the 

Early Ordovician (Qing et al., 1998). A second, larger decrease in the 
87

Sr/
86

Sr is 

observed between the Darriwilian (467 – 458 Ma) and Early Caradocian (458 – 448 Ma) 

from ~0.7088 to ~0.7079 (Gao et al., 1996; Holmden et al., 1996; Qing et al., 1998; 

Young et al., 2009). This represents the most rapid decrease in seawater 
87

Sr/
86

Sr of the 

entire Paleozoic, with a magnitude comparable to the rise in 
87

Sr/
86

Sr observed in the past 

~35 Myr. of the Cenozoic (Young et al., 2009). Finally, the rate of decrease in seawater 

87
Sr/

86
Sr fell slightly leading into the Katian (453 – 445 Ma) with a period of stasis with 

an 
87

Sr/
86

Sr ~0.7078 (Gao et al., 1996; Holmden et al., 1996; Qing et al., 1998; Young et 

al., 2009) followed by an increase in seawater 
87

Sr/
86

Sr throughout the Katian (453 – 445 

Ma) and Hirnantian (445 – 444 Ma) and continuing into the Silurian (Burke et al., 1982; 

Shields et al., 2003).  

Shields et al. (2003) concluded that the general decreasing trend in seawater 
87

Sr/
86

Sr 

during the Ordovician was partly in response to a slowing of tectonic uplift associated 

with the Pan-African Orogeny. The extent of contractional deformation caused by the 

Pan-African Orogeny decreased from a maximum during the Late Cambrian to reach an 

all-time minimum by the mid-Ordovician (Richter et al., 1992). This slowing of uplift 

would decrease denudation and thus limit the amount of radiogenic Sr that would be 

contributed to the oceans during that time, resulting in a decrease in the 
87

Sr/
86

Sr in 

seawater, consistent with the long term decrease in 
187

Os/
188

Os discussed previously. 

Shields et al. (2003) further suggest that such a rapid decrease in the 
87

Sr/
86

Sr of seawater 
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likely wasn’t solely caused by a gradual decrease in crustal weathering rates. They 

proposed that an increase in seafloor spreading rates or an increase in the flux of 

nonradiogenic Sr from weathering of volcanic rocks in island-arc settings associated with 

the Taconic Orogeny (primary deformation occurred ~458 – 448 Ma) aided in the large 

decrease in 
87

Sr/
87

Sr throughout the Ordovician. Initiation of subduction during the 

Taconic Orogeny correlates with the timing of the large decrease in 
87

Sr/
86

Sr (Ettensohn, 

1990; Finney et al., 1996; Kolata et al., 1996; Wright et al., 2002). Quantitative modeling 

by Young et al. (2009) conclude that a good fit to the measured Ordovician seawater 

87
Sr/

87
Sr curve is obtained when a new flux from the weathering of arc basalts (0.7043) is 

introduced to the system. This flux of unradiogenic Sr represents the weathering of arc 

basalts of the Taconic arcs, and possibly other regions (Young et al., 2009). In addition, 

the Middle-Early Late Ordovician was a period of massive island-arc volcanism in 

Kazakhstan (Nikitin et al., 1990). The increased weatherability of these relatively easily 

weathered volcanic rocks likely contributed to the increased decline in the 
87

Sr/
86

Sr of 

Upper Ordovician seawater (Shields et al., 2003). Such material would have likely 

resulted in a less radiogenic flux of 
187

Os/
188

Os as well. 

Hence, a combination of factors resulted in the general decreasing trend in the 
87

Sr/
86

Sr of 

Ordovician seawater. Overall, it was primarily caused by the slowing of radiogenic flux 

of Sr to the oceans during slowed uplift and denudation rates during the mature stages of 

the Pan-African Orogen (Shield et al., 2003). The increased decline in seawater 
87

Sr/
86

Sr 

during the Early Late Ordovician was caused by a coupling of (1) an increased flux of 

unradiogenic Sr to the oceans due to the weathering of island-arc volcanism associated 
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with the Taconic Orogeny (Young et al., 2009), and (2) a large marine transgression that 

flooded the edges of continents, ultimately restricting the weatherability of radiogenic 

continental crustal material (Ross and Ross, 1996; Haq and Schutter, 2008). This large 

marine transgression in an extended greenhouse interval was likely caused by an increase 

in sea-floor spreading rates or a general increase in the volume of basalts on the sea-floor, 

which provides even more unradiogenic Sr to the oceans (Chen, 1990; Denison et al., 

1997; Shields et al., 2003; Munnecke et al., 2010). Finally, in the Late Katian (453 – 445 

Ma), volcanic outgassing associated with the Taconic Orogeny had ceased while silicate 

weathering remained high due to the continued weathering of island-arcs, causing pCO2 

to fall and initiated cooling that led into the Hirnantian glacial episode (440 – 444 Ma) 

(Young et al., 2009). The marked increase in the 
187

Os/
188

Os ratio throughout the Early 

Katian (453 – 445 Ma) to a 
187

Os/
188

Os value of 1.08 also supports increased silicate 

weathering of radiogenic orogenic material during this time, resulting in atmospheric CO2 

drawdown, global cooling and ultimately the onset of Hirnantian glaciation at the end of 

the Ordovician (Finlay et al., 2010). Reduced chemical weathering rates and growth of 

continental ice cover during the Hirnantian glaciation reduced the input of radiogenic Os 

to the oceans, as supported by a trend to more unradiogenic 
187

Os/
188

Os values of ~04 – 

0.6 following the onset of glaciation (Finlay et al., 2010). As a direct result of the 

decrease in silicate weathering during the Hirnantian glaciation, atmospheric CO2 

returned to greenhouse levels, causing rapid deglaciation during the Late Hirnantian 

(Finlay et al., 2010). Following deglaciation, seawater 
187

Os/
188

Os records a dramatic rise 

from 0.6 – 1.05 over 100 ky. as a result of the leaching of radiogenic 
187

Os/
188

Os from 
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glacial deposits along with increased weathering of now exposed radiogenic 
187

Os/
188

Os 

silicates (Finlay et al., 2010).  

Work by Finlay et al. (2010) highlights the high temporal variability of the 
187

Os/
188

Os 

composition of seawater, controlled by the relatively short residence time of Os in the 

oceans compared to Sr. The high temporal resolution of Os further highlights the lack of 

data for Paleozoic seawater Os (Figure 2.5). However, the general trend observed in the 

187
Os/

188
Os composition of seawater during the Late Ordovician track those of the Sr 

isotopic composition.  

2.5.3.3. Silurian 

The end of the Ordovician was marked by the Hirnantian glaciation, with two to four 

principal glacial phases over a brief 4 Myr period (Barnes, 1986; Brenchley et al., 1991, 

1994; Qing et al., 1998). The consequent increase in the 
87

Sr/
86

Sr of seawater during the 

Silurian from a value of ~0.7078 to ~0.7087 is interpreted by Qing et al. (1998) to 

represent an increased flux of radiogenic Sr via riverine input during deglaciation 

following the Hirnantian glaciation. Radiogenic continental weathering products that 

were generated by the Hirnantian glaciation would have been reworked during the 

Llandovery transgression following the melting of Hirnantian glaciers (Qing et al., 1998). 

An additional increase in radiogenic riverine Sr flux could have been caused by mature 

phases of the Taconic Orogeny that resulted in exhumation and chemical weathering of 

87
Sr-rich high-grade metamorphic rocks at the eastern margin of Laurentia (Qing et al., 

1998). Primary deformation associated with the Taconic Orogeny occurred during the 

Caradoc (458 – 448 Ma), however, the Sr flux to the oceans may have been delayed until 
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the Early Silurian because a substantial thickness of marine carbonates needed to be 

removed from uplifted highlands before exposing Sr-rich basement rocks (Richter et al., 

1992). Toward the end of the Silurian, new continental input may have developed due to 

the Early phases of the Caledonian Orogeny and the initial suturing of Baltica and 

Laurentia during the closure of the Iapetus Ocean (Dunning et al., 1990; Cawood et al., 

1994; Qing et al., 1998).  

No Os isotope data exists for tracking the seawater composition during the Silurian. As a 

prediction, based on the tectonic and climatic events outline above, the 
187

Os/
188

Os 

composition of Silurian seawater would increase steadily throughout the Silurian. This 

would be in response to the relatively stable addition of radiogenic Os to the oceans 

during deglaciation and denudation of basement rocks exposed during the Taconic 

Orogeny. High frequency cycles in the 
187

Os/
188

Os composition of seawater may have 

developed due to eustatic sea-level changes. Johnson (2010) recorded ten intra-Silurian 

highstands that ranged in magnitude from several tens of meters to more than 70 m. 

2.5.3.4. Devonian 

The Devonian Period is the best understood period in the Paleozoic in terms of the 

187
Os/

188
Os evolution of seawater and is represented by eight data points. In perhaps one 

of the pioneering studies on Re-Os isotopic in ORM, Ravizza and Turekian (1989) 

reported an (
187

Os/
188

Os)i of 0.74 ± 0.39 at 354 ± 49 Ma for the Bakken Shale, a 

Mississippian/Devonian marine black shale using a nickel sulfide fire assay procedure. 

Since then, chemical and analytical procedures have resulted in a marked decrease in the 

uncertainty on both Re-Os ages and (
187

Os/
188

Os)i ratios. By accessing only the 
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hydrogenous component of ORM, Selby and Creaser (2005) achieved an (
187

Os/
188

Os)i 

ratio of 0.42 ± 0.01 at 361.3 ± 2.4 Ma for the Mississippian/Devonian boundary in the 

marine Exshaw Formation in Canada.  

Turgeon et al. (2007) reported ages for two intervals spanning the Frasnian-Famennian 

boundary (Late Devonian) in the Hanover Formation, a marine ORM from the 

Appalachian Basin in western New York, USA. The (
187

Os/
188

Os)i obtained by isochron 

regression are 0.45 ± 0.02 at 367.7 ± 2.5 Ma and 0.47 ± 0.04 at 374.2 ± 4.0 Ma (Turgeon 

et al., 2007). These two intervals yield statistically overlapping ages and (
187

Os/
188

Os)i 

ratios, and are similar to both previous reported values (Ravizza and Turekian, 1989; 

Selby and Creaser, 2005). The agreement of these data suggests fairly low and constant 

continental weathering rates across the Frasnian-Famennian boundary (Turgeon et al., 

2007).   

Harris et al. (2013) reported Re-Os isochrons for four stratigraphic intervals spanning the 

Frasnian/Famennian and Mississippian/Devonian boundaries of the marine, Upper 

Devonian Woodford Shale in the Permian Basin, West Texas. The (
187

Os/
188

Os)i obtained 

by isochron regression are 0.29 ± 0.03 at 379.0 ± 7.1 Ma, 0.40 ± 0.06 at 371.5 ± 5.8 Ma, 

0.69 ± 0.25 at 364 ± 13 Ma, and 0.47 ± 0.07 at 357.9 ± 5.3 Ma (Harris et al., 2013). The 

value for the Frasnian/Famennian boundary reported by Harris et al. (2013) (0.40 ± 0.06) 

is, within error, identical to the value reported by Turgeon et al. (2007) (0.47 ± 0.04) for 

the Hanover Formation in New York, USA, suggesting that the Permian Basin was 

interconnected with other North American basins during the Late Devonian. The 

similarity between basins and lack of change in (
187

Os/
188

Os)i across the Frasnian-
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Famennian boundary also preclude evidence for bolide impact of volcanism as a causal 

mechanism for the Late Devonian extinction. In addition, the uppermost interval of the 

Woodford Shale, of Mississippian age, has an (
187

Os/
188

Os)i value of 0.47 ± 0.07 which is 

very similar to the Devonian-Mississippian boundary interval (0.42 ± 0.01) of the 

Canadian Exshaw Formation reported by Selby and Creaser et al. (2005) further 

supporting the interconnectivity of North American basins during the Late Devonian and 

Early Mississippian.  

All 
187

Os/
188

Os values for Devonian seawater are less radiogenic than present-day 

seawater. This suggests that the Devonian oceans were receiving a lower contribution of 

radiogenic continental crustal material than the present-day oceans are receiving. In 

addition, there is potentially a trend of increasing 
187

Os/
188

Os throughout the Late 

Devonian and into the Early Mississippian. However, this should be taken with caution 

until more accurate Os isotope data is obtained for this time period, as three of the 

187
Os/

188
Os at the upper end of this potential trend have high 

187
Os/

188
Os age 

uncertainties. An increasing trend during this time interval would be consistent with 

changing 
87

Sr/
86

Sr for seawater (Figure 2.5). 

The 
87

Sr/
86

Sr of seawater falls through the Early Devonian from a value of 0.70871 at the 

start of the Devonian to near 0.70782 by the Middle Devonian (Eifelian) (Denison et al., 

1997; van Geldern et al., 2006). The 
87

Sr/
86

Sr curve then remains relatively uniform, with 

high-order oscillations throughout the Middle Devonian with values between 0.70782 

and 0.70784 before rising again starting in the Late Givetian with the rise maintained 

throughout the Late Devonian to reach a value of 0.70807 at the Devonian/Carboniferous 
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boundary (Diener et al., 1996; Denison et al., 1997; Veizer et al., 1999; van Geldern et 

al., 2006).  

The final phase of the Caledonian Orogeny occurred in the Early Devonian (McKerrow 

et al., 2000). The decline in seawater 
87

Sr/
86

Sr during the Early Devonian correlates well 

with the end of the orogeny, following a sharp increase during the entire Silurian Period 

(van Geldern et al., 2006) and can be explained by a decrease in the flux of radiogenic Sr 

making it to the oceans during decreased denudation following slowed uplift rates 

associated with the end of the Caledonian Orogeny. A gradual steepening in slope at the 

Emsian-Eifelian boundary (~393 Ma) is reported by van Geldern et al. (2006) and is 

explained by an increased mantle strontium flux to the oceans at this time. Increased sea-

floor spreading and related hydrothermal activity can be inferred from significant sea-

level transgressions in the Late Emsian (408 – 393 Ma) and Early Eifelian (393 – 388 

Ma) (Johnson et al., 1985; Johnson and Sandberg, 1988) especially since the Devonian 

Period is considered an ice-free period with Gondwanan ice-caps reported from only the 

latest Famennian (Frakes et al., 1992; Streel et al., 2000). The sea-level transgressions 

would also limit the flux of radiogenic Sr to the oceans by reducing the area of the 

continent that is exposed to weathering resulting in on overall decrease in the 
87

Sr/
86

Sr of 

coeval seawater. The Middle Devonian interval is characterized by a relatively slow, 

uniform decrease in the 
87

Sr/
86

Sr of seawater, reflecting an almost equal balance of 

radiogenic and non-radiogenic Sr (van Geldern et al., 2006). Such a drastic change in the 

slope must be controlled by a relatively large addition of radiogenic Sr to Middle 

Devonian seawater. The rise in seawater 
87

Sr/
86

Sr and 
187

Os/
188

Os that lasted the duration 



114 
 

of the Late Devonian can be explained by the increase in flux of radiogenic continental 

crust during uplift associated with the Variscan Orogeny (van Geldern et al., 2006). The 

collision of Armorica (a piece of rifted Gondwana) with Avalonia occurred in Late 

Frasnian (383 – 372 Ma) to Famennian (372 – 359 Ma) and led to the formation of the 

Ellesmerian Fold Belt, the Antler Orogen, part of the Appalachian Orogen and parts of 

the Hercynian (Variscan) Belt in Europe and north Africa (Pique et al., 1993; Matte, 

2001; van Geldern, 2006). In addition, δ
18

O
 
isotopic data from van Geldern et al. (2006) 

indicate higher paleo-temperatures during the Late Devonian, perhaps caused by the 

continuous northern drift of Gondwana during this time. A warmer climate would have 

intensified enhanced chemical weathering therefore increasing the flux of radiogenic Sr 

and Os to the oceans.  

2.5.3.5. Carboniferous 

The Sr isotopic composition of seawater falls from ~0.70812 in the Early Mississippian 

to ~0.70755 in the mid-Visean (Kurschner et al., 1993; Denison et al., 1994; Bruckschen 

et al., 1995). The value then rises to near 0.70812 by the end of the Mississippian and 

continues to rise to 0.70830 in the mid-Pennsylvanian before declining through the Late 

Pennsylvanian to a value near 0.70809 at the end of the Carboniferous (Denison et al., 

1994) (Figure 2.5).  

Superimposed on the Tournaisian to mid-Visean decline in seawater 
87

Sr/
86

Sr are million 

year, higher-order oscillations (Bruckschen et al., 1995). Near-field records indicate that 

glaciation on Gondwana began in the Late Devonian to Early Mississippian (Isbell et al., 

2003). Following a brief interval of warmth, glaciers became more widespread 
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throughout the mid- to Late-Carboniferous and Early Permian as part of the Late 

Paleozoic Ice Age (Crowley and Baum, 1991; Frakes et al., 1992; Woodard et al., 2013). 

The observations of alternating glacigenic and post-glacial deposits in South America, 

Australia, South Africa, and Tasmania document multiple episodes of ice-sheet 

development on Gondwana during the Carboniferous and Permian, occurring on million- 

year timescales (Algeo et al., 1991; Isbell et al., 2003; Caputo et al., 2008; Fielding et al., 

2008; Stollhofen et al., 2000; Elrick and Scott, 2010; Woodard et al., 2013). Sedimentary 

cycles that record orbitally-driven climate changes are widely documented throughout 

Earth’s history, recording long-term records of waxing and waning of glaciation on 

orbital timescales (10
4
 – 10

5
 yrs) (Anderson, 1982; Arthur et al., 1986; Goldhammer, 

1987; Olson and Kent, 1999; Gale et al., 2002; Laurin et al., 2005; Culver et al., 2011; 

Theiling et al., 2012) causing sea-level fluctuations of greater than 50 m (Heckel, 1998; 

Goldhammer and Elmore, 1984; Soreghan, 1994; Joachimski et al., 2006; Rygel et al., 

2008; Elrick et al., 2009). The high-order oscillations in the 
87

Sr/
86

Sr that are 

superimposed on the Early Mississippian seawater Sr curve can be explained by 

variations in the riverine Sr input associated with sea-level rise and fall due to glacial and 

inter-glacial periods, similar to those observed in the Pleistocene (Clemens et al., 1993). 

Post-glacial weathering pulses involving the chemical weathering of fined-grained 

physical weathering product produced by sub-glacial grinding underneath continental 

glaciers released during glacial melting and retreat would provide an increased in the flux 

of radiogenic Sr to the oceans (Vance et al., 2009). During period of glaciation, 

weathering would essentially be shut off resulting in a short-term decrease in the 
87

Sr/
86

Sr 

of coeval seawater.  



116 
 

The shift toward more radiogenic 
87

Sr/
86

Sr values during the Late Mississippian are 

interpreted as an increased flux of radiogenic Sr due to initiation of the Alleghanian 

Orogeny and the closure of the Rheic Ocean (Smith and Read, 2000; Saltzman, 2003; 

Woodard et al., 2013). This potentially resulted in a restructuring of atmospheric and 

oceanic circulation patterns that caused southern hemisphere ice build-up (Smith and 

Read, 2000; Saltzman, 2003).  

No Os isotope data exists for tracking the seawater composition during the 

Carboniferous. As a prediction, based on the tectonic and climatic events outline above, 

the 
187

Os/
188

Os composition of Carboniferous seawater would parallel that of 
87

Sr/
86

Sr, 

however, with superimposed, higher-frequency oscillations due to glacial, inter-glacial 

cycles recognized by Bruckschen et al. (1995).  

2.5.3.6. Permian 

The unradiogenic (
187

Os/
188

Os)i of 0.56 ± 0.02 at 298.0 ± 2.3 Ma of the Tasmanite oil 

shale presented in this study represents the first reported data for the Os isotopic 

composition of seawater during the earliest Permian. Wright et al. (2015) reported an 

(
187

Os/
188

Os)i ratio of 0.46 ± 0.09 at 264.3 ± 7.5 Ma for Guadalupian marine black shales 

of the Brushy Canyon Formation in the Delaware Basin, west Texas, USA. This value is 

slightly less radiogenic than the value reported for the base of the Permian in this study. 

The end of the Permian Period is potentially marked by a, slightly resolvable, more 

radiogenic 
187

Os/
188

Os value than those for the earlier Permian black shales. However, 

within the analytical uncertainties, the values are undifferentiable. Rhenium-Os isotopic 
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data from four marine shale intervals at the Permian-Triassic boundary across two cores 

from the mid-Norwegian shelf and East Greenland yield (
187

Os/
188

Os)i values of 0.62 ± 

0.04 at 252.0 ± 0.9 Ma, 0.57 ± 0.04 at 252.5 ± 1.3 Ma, 0.56 ± 0.12 at 252.2 ± 1.7 Ma, and 

0.62 ± 0.11 at 252.1 ± 2.2 Ma (Georgiev et al., 2011).   

These unradiogenic 
187

Os/
188

Os values for the Permian Period indicates a significantly 

less contribution of radiogenic continental crustal material via riverine input than the 

present-day ocean.  

The Sr isotopic record of seawater records a general decrease in 
87

Sr/
86

Sr from a 

radiogenic value of ~0.7080 at the start of the Permian to an unradiogenic value of 

0.70685 in the Middle Permian (Capitanian) (Korte et al., 2006). This secular change in 

the Sr isotopic composition of seawater records the lowest 
87

Sr/
86

Sr of the entire 

Phanerozoic, termed the Permian minimum, and suggests a major change in 

oceanography before the Paleozoic-Mesozoic transition and represents one of the most 

significant features in the Phanerozoic seawater 
87

Sr/
86

Sr history (Kani et al., 2008; Kani 

et al., 2013). The Permian minimum also marks a turnover from a long-term (~280 m.y.) 

decrease in the seawater 
87

Sr/
86

Sr starting in the Cambrian to a marked increase going 

into the Early Mesozoic, suggesting a major global change to the overall Sr-isotope 

balance in seawater from a mantle flux-dominated to a continental flux-dominated regime 

(Kani et al., 2008; Kani et al., 2013). Following the Permian minimum, there is a rapid 

increase, recovering to a 
87

Sr/
86

Sr value of 0.70715 by the end of the Permian (Korte et 

al., 2006).  
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The trend toward unradiogenic Sr throughout the majority of the Permian represents one 

of the most rapid changes in the Sr isotopic record of the entire Phanerozoic and is 

explained by a coupling of (1) the waning of glacial ice retreat that covered large parts of 

the Late Paleozoic Southern Hemisphere continents, and (2) the opening of the Neotethys 

sea throughout the Cisuralian and into the Guadalupian (Korte et al., 2006). The 

Gondwanan Permo-Carboniferous glaciation culminated in the Asselian and Early 

Sakmarian (Frakes et al., 1992) and glacial ice had waned and vanished by the Late 

Sakmarian (Banks and Clarke, 1987; Dickins and Shah, 1987). The beginning of the 

Permian is marked by radiogenic 
87

Sr/
86

Sr and 
187

Os/
188

Os values, coinciding with a 

period of deglaciation in the Southern Hemisphere. Deglaciation accelerates continental 

erosion and thus provides an enhanced riverine flux of radiogenic Sr and Os to the coeval 

oceans. During the waning stage of deglaciation during the Sakmarian, the rate of 

continental weathering decreases resulting in a decrease in the flux of radiogenic crustal 

material to the oceans. This coupled with the enhanced flux of unradiogenic strontium 

from hydrothermal circulation within the young oceanic crust created during the 

widespread volcanism associated with the opening of the Neotethys Ocean during the 

Cisuralian (~299 – 272 Ma) and into the Guadalupian (~272 – 260 Ma) resulted in the 

steep decrease in the 
87

Sr/
86

Sr during this time (Korte et al., 2006). There is a significant 

time gap in the Os isotopic data in the Early to Middle Permian. However, the 
187

Os/
188

Os 

values of 0.56 reported here, and 0.52 ± 0.02 from Wright et al. (2015) forms two end-

members of a decline in 
187

Os/
188

Os of Permian seawater, consistent with 
87

Sr/
86

Sr values. 

Kani et al. (2013) suggests a simple suppression of the flux of radiogenic Sr to the oceans 

during decreased continental weathering wouldn’t be enough to drive such a drastic 



119 
 

decrease in seawater 
87

Sr/
86

Sr. In addition, due to plate tectonic processes being relatively 

constant through time, it is difficult to dramatically increase the unradiogenic flux from 

mid-ocean ridges (Kani et al., 2013). Even in the mid-Cretaceous, where the flux of 

unradiogenic Sr was significantly accelerated, the seawater 
87

Sr/
86

Sr was not drastically 

decreased (Kani et al., 2013). The extraordinarily low 
87

Sr/
86

Sr observed in the Permian 

could be enhanced due to an overall decrease of the exposed coast lines due to the 

assembly of the supercontinent of Pangaea during the Alleghanian Orogeny (Korte et al., 

2006) which would limit the availability of radiogenic Sr and Os for weathering. The 

assembly of Pangaea may have shut down the direct connection of many pre-existing 

rivers to the Panthalassa Ocean, confining major drainage systems to intra-continental 

basins (Kani et al., 2008).  

Following the cessation of the opening of the Neotethys during the Wordian (~269 – 265 

Ma) and the assembly of Pangaea, coeval seawater 
87

Sr/
86

Sr began a slow trend toward 

more radiogenic values due to a larger contribution from radiogenic continental material 

via riverine flux (Korte et al., 2006) likely accelerated by the continental breakup of 

Gondwana (Kani et al., 2013). Within the few available data for Permian seawater Os, 

there also appears to be a trend toward more a more radiogenic Os composition between 

264.0 Ma and the end of the Permian. Continental breakup initiates with regional uplift of 

the continental crust followed by rifting under an extensional tectonic regime. Regional 

uplift provides additional elevation, while normal faulting exposes deeper parts of the 

continental crust, both of which provide additional radiogenic Sr and Os (Kani et al., 

2013).  
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In addition to these major geologic processes, secondary processes such as climate type 

(humid vs. arid) may have had an effect on the Sr and Os isotopic record. The Asselian 

(~299 – 296 Ma) and Early Sakmarian (~296 – 290 Ma) was characterized by a 

comparatively higher worldwide humidity compared to a more arid climate in the 

Artinskian-Late Permian interval (~290 – 252 Ma) (Kozur, 1984; Korte et al., 2006). 

Humid climates are more conducive to chemical weathering of continental materials, and 

thus provide a larger flux of radiogenic Sr and Os to the oceans compared to arid climate 

regimes. While the steep slope of the Sr isotopic curve throughout much of the Permian is 

believed to be the result of decreased continental weathering due to waning of 

deglaciation, the curve could be affected by decreased weathering under an arid climate 

regime (Korte et al., 2006). In addition, the slower rate of increase in the 
87

Sr/
86

Sr 

following cessation of the opening of the Neotethys could be due to slower weathering 

rates under an arid climate regime (Korte et al., 2006).  

2.5.4. Isotopic curve decoupling 

As divalent cations, Sr fractionates readily into major rock-forming minerals in high- and 

low-temperature environments (Ravizza and Zachos, 1993). However, due to it’s highly 

siderophile and chalcophile nature, Os tends to be associated with trace phases such as 

sulfides and metal oxides. Because of the difference in geochemical affinity of Sr and Os, 

the composition of continental crust will reflect that of the rocks of which it is made. The 

subsequent weathering and transport of dissolved Sr and Os to the oceans would thus 

provide a spectrum of Sr and Os abundances and isotopic compositions, depending on the 

lithology that is being eroded. In addition, the association of strontium with carbonates 
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and osmium with ORM could provide another decoupling mechanism for the marine Sr 

and Os isotopic records. This difference is magnified as the lower 
87

Sr/
86

Sr of average 

riverine flux (0.712) relative to the eroding upper crust (0.716) provides a buffer for 

seawater 
87

Sr/
86

Sr (Palmer and Edmond, 1992). In contrast to Sr, the weathering of 

organic-rich sediments provides large amplitude variations in the seawater 
187

Os/
188

Os 

(Ravizza, 1993).  

The 
87

Sr/
86

Sr and 
187

Os/
188

Os of present-day seawater are representative of the two-

component mixing of present-day radiogenic riverine input and hydrothermal or cosmic 

non-radiogenic inputs (Chesley et al., 2000; Peucker-Ehrenbrink and Jahn, 2001). 

However, the 
87

Sr/
86

Sr and 
187

Os/
188

Os isotopic composition of the Paleogene were 

significantly different indicating a decoupling of Sr and Os isotopic balances or a 

substantial shift in the Sr and Os isotopic composition of riverine influx (Chesley et al., 

2000; Peucker-Ehrenbrink and Jahn, 2001). Dubin and Peucker-Ehrenbrink (2015) 

suggest that the increased ubiquity of ORM in the geologic record, coupled with their 

high weatherability, that their recycling throughout Earth’s history exerts a 

disproportionate driving force of change towards more radiogenic 
187

Os/
188

Os seawater.  

Global variations in crustal composition likely affect the Sr and Os isotopic compositions 

of seawater on a local, basin scale. However, globally averaged fluxes and isotopic 

compositions of Sr and Os likely produce homogenous, well-mixed oceans. This is 

supported by the general coincidence of the trends in 
187

Os/
188

Os and 
87

Sr/
86

Sr observed 

here, and for other portions of Earth’s history. In addition, the two end-member controls 

on seawater 
187

Os/
188

Os and 
87

Sr/
86

Sr are from radiogenic upper crustal and non-
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radiogenic mantle-derived reservoirs. Thus, changes in the magnitude of these fluxes 

should result in the same polarity of change in seawater 
187

Os/
188

Os and 
87

Sr/
86

Sr. 

Although, a decoupling in the magnitude of increase of these ratios could represent 

differential weathering. A higher magnitude change in 
187

Os/
188

Os could represent the 

weathering of more volume of an Os-rich lithology, such as ORM. This relationship is 

observed just prior to the Devonian boundary. However, this observation could be 

affected by the difference in the scales of 
187

Os/
188

Os and 
87

Sr/
86

Sr shown on Figure 2.5. 

2.6. CONCLUSIONS 

Thirty-nine data points spanning the ~290 m.y. time span of the Paleozoic provides the 

first compilation of Paleozoic seawater 
187

Os/
188

Os to date. Although the 
187

Os/
188

Os 

trend of seawater is largely decoupled from the 
87

Sr/
86

Sr record, similar trends can be 

identified, particularly in the interval leading up to the Devonian-Mississippian boundry 

and during the Permian Period. In addition, the seawater 
187

Os/
188

Os curve displays a 

general decreasing trend from a Phanerozoic maximum value of ~1.2 at the Precambrian-

Cambrian boundary to ~0.29 within the Middle Devonian. While the Sr
 
curve shows a 

similar decreasing trend, there are two increase/decrease cycles in 
87

Sr/
86

Sr values within 

this interval. The same relationship is observed from the Middle Devonian to the 

beginning of the Permian. However, the short residence time of Os coupled with the still 

limited data set for seawater 
187

Os/
188

Os prevents the construction of a reliable 

187
Os/

188
Os curve. This is highlighted by work by Finlay et al. (2010) who show a change 

of 0.60 in the 
187

Os/
188

Os of seawater over a 40 cm interval representing ~200 kyr (Figure 

2.5). With gaps in the 
187

Os/
188

Os data presented here with magnitude of up to 86 Myr, 
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small temporal changes, on the order of ten to a hundred thousand years, in the 

187
Os/

188
Os of seawater will not be recognized with the current data.  

A combined isochron, using data from three stratigraphically correlated cores, yields an 

age of 298.0 ± 2.3 Ma and an (
187

Os/
188

Os)i of 0.56 ± 0.02 (0.7% age uncertainty, 2σ, 

n=12, MSWD = 2.1) for the Tasmanite oil shale in the Tasmania Basin. This age 

correlates the Tasmanite oil shale to the GSSP for the base of the Permian in the Ural 

Mountains in addition to other globally correlated base Permian maximum flooding 

surfaces in the midcontinent of the U.S. and Namibia. This age therefore represents the 

best candidate for the base of the Permian in Gondwana and suggests that the base of the 

Permian was marked by a global flooding event, and provides the first absolute age for 

the correlation of eustatic events between the northern and southern hemispheres during 

the Permian. 
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3.1. INTRODUCTION 

The detection of an anomalous enrichment of iridium (Ir) in the globally correlated 

impact-related ejecta layer marking the Cretaceous-Paleogene (K-Pg) boundary provided 

the first evidence of a bolide impact as the causal mechanisms for the catastrophic 

extinction that occurred 65 Ma (Alvarez et al., 1980).  Because Ir is highly depleted in the 

Earth’s crust, the Ir enrichment observed at the K-Pg boundary has widely been 

interpreted to represent the fallout of a large meteorite impact, although some workers 

have proposed basaltic magmas resulting from mantle melting could also contribute Ir. 

This discovery triggered an explosion of multidisciplinary research related to the K-Pg 

boundary, in addition to the identification of other Ir anomalies throughout Earth’s 

history (Playford et al., 1984; Hsu et al., 1985; Gostin et al., 1989; Evans et al., 1993; 

Sawlowicz, 1993; Evans and Chai, 1997; Lee et al., 2003; Schmitz et al., 2004). Despite 

over three decades of research, no other robust geochemical relationship between an 

extraterrestrial impact (and associated Ir anomaly) and a major extinction event has been 

reported, perhaps because very few terrestrial impacts have preserved ejecta (Grieve, 

1991). Weak Ir anomalies at stage boundaries have been reported for the Precambrian-

Cambrian (Hsu et al., 1985), Ordovician-Silurian (Wang and Chai, 1989), Devonian-

Carboniferous (Chai et al., 1989), Permian-Triassic (Chai et al., 1986; Holser et al., 

1991), Triassic-Jurassic (McLaren and Goodfellow, 1990), Late Jurassic-Early 

Cretaceous (Dypvik et al., 1996), Cenomanian-Turonian (Orth et al., 1988; Orth et al., 

1993), Eocene-Oligocene (Alvarez et al., 1982; Glass, 1986), and the Pliocene-

Pleistocene (Koeberl, 1993). However, many of these studies report Ir anomalies in mud 
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rocks at stage boundaries with no clear impact features such as shocked quartz, spherules, 

or micro-tektites. Making a link between Ir and other PGE anomalies observed in mud 

rock layers and extraterrestrial impacts prove problematic if the mud rocks do no contain 

preserved ejecta, as the enrichment mechanisms and geochemical behavior of PGEs in 

the aquatic environment is likely strongly different than during dispersal during large 

impacts.  

The present understanding of the chemical speciation, distribution pattern and 

geochemical behavior of the PGEs in aqueous environment is limited, primarily due to 

the low abundances of these elements in natural rock samples and seawater (Anbar et al., 

1996). Rhenium, Os, Ir, Ru, Pt, and Pd are present in present-day sea-water in 

abundances of 7.5 ppt, 10 ppq, 0.1 ppq, ~1 ppt, 50 ppq, and 60 ppq, respectively, and are 

among the least-abundant elements in the marine environment (Bekov et al., 1984; 

Ravizza, 2001).  

Sediments rich in organic matter are significant crustal reservoirs of Re and Os with 

concentrations up to two orders of magnitude higher than average continental crust (Esser 

and Turekian, 1993; Peucker-Ehrenbrink and Jahn, 2001). Rhenium and Os are redox-

sensitive and organophile in nature, and are thought to be sequestered by organisms at, or 

below the sediment-water interface in both marine and lacustrine basins under suboxic, 

anoxic or euxinic conditions and are thus hydrogenous in nature and become enriched in 

marine organic-rich mud rocks (ORM) under these conditions (Koide, 1991; Colodner et 

al., 1993; Crusius et al., 1996; Morford et al., 2009; Cumming et al., 2012). Because of 

recent advances in analytical geochemistry, the 
187

Re-
187

Os isotopic system (t1/2 = 41.6 
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by; Smoliar et al., 1996) is gaining attention as a useful geochronometer for providing 

depositional ages for these rocks (Ravizza and Turekian, 1989; Cohen et al., 1999; 

Creaser et al., 2002; Selby and Creaser, 2003; Hannah et al., 2004; Kendall et al., 2004; 

Finlay et al., 2010; Rooney et al., 2010), in addition to understanding potentially small 

chemical changes in the temporal evolution of seawater due to the residence time of ~ 10-

50 Kyr (Oxburgh, 1998; Peucker-Ehrenbrink and Ravizza, 2000). The Os isotopic 

composition of seawater is derived from a balance of two primary inputs: (1) radiogenic 

Os from river water during weathering and subsequent continental runoff of upper 

continental crust (
187

Os/
188

Os ~1.4 Esser and Turekian, 1993; Peucker-Ehrenbrink and 

Jahn, 2001), and (2) nonradiogenic Os (
187

Os/
188

Os: 0.127) from the mantle via seafloor 

spreading and production of mid-ocean ridge basalts, flood basalt events, hydrothermal 

alteration of oceanic crust and from meteorite flux (Peucker-Ehrenbrink and Ravizza, 

2000; Schmitz et al., 2004). The relative contributions of these sources have varied 

significantly throughout geologic history leading to significant variations in the 

187
Os/

188
Os of coeval seawater. The evolution of the Os isotopic composition of seawater 

over the Earth’s history can be reconstructed by measuring the 
187

Os/
188

Os of ORM 

throughout the geologic past, which reflects the 
187

Os/
188

Os composition of seawater at 

the time their respective sediments were deposited. Inferences can then be made about the 

degree of continental weathering (Ravizza et al., 2001; Schmitz et al., 2004), seafloor 

spreading rates, the eruption of flood basalts (Cohen and Coe, 2002; Ravizza and 

Peucker-Ehrenbrink, 2003; Turgeon and Creaser, 2008) as well as the timing and size of 

meteorite impacts (Paquay et al., 2008). The variable redox speciations of Re and Os also 

makes these elements potentially useful in understanding seawater redox conditions in 
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the geologic past, especially during significant redox changes such as during Oceanic 

Anoxic Events (OAEs) (Morford and Emerson, 1999; Hannah et al., 2004; Kendall et al., 

2009; Jenkyns, 2010).  

Oceanic Anoxic Events have widely been accepted as episodes of widespread marine 

anoxia during which large amounts of organic carbon were buried on the ocean floor 

under oxygen deficient bottom waters (Schlanger and Jenkyns, 1976; Schlanger et al., 

1987). Oceanic Anoxic Event 2 (OAE2) occurred at the Cenomanian-Turonian boundary 

(93.9 Ma) and is the most widespread and best defined OAE of the mid-Cretaceous 

(Turgeon and Creaser, 2008; Eldrett et al., 2014; Eldrett et al., 2015b). The OAE2 is 

generally recognized by a 2 to 4‰ positive excursion in the δ
13

C of organic matter 

interpreted to record extensive periods of enhanced organic carbon burial under global 

anoxic greenhouse conditions, represented worldwide by sections containing organic-rich 

marine sedimentary rocks (Jenkyns, 1980; Schlanger et al., 1987; ). The OAE2 is 

globally correlated to the Livello Bonarelli in Italy (Jenkyns, 1985), the Portland #1 core 

near Pueblo, Colorado (Western Interior Seaway) (Kennedy et al., 2000), the Wunstorf 

core in Germany (NW European Pelagic shelf) (Voigt et al., 2008), the Vocontian Basin, 

SE France (Western Tethys) (Grosheny et al., 2006; Jarvis et al., 2011) and DSDP Site 

530 (proto-South Atlantic) (Forster et al., 2008).  Recently, a diachroneity has emerged 

between the deposition of organic-rich sediment and the δ
13

C, with evidence in the Eagle 

Ford Group, Texas, USA (southern gateway of the Cretaceous Western Interior Seaway) 

for widespread and persistent oxygenation during OAE2 (Eldrett et al., 2014; Eldrett et 

al., 2015a).  
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The actual trigger mechanism, corresponding to the onset of global anoxia and increased 

carbon sequestration has not been clearly identified. The processes thought to play a role 

include (1) increased land and sea surface temperatures; (2) an accelerated hydrological 

cycle, sea level rise and changes in ocean circulation (Erbacher et al., 2001); (3) abrupt 

episodes of enhanced volcanism and emplacement of large igneous provinces (LIPs) 

which release large quantities of CO2 into the atmosphere and hydrothermal iron into the 

oceans enhancing primary productivity (Orth et al., 1993; Snow et al., 2005; Turgeon and 

Creaser, 2008; Adams et al., 2010; Du Vivier et al., 2014; Eldrett et al., 2014; Eldrett et 

al., 2015a); and (4) an extraterrestrial impact (Orth et al., 1988; Orth et al., 1993). 

Turgeon and Creaser (2008) reported an abrupt increase in the abundance of Os coupled 

with a negative 
187

Os/
188

Os excursion in two sections just prior to the δ
13

C defining the 

onset of OAE2. In Furlo, Italy, Os abundance increases by greater than 10 ppb within 40 

cm (Turgeon and Creaser, 2008). Du Vivier et al. (2014) observed the same trend in 

additional sections containing OAE2, although many were recognized to contain 

unconformities with uncertain age models. In all sections, the profile shows radiogenic 

187
Os/

188
Os trends from 0.6 – 1.0 values leading up to OAE2. This is followed by an 

abrupt unradiogenic 
187

Os/
188

Os trend to 0.13 to 0.16 at the onset of OAE2. An 

unradiogenic interval occurs during the first part of OAE2 followed by a return to 

radiogenic values of 0.4 to 1.1 toward the end of the event, near the Cenomanian-

Turonian boundary (Du Vivier et al., 2014). Two-component mixing calculations are 

consistent with over 97% of the total Os content in seawater at the base of OAE2 being 

unradiogenic with 
187

Os/
188

Os = 0.127. This is a 30 – 50 fold increase relative to pre-
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OAE conditions (Turgeon and Creaser, 2008). These data indicate a relative higher input 

of unradiogenic Os to contemporaneous seawater. Sources of the unradiogenic Os were 

likely a result of large scale magmatic activity. Contemporaenous volcanism associated 

with large igneous provinces, such as the Caribbean Large Igneous Province (CLIP) or 

High Arctic Large Igneous Province (HALIP) are probably sources (Snow et al., 2005; 

Tegner et al., 2011). However, an extraterrestrial source of such large quantities of 

unradiogenic Os cannot be ruled out.  

In contrast to Re and Os, few studies have investigated the concentrations of other PGE 

including Ir, Ru, Pt, and Pd, in marine organic-rich sediments (Orth et al., 1988; Colodner 

et al., 1992; Ravizza and Pyle, 1997; Ravizza, 1998; Peucker-Ehrenbrink and Hannigan, 

2000; Jaffe et al., 2002; Baioumy et al., 2011; Qiu et al., 2015). These studies all 

document enrichment in Pt and Pd, but not Ir and superchondritic Os/Ir ratios in marine 

sediments enriched in organic matter. The positive correlation between Pt and Pd 

abundances and organic carbon content likely indicate that these elements are scavenged 

from sea-water and are hydrogenous in nature, similar to Re and Os (Baioumy et al., 

2011).  However, Ir abundances do not significantly differ from continental crust values, 

indicating that the majority of Ir in marine organic-rich sediments is associated with the 

inorganic, detrital fractions rather than the organic fraction (Baioumy et al., 2011).  

Orth et al. (1988) reported two closely spaced Ir abundance peaks (110 ppt over 

background of 17 ppt) just below the Cenomanian-Turonian boundary in the upper 

Cenomanian marine sequence near Pueblo, Colorado and speculated an extraterrestrial 

source. Iridium abundance peaks at this interval have since been measured in 28 sites 
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around the world (Orth et al., 1993). In the Cretaceous Western Interior Seaway, the 

double peak pattern observed in the Pueblo, Colorado section (Orth et al., 1988) is only 

present south of Colorado, whereas sections to the north only exhibit a single Ir peak 

(Orth et al., 1993). Orth et al. (1993) suggested the lack of a second peak in the northern 

sections were the result of the source of Ir being far to the south in northward migrating 

water masses and the two distinct abundance pulses might not have reached the northern 

half of the seaway. Elemental abundance patterns within this interval closely resemble 

those of Mid-Atlantic Ridge basalt or tholeiitic lavas (Orth et al., 1993), and not 

carbonaceous chondrite. However, linking elemental abundance patterns in water-

column-derived sediments to possible sources could prove problematic if the mud rocks 

do not contain preserved impact ejecta, as the enrichment mechanisms and geochemical 

behavior of PGEs in the aquatic environment is likely strongly different than from 

dispersal during large impacts.  

In order to better understand the geochemical behavior of the PGEs in the marine 

environment and to describe the spatial and temporal variability of these enrichments 

prior to and during OAE2, this study presents high-resolution Re, PGE, and Os isotopic 

stratigraphy across OAE2 in the Shell Iona-1 core. This core was sampled within a 

section representing the southern gateway of the Cretaceous Western Interior Seaway 

near the margin of the Gulf of Mexico. The Iona-1 core was selected as recent work by 

Eldrett et al. (2014) provides high-resolution chronostratigraphy, δ
13

C, and trace element 

geochemical data across a ~60 m interval representing ~3 m.y. of depositional history, 

spanning the entire OAE2 and the Cenomanian-Turonian boundary. This core provides 
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the opportunity to measure Re and PGEs in pre-OAE2 anoxic environments as well as 

OAE2 oxic environments. The results from Eldrett et al. (2014, 2015b) provide a 

framework for comparing the data presented here.  

3.2. GEOLOGIC SETTING 

During the Early Mesozoic, extensional rifting and sea-floor spreading associated with 

the opening of the Gulf of Mexico led to the development of predominant structural and 

geologic features of south Texas (Pindell et al., 1988; Salvador, 1991; Montgomery et al., 

2002). Following rift-related tectonism, regional subsidence caused by cooling of the 

basement rocks in the Early Cretaceous increased accommodation and promoted 

carbonate deposition along low-relief coastal areas during cyclic transgressive flooding 

leading to the development of a shallow-marine carbonate shelf complex (Montgomery et 

al., 2002; Almon and Cohen, 2008). In response to sea-level transgression and regression, 

a series of individual carbonate platforms separated by deeper water facies developed 

during the Cretaceous Period characterized by a series of stacked, prograding carbonate 

platform-separated by back-stepping, transgressive organic-rich deposits (Scott, 1993; 

Yurewicz et al., 1993). In the northern Gulf Coast region, these platforms were 

amalgamated into a single platform called the Comanche Shelf (Montgomery et al., 

2002). The Pine Island and Bexar Members of the Pearsall Formation, the Del Rio 

Formation, and the Eagle Ford Formation each represent periods of primarily organic-

rich deposition during marine transgression during the Late Aptian, Cenomanian, and 

Cenomanian-Turonian, respectively (Scott, 1993; Fritz et al., 2000; Harbor, 2011). The 

thickest of these transgressive deposits is the Cenomanian-Turonian Eagle Ford Group. 
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The Eagle Ford Group of south Texas is a mixed siliciclastic and carbonate 

unconventional resource play deposited in the southern gateway of the Cretaceous 

Western Interior Seaway near the margin of the Gulf of Mexico and represents one of the 

largest active unconventional reservoirs in the world (Figure 3.1) (Donovan and Staerker, 

2010; Hentz and Ruppel, 2010). It is regionally extensive and extends 640 km from the 

Rio Grande embayment, near the Texas-Mexico border, to the East Texas Basin (Figure 

3.2). Regional well-log correlations indicate that thickness varies from less than 12 m to 

over 120 m, with thickness and lateral facies distribution of the Eagle Ford Group 

controlled by pre-existing carbonate platform buildup and structural features such as the 

San Marcos Arch (an extension of the Llano Uplift), in addition to intra-shelf basins 

formed during syn-depositional subsidence during tectonic activity associated with the 

Rio Grande Rift such as the Maverick and East Texas Basins (Figure 3.2) (Rose, 1972; 

Donovan and Staerker, 2010; McGarity, 2013).  

Uplift coupled with eustatic regression produced exposure of the shelf edge and the 

underlying Buda Limestone throughout much of south Texas creating one of the major 

unconformities in the Gulf of Mexico Mesozoic record (Galloway, 2008; Denne et al., 

2014). This unconformity represents a shift from broad, reef-rimmed carbonate platforms 

to a ramp profile with alluvial, deltaic, and coastal depositional systems (Galloway, 2008; 

Phelps et al., 2015). Following this regression, a major eustatic transgression and back-

stepping of the Comanche Shelf shifted sedimentation from the shelf margin toward 

intrashelf depocenters and led to the deposition of the Eagle Ford Group (Galloway, 

2008; Phelps et al., 2015). The initial sedimentation of the Cenomanian lower Eagle Ford 
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are organic-rich marls containing abundant planktonic foraminfera and calcareous 

nanofossils with rhythmically interbedded limestone and abundant thin bentonites (Denne 

et al., 2014; Lowery et al., 2014; Corbett et al., 2014; Eldrett et al., 2015a). The upper 

Eagle Ford is retrogradational in nature and is interpreted as a transgressive unit 

(Donovan and Staerker, 2010). The Cenomanian-Turonian upper Eagle Ford is 

characterized by reduced amounts of organic matter and bentonites, and an increase in 

carbonate content and is interpreted as a regressive member deposited during sea-level 

highstand (Donovan and Staerker, 2010; Hentz and Ruppel, 2010). In the subsurface, the 

contact between the lower and upper Eagle Ford is marked by a decrease in gamma-ray 

values (thorium and uranium) (Donovan and Staerker, 2010). This contact was initially 

thought to coincide with the Cenomanian-Turonian boundary, however, this boundary 

has since been placed within the upper Eagle Ford (Eldrett et al., 2014; Eldrett et al., 

2015b).  
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Figure 3.1: Paleogeography of western North America during the Late Cenomanian. Yellow star indicates the location 

of the Iona-1 core used in this study. KWIS: Cretaceous Western Interior Seaway. Figure modified after Eldrett et al. 

(2014) after Ron Blakey and Colorado Plateau Geosystems, Inc. 
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Figure 3.2: Regional extent of the Eagle Ford Group. 
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The Cretaceous Period Greenhouse was characterized by marine transgressive and 

regressive cycles of much lower magnitude than the Late Cenozoic Icehouse conditions. 

The most significant transgressive events occurred during the Albian, Cenomanian-

Turonian, and the Early Coniacian-Late Santonian and correspond to global phases of 

bottom-water anoxia (Phelps et al., 2015). Periods of global bottom-water anoxia are 

termed oceanic anoxic events (OAEs; Schlanger and Jenkyns, 1976), and are 

characterized by wide-spread deposition of organic-rich fine-grained sediment and 

abrupt, globally recognized positive δ
13

C excursions (see review in Jenkyns, 2010). 

The Cenomanian-Turonian OAE2 in the Eagle Ford Group is characterized by a 

significant positive δ
13

C excurstion of up to 4‰ representing the onset of massive 

organic carbon burial during a period of dramatic global change that includes widespread 

global anoxia and the deposition of organic-rich mud rocks (ORM) (Jenkyns, 2010; 

Eldrett et al., 2014). The OAE2 is globally correlated to the Livello Bonarelli in Italy 

(Jenkyns, 1985), the Portland #1 core near Pueblo, Colorado (Western Interior Seaway) 

(Kennedy et al., 2000), the Wunstorf core in Germany (NW European Pelagic shelf) 

(Voigt et al., 2008), the Vocontian Basin, SE France (Western Tethys) (Grosheny et al., 

2006; Jarvis et al., 2011) and DSDP Site 530 (proto-South Atlantic) (Forster et al., 2008). 

Recently, a diachroneity has emerged between the deposition of organic-rich sediment 

and the carbon isotope excursion, with evidence in the Eagle Ford for widespread and 

persistent oxygenation during OAE2, suggesting a much more complex carbon cycle 

during these globally correlated events (Eldrett et al., 2014).  
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The diachroneity observed in the Eagle Ford coupled with high-resolution 

chronostratigraphy by Eldrett et al. (2014, 2015b) makes the Eagle Ford Group a prime 

target for high-resolution Re and PGE chemostratigraphy in order to better understand the 

geochemical behavior of the PGEs in the marine environment in addition to attempt to 

understand the spatial and temporal variability of these enrichments prior to and during 

OAE2.  

3.3. SAMPLING AND ANALYTICAL PROCEDURES 

3.3.1. Sampling 

Samples used in this study were taken from the Iona-1 research core that was drilled in 

west Texas by Shell International Exploration and Production in 2011 (Figure 3.2). The 

Iona-1 core contains a complete record of the Eagle Ford Group Group, spanning the 

Early Cenomanian to Turonian, and contains organic-rich marls, limestones, and 

bentonites deposited on the north edge of the Maverick Basin, a distal sediment-starved 

intrashelf basin, in water depths of ~50 – 200 m (Figures 3.1-3.3) (Eldrett et al., 2014). 

Core plugs were taken from organic-rich marls of the Cenomanian Lower Eagle 
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Figure 3.3: A) Lithostratigraphy of the Iona-1 core showing the relative 

location of the Eagle Ford Gp. and the inter-bedding of limestone and 

marlstone. B) Organic carbon isotope data (δ
13

C). OAE2: oceanic anoxic 

event 2. Figure modified after Eldrett et al. (2014). 
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Ford at closely spaced intervals (0.65 to 4.48 m) across a ~60 m interval spanning OAE2, 

representing ~4 Myr of deposition. Work by Eldrett et al. (2015b) provides a robust 

chronostratigraphic framework thus allowing accurate age determination for each sample 

(Tables 3.1 & 3.2).  

The entire outer surface of the core plugs were sanded with silicon carbide to remove any 

drill markings and possible metal contamination that could have been obtained during 

coring, cleaned with ethanol, and left to air dry. A 20 g aliquot of each plug, representing 

a stratigraphic interval of 1 – 2 cm, was then broken into chips and powdered using a 

mortar and pestle. Although the actual amount of powder used for each analysis is 0.4 g, 

the larger aliquots of powdered sample negate the effects of Re and PGE heterogeneity 

within a sample (Kendall et al., 2009).  

3.3.2. Os Analytical Procedures 

Approximately 0.4 g of powdered sample was weighed and transferred to a thick-walled, 

internally cleaned, quartz glass Carius tube along with a known amount of a mixed spike 

(
190

Os, 
191

Ir, 
194

Pt, and 
185

Re) and 9 mL of inverse aqua regia solution (1:2 12N HCL: 

13N HNO3). The Carius tubes were sealed, and sample and spike were digested at 240°C 

for 48 hours. Digestion dissolves sample powder and oxidizes sample Os to the OsO4
-
 

species. Following digestion the Carius tubes were frozen, opened, then thawed, and Os 

was isolated from the inverse aqua regia solution using CHCl3 solvent extraction at room 

temperature (Cohen and Waters, 1996), back extracted into 9N HBr and further purified 

via micro-distillation (Birck et al., 1997). The isolated Os was then loaded onto ultra-pure 

(>99.99%) Pt filaments and coated with a Ba(OH)2 activator solution. 
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The Os isotopic compositions were determined by isotope-dilution-negative-thermal- 

ionization mass spectrometry (ID-NTIMS) on a ThermoElectron TRITON Plus thermal- 

ionization mass spectrometery (TIMS) at the University of Houston (Creaser et al., 1991; 

Volkening et al., 1991). Osmium was measured as OsO3
- 
via ion-counting using a 

secondary electron multiplier in peak-hopping mode.  

Measured isotopic ratios were spike stripped, corrected for isobaric oxygen interference, 

instrumental mass fractionation (
192

Os/
188

Os=3.08761), and procedural blank 

contributions. Uncertainties were obtained through the error propagation of uncertainties 

in blank abundance and isotopic composition, spike abundance values, mass spectrometry 

measurements of Os, and the reproducibility of the Os isotopic values of the standard. 

Average procedural blank was 0.60 ± 0.56 pg/g for Os with a 
187

Os/
188

Os = 0.16 ± 0.02 

(2σ, n=18). 

Repeat measurements of an Os standard were performed throughout the four year 

analytical campaign. The Os standard (University of Maryland, Brandon et al., 1999) 

yielded a 
187

Os/
188

Os ratio of 0.11385 ± 0.00026 (2σ, n=18) for 500 pg loads using a 

secondary electron multiplier and is, within uncertainty, identical to that reported by 

Brandon et al. (1999).  

The (
187

Os/
188

Os)i values used in this study were calculated using the measured Re-Os 

data, the 
187

Re decay constant of  λ=1.666 x 10
-11

a
-1

 (Smoliar et al., 1996), and the 

stratigraphic ages from robust chronostratigraphic framework (Eldrett et al., 2014).  
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3.3.3. Rhenium and Platinum Group Element Analytical Procedures 

Following extraction of Os from the aqua regia solutions, the residual solution 

containing Ir, Pt, and Re, was taken to dryness at ~70°C in internally cleansed Savillex 

PTFE beakers and brought back up in 3 mL of 12N HCl and taken back to dryness. This 

procedure was repeated two more times to ensure complete conversion of ions to the 

chloride species in preparation for cation exchange columns. Bio-rad cation exchange 

columns were prepared with 1.6 mL of Bio-Rad AG50X-8 100-200 mesh cation resin, 

then cleaned with successive rinses of 4N HF and 6N HCl and equilibrated with 0.15N 

HCl. Samples were re-dissolved in 2 mL of 0.15N HCl and passed through the cation 

columns. The major interfering cations were adsorbed onto the resin while Re and the 

PGEs passed through the column and were collected in PTFE beakers. Following 

collection of Re and the PGEs, interfering cations were flushed from the columns using 

successive rinses of 4N HF and 6N HCl. Cuts containing Re and PGEs were taken to 

dryness at ~80°C, then brought back up in 0.5 mL 0.15N HCl and passed through a 

second round of cation exchange columns and taken to dryness once again. The dried Re 

+ PGE cuts were then brought up in 1 mL of 13N HNO3, taken to dryness, then brought 

back up in 1 mL of 12N HCl and taken to dryness once more. This is done to dissolve 

any organic complexes that may be carrying interfering cations. The cation column 

procedure is then completed once more with the sample loaded onto the column in 0.5 

mL 0.15N HCl. Rhenium and PGE were then taken to dryness and brought up in 1 mL of 

0.25N HCl for analysis. 
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Analyses were performed by quadrupole ICP-MS using a Varian 810-MS at the 

University of Houston. Mass fractionation and instrumental drift were determined by 

applying sample/standard bracketing with a standard of natural isotopic composition and 

then applying this correction factor to the individual measurements. Over the course of 

this analytical campaign, reproducibility on 1 ppb of a mixed PGE standard of natural 

isotopic composition was better than 2% (2σ) for the isotopic ratios used for isotope 

dilution calculations (
185

Re/
187

Re: 0.37%; 
191

Ir/
193

Ir: 1.81%; 
194

Pt/
195

Pt: 0.58%). Signal 

intensities were corrected for interference from Hg on 
196

Pt and 
198

Pt, and Os on 
187

Re. 

The intensities of Mo, Rb, Y, Zr, Lu, and Hf were monitored in order to determine 

possible oxide interferences (LuO: 
191

Ir; HfO: 
193

Ir, 
194

Pt, 
195

Pt, 
196

Pt). Procedural blanks 

were 54 ± 17 pg for Ir, 149 ± 43 pg for Pt, and 2 ± 1 pg for Re (2σ, n=3).  

3.4. RESULTS 

3.4.1. Rhenium and Osmium Abundances 

The Re-Os abundances and isotopic compositions for Eagle Ford samples are presented 

in Table 3.1. All samples are enriched in Re (5 - 227 ppb) and Os (65 - 6017 ppt) 

compared to modern-day average continental crust (~1 ppb Re and 30-50 ppt Os; Esser 

and Turekian, 1993) and have typical Re abundances of ORM (Ravizza and Turekian, 

1989; Cohen et al., 1999; Creaser et al., 2002; Selby and Creaser, 2003; Hannah et al., 

2004; Kendall et al., 2004; Finlay et al., 2010; Rooney et al., 2010). The 
187

Re/
188

Os 

ratios range from 45 to 2937 and are positively correlated with 
187

Os/
188

Os ratios of 0.24 

to 5.52.  
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Pre-OAE2 values of Re are among the highest (117 – 227 ppb), while Os values are on 

the lower end of the range reported here (400 – 492 ppt). Across the onset of OAE2 there 

is an abrupt shift to very high values in the Os concentration. Just prior to OAE2, Os 

concentrations increase by by a factor of 12 to ~5.4 ppb within ~1.3 m of core (111.36 – 

110.01 m) (Figure 3.4). Pre-OAE2 Re abundances decrease leading up to OAE2 from 

161 ppb at the base of the section to 65 ppb at the start of OAE2 with the exception of the 

sample with high Os abundance (227 ppb Re) just prior to OAE2 (Figure 3.4).  

Within OAE2, two additional Os peaks are observed. The first occurs at 106.50 m, and 

the second at 103.54 m and have abundances of 2646 ppt and 1301 ppt, respectively 

(Figure 3.4). The same trend in Re abundances isn't observed. The measured 
187

Re/
188

Os 

ratio shows a decrease from the base of the section (~2742) leading up to OAE2 (~189) 

and is heavily controlled by the decreasing Re abundance within this interval (Figure 

3.4).  



 

Table 3.1: Rhenium-osmium isotopic data for organic-rich marls from the Eagle Ford Gp.. Uncertainties are reported as 

2σ.  
1 
Age (Ma) provided by detailed chronostratigraphy by Eldrett et al. (2015b). 

Sample Depth (m) 
Age 

(Ma)
1
 

187
Re 

188
Os 

± 
187

Os 
188

Os 
± Re (ppb) ± Os (ppt) ± 

187
Os 

188
Osi 

Core: Iona-1          

EFC-1 86.65 93.70 512.93 6.67 1.33 0.05 6.03 0.02 65.47 1.23 0.53 

EFC-20 90.83 93.94 947.08 12.31 2.13 0.03 53.02 0.20 340.40 2.97 0.65 

EFC-21 95.31 94.17 676.82 8.80 1.55 0.02 39.69 0.15 334.98 2.69 0.49 

EFC-2 98.08 94.31 630.18 8.19 1.47 0.01 29.09 0.11 261.45 1.55 0.48 

EFC-3 100.90 94.45 541.02 7.03 1.14 0.01 28.55 0.11 287.92 1.50 0.29 

EFC-23 102.63 94.54 157.76 2.05 0.40 0.00 16.52 0.06 522.44 2.18 0.15 

EFC-4 102.95 94.53 116.67 1.52 0.34 0.00 18.98 0.07 805.46 1.93 0.15 

EFC-24 103.54 94.54 151.08 1.96 0.37 0.00 39.53 0.15 1301.25 3.08 0.14 

EFC-25 104.44 94.58 83.63 1.09 0.28 0.00 20.43 0.08 1201.17 2.60 0.15 

EFC-5 104.83 94.62 116.71 1.52 0.38 0.00 17.75 0.07 757.19 1.63 0.20 

EFC-26 105.68 94.64 68.38 0.89 0.30 0.00 5.81 0.02 418.41 1.95 0.19 

EFC-6 106.45 94.68 109.98 1.43 0.34 0.00 51.87 0.19 2335.22 3.69 0.16 

EFC-27 106.50 94.72 74.43 0.97 0.28 0.00 40.07 0.15 2646.16 4.22 0.16 

EFC-7 107.17 94.75 45.13 0.59 0.24 0.00 10.50 0.04 1138.41 2.63 0.17 

EFC-8 108.77 94.82 216.25 2.81 0.55 0.00 65.48 0.24 1539.17 3.65 0.21 

EFC-29 110.01 94.88 189.87 2.47 0.46 0.00 227.28 0.84 6017.55 10.56 0.16 

EFC-10 111.36 94.96 1463.74 19.03 2.71 0.02 117.83 0.44 518.64 3.76 0.40 

EFC-31 113.42 95.08 2399.23 31.19 4.60 0.16 126.11 0.47 400.91 10.99 0.79 

EFC-11 114.50 95.14 2937.31 38.18 5.52 0.06 169.30 0.63 473.26 4.16 0.87 

EFC-12 116.79 95.25 2560.57 33.29 4.89 0.07 161.60 0.60 492.87 4.90 0.82 
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Table 3.2: Platinum and iridium abundance data for organic-rich marls from 

the Eagle Ford Gp.. Uncertainties are reported as 2σ.  
1 
Age (Ma) provided by 

detailed chronostratigraphy by Eldrett et al. (2015b). 

Sample Depth (m) 
Age 

(Ma)
1
 

Pt (ppb) ± Ir (ppt) ± 

Core: Iona-1     

EFC-1 86.65 93.70 1.46 0.01 12.39 0.22 

EFC-20 90.83 93.94 0.81 0.00 7.80 0.14 

EFC-21 95.31 94.17 1.03 0.01 7.46 0.14 

EFC-2 98.08 94.31 1.64 0.01 16.38 0.30 

EFC-3 100.9 94.45 1.20 0.01 8.17 0.15 

EFC-23 102.63 94.54 8.76 0.05 94.59 1.71 

EFC-4 102.95 94.53 6.26 0.04 83.33 1.51 

EFC-24 103.54 94.54 5.90 0.03 179.41 3.25 

EFC-25 104.44 94.58 2.94 0.02 90.11 1.63 

EFC-5 104.83 94.62 0.64 0.00 12.11 0.22 

EFC-26 105.68 94.64 1.47 0.01 11.18 0.20 

EFC-6 106.45 94.68 1.38 0.01 18.00 0.33 

EFC-27 106.50 94.72 1.23 0.01 20.44 0.37 

EFC-7 107.17 94.75 0.85 0.00 12.59 0.23 

EFC-8 108.77 94.82 0.91 0.01 9.78 0.18 

EFC-29 110.01 94.88 1.48 0.01 25.97 0.47 

EFC-10 111.36 94.96 1.20 0.01 21.81 0.39 

EFC-31 113.42 95.08 0.99 0.01 12.12 0.22 

EFC-11 114.50 95.14 1.24 0.01 44.00 0.80 

EFC-12 116.79 95.25 0.99 0.01 21.88 0.40 
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3.4.2. Platinum and Iridium Abundances 

Eagle Ford Group samples have Pt and Ir abundances of 0.64 – 8.76 ppb and 12 – 179 

ppt, respectively, and are similar to those reported for other marine ORM (Table 3.2) 

(Orth et al., 1988; Colodner et al., 1992; Ravizza and Pyle, 1997; Baioumy et al., 2011). 

Both Pt and Ir abundances vary minimally with depth with the exception of a 1.81 m 

interval within OAE2. Within this interval, Pt and Ir spikes of 8.75 and 179 ppt are 

observed (Figure 3.4). These spikes represent an increase in Pt and Ir of ~8 ppb (8X) and 

~170 ppt (22X) over background, respectively.  

3.4.3.
 
(

187
Os/

188
Os)i  Stratigraphy 

The (
187

Os/
188

Os)i profile for the Eagle Ford Group shows a highly variable trend. Highly 

radiogenic values occur prior to OAE2, non-radiogenic values during the lower portion of 

OAE2, then a recovery back to radiogenic values throughout the upper half and following 

OAE2 (Figure 3.4). Prior to OAE2, (
187

Os/
188

Os)i values of 0.79 – 0.86 are observed for 

the Iona-1 section. Just prior to and across the onset of OAE2, (
187

Os/
188

Os)i values show 

an abrupt decrease to 0.15. The (
187

Os/
188

Os)i values are consistently low throughout the 

lower portion of OAE2, with only minor variation (0.13 – 0.20) over this 7.4 m interval. 

Starting at 102.63 m, in the upper portion of OAE2, the (
187

Os/
188

Os)i begins to recover, 

reaching a more radiogenic value of 0.65 at 90.83 m (Figure 3.4). A similar trend is 

observed in other sections containing OAE2 (Turgeon and Creaser, 2008; Du Vivier et 

al., 2014), although these sections contain an unconformity at the base of OAE2 and 
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therefore lack the early part of the δ
13

C excursion contained in the Iona-1 section (Eldrett 

et al., 2015b). 

3.5. DISCUSSION 

3.5.1. Pre-OAE2 (
187

Os/
188

Os)i 

The 
187

Os/
188

Os of seawater at the southern gateway to the KWIS during the short 

interval (~170 kyr) leading up to OAE2 has a radiogenic composition of 0.79 – 0.86 

(Figure 3.4). This is less radiogenic than present day seawater (~1.06; Peucker-

Ehrenbrink and Ravizza, 2000) indicating the southern gateway to the WCIS received 

significantly lower relative contributions of crustal Os from 95.08 to 95.25 Ma than for 

the present-day ocean. Similar conditions existed throughout the Late Oligocene and 

much of the Miocene (Peucker-Ehrenbrink and Ravizza, 2012).  

Similar (
187

Os/
188

Os)i values are reported for sites within the KWIS, western Tethys and 

the proto-North Atlantic from the Demerara Rise prior to OAE2 (Figure 3.5) (Turgeon 

and Creaser, 2008; Du Vivier et al., 2014). All sites show a range of (
187

Os/
188

Os)i values 

from ~0.5 – 1.0, indicating that seawater was locally heterogeneous during this time. The 

local heterogeneity was likely controlled by the amount and 
187

Os/
188

Os composition of 

the fluxes of Os that was entering the individual basins (Du Vivier et al., 2014). The site 

reflecting the most radiogenic seawater during this interval is the Portland #1 Core on the 

western margin of the WCIS with (
187

Os/
188

Os)i values of 0.7 – 1.0 (Du Vivier et al., 

2014). Du Vivier et al. (2014) attributed the radiogenic Os isotopic composition to the 

influence 
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Figure 3.4: Elemental abundances and isotopic ratios with depth for the Iona-1 core. A) Organic carbon isotope data (δ
13

C) 

from Eldrett et al (2014). B) Osmium abundance (in parts-per-billion) and the calculated (
187

Os/
188

Os)i ratio. C) Rhenium (in 

parts-per-billion). D) Iridium (in parts-per-billion) and Platinum (in parts-per-billion). E) Calculated 
187

Re/
188

Os. Gray shaded 

area represents OAE2. Black dashed line = Cenomanian-Turonian boundary; C = Cenomanian; T = Turonian. Age (Ma) is 

determined from the detailed chronostratigraphy for the Iona-1 core provided by Eldrett et al. (2015b).  

1
7

0
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Figure 3.5: Organic carbon isotope data (δ
13

C) (light gray line) and (
187

Os/
188

Os)i (dark gray line) with depth. The depth scales 

are not correlated, however, the location of OAE2 (gray shaded area) and Cenomanian-Turonian boundary (black dashed line) as 

defined by each study are shown for correlation. C: Cenomanian, T: Turonian. (
187

Os/
188

Os)i ratios for the Iona-1 core in this 

study were calculated from the age of each individual sample. All other (
187

Os/
188

Os)i ratios are calculated using 93.90 Ma by Du 

Vivier et al., (2014). δ
13

C data from: Portland #1 core, Sageman et al. (2006); Site 1260, Forster et al. (2007); Wunstorf, Du 

Vivier et al. (2014); Vocontian, Jarvis et al. (2011); Furlo, Jenkyns et al. (2007); Site 530, Forster et al. (2008). Osmium data 

from: Du Vivier et al. (2014) and Turgeon and Creaser (2008). 

171
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of a radiogenic crustal component to seawater from the weathering of the Sevier 

Orogenic Belt and the Canadian Shield.  

The 
187

Os/
188

Os of seawater in the southern gateway to the KWIS, as inferred by the data 

presented here, is within the range reported by Du Vivier et al. (2014). However, values 

for the Eagle Ford Group do not reach such radiogenic values as those of the Portland #1 

core. Sites that were along the western margin of the WCIS generally contain a large 

contribution of clastics from erosion of the Sevier highlands (Orth et al., 1993). This is 

evident by the presence of several well-documented fluvio-deltaic clastic wedges in the 

KWIS, such as the Cenomanian Dunvegan Formation in Alberta, Canada, and the 

Turonian Mancos Shale Formation in central Utah (Bhattacharya and MacEachern, 

2009). Increased sedimentation along the western margin of the WCIS would provide a 

more radiogenic, crustal component to seawater than on the eastern or southern margins 

of the seaway. This would elevate the 
187

Os/
188

Os of seawater in these regions. In 

addition, if the shallow epeiric setting in portions of the WCIS became restricted from the 

global ocean, the radiogenic signal would dominate as the influence of local weathering 

inputs would be amplified (Du Vivier et al., 2014). In the Portland #1 core, a small 

depositional hiatus, and bone bed within the uppermost Hartland Shale suggests a minor 

relative sea-level fall may have occurred within the WCIS just prior to OAE2 (Elder et 

al., 1994; Gale et al., 2008). Thus the onset of sea-level rise associated with OAE2 may 

have been preceded by a relative sea-level fall that briefly reduced or inhibited the 

exchange of water masses within the KWIS. This would explain the variable 
187

Os/
188

Os 

of seawater within the KWIS and between other Cenomanian sections discussed here.  
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3.5.2. Pre-OAE2 Osmium Isotopic Excursion 

A negative 
187

Os/
188

Os excursion occurs just prior to the onset of OAE2 in the Eagle Ford 

Group. Starting ~95.08 Ma, the (
187

Os/
188

Os)i  displays an abrupt shift toward a non-

radiogenic value of 0.15. The minimum value of (
187

Os/
188

Os)i  at 94.88 Ma is coincident 

with the start of OAE2 (Figure 3.4). This represent a drastic shift of the Os isotopic 

composition of seawater over a ~200 kyr interval prior to the onset of OAE2 and reflects 

a predominance of non-radiogenic Os input to the WCIS at this time. The same trend is 

observed in the Portland #1 core, from sites in western Tethys and the proto-North 

Atlantic Ocean (Figure 3.5) (Turgeon and Creaser, 2008; Du Vivier et al., 2014). 

However, the progressive trend toward non-radiogenic 
187

Os/
188

Os values in other 

sections occurred over a ~155 kyr interval. This is likely due to the greater temporal 

resolution of Os data provided by Du Vivier et al. (2014), rather than an actual condensed 

time interval. This abrupt shift to non-radiogenic (
187

Os/
188

Os)i values prior to the onset 

of OAE2 requires a substantial source of non-radiogenic Os to the ocean. Using a simple 

two-component mixing equation assuming a chondritic 
187

Os/
188

Os value of 0.127 and an 

average continental crustal 
187

Os/
188

Os value of 1.4, ~98% of the total Os content in the 

Eagle Ford Group at this interval is non-radiogenic in origin. This is similar to a value of 

97% reported by Turgeon and Creaser (2008) for pre-OAE2 sites in the Bonarelli section 

in Furlo, Italy, and ODP Site 1260B in the Demerara Rise. This is in comparison to 43 – 

48% of total Os being non-radiogenic prior to the negative isotopic excursion, and ~27% 

for present-day oceans.  
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In sites from the WCIS, western Tethys, and the proto-North Atlantic Ocean, Du Vivier 

et al. (2014) reported a sudden and high increase in Os abundances (up to 10 ppb) 

coincident with the abrupt decrease in (
187

Os/
188

Os)i prior to OAE2. In the Eagle Ford 

Group, reported here, there is a decoupling of the negative (
187

Os/
188

Os)i excursion and 

the increase in Os abundance. The spike in Os abundance occurs ~200 kyr after the trend 

toward non-radiogenic
 
(

187
Os/

188
Os)i values, and is coincident with the minimum in 

(
187

Os/
188

Os)i and the onset of OAE2 (Figure 3.4). The delay between the negative 

isotopic excursion and increased Os abundance could represent the prolonged input of 

non-radiogenic Os to the oceans, however, more complex mechanisms may be involved 

and are discussed in more detail below. 

3.5.3. Osmium Isotope Systematics During OAE2 

The non-radiogenic 
187

Os/
188

Os values following the negative isotopic excursion prior to 

the onset of OAE2 persist throughout the lower half of the positive carbon isotopic 

excursion marking OAE2 (Figure 3.4). Within this 7.4 m section, representing ~360 kyr, 

there is minimal variation in the (
187

Os/
188

Os)i values (0.13 – 0.20). Starting at ~94.52 

Ma, seawater 
187

Os/
188

Os values returned to more radiogenic values of 0.48 – 0.52 over a 

4.6 m interval representing ~210 kyr. Seawater values returned to radiogenic values by 

~94.31 Ma and remained radiogenic throughout the remainder of OAE2 (Figure 3.4). 

This pattern is also observed in the Bonarelli section in Furlo, Italy, and sites within the 

KWIS, western Tethys and the proto-North Atlantic (Figure 3.5) (Turgeon and Creaser, 

2008; Du Vivier et al., 2014). This likely reflects prolonged input of non-radiogenic Os to 

the oceans before and during the early stages of OAE2. Here, the return of seawater to 
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radiogenic 
187

Os/
188

Os values starts at 94.52 Ma, ~360 kyr after the onset of OAE2 

(Figure 3.5). Du Vivier et al. (2014) report a return to radiogenic 
187

Os/
188

Os values to 

occur ~200 kyr after the onset of OAE2, however, Du Vivier et al. (2014) marks the 

onset of OAE2 to occur at 94.38 Ma. This study uses a value of 94.85 Ma based on 

detailed chronostratigraphic work by Eldrett et al. (2015b). When calibrated with the age 

selected for the onset of OAE2 by Du Vivier et al. (2014), the return to radiogenic 

187
Os/

188
Os values in this study occurs ~140 kyr after the onset of OAE2, similar to 

sections discussed by Du Vivier et al. (2014).  

Within the interval of low (
187

Os/
188

Os)i ,Turgeon and Creaser (2008) reported a double 

spike of Os enrichment in the Bonarelli section and in the Demerara Rise. The similar 

structure and magnitude of the double spikes at both sites led to the suggestion that these 

enrichments are primary in nature and record at least two major pulses of non-radiogenic 

Os to the oceans (Turgeon and Creaser, 2008).  

Within the Eagle Ford Group, three distinct peaks in Os abundance are observed (Figure 

3.4). These three peaks at 110.01 m (94.88 Ma), 106.50 m (94.72 Ma), and 103.54 m 

(94.54 Ma) correspond to enrichments in Os abundance of ~6.0 ppb, ~2.6 ppb, and ~1.3 

ppb, respectively over background values of <0.01 ppb. Separate peaks in Os abundance 

were not discussed by Du Vivier et al. (2014). Whereas separate distinct pulses of non-

radiogenic contribution to the ocean during this time may provide an explanation for the 

separate distinct peaks in Os abundance observed here, in the Bonarelli section, and in the 

Demerara Rise, this study provides a different causal mechanisms.  
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3.5.4. Sources and Timing of Non-radiogenic Osmium 

Possible sources of Os with low 
187

Os/
188

Os values are (1) an extraterrestrial source, such 

as a large bolide impact, or (2) mantle-derived Os provided via seafloor hydrothermal 

processes such as during enhanced spreading rates at mid-ocean ridges or during LIP 

magmatism. However, any physical signatures of large impacts, such as micro-spherules 

or shocked quartz have not been reported for OAE2 (Orth et al., 1993; Turgeon and 

Creaser, 2008). The supposed prolonged input of unradiogenic mantle-derived Os to the 

oceans is consistent with published data showing an increase in several mafic trace 

elements at the Bonarelli in Furlo and at site 1260B in the Demerara Rise (Turgeon and 

Creaser, 2008) and in the WCIS (Orth, 1988; Orth et al., 1993 Snow et al., 2005) and in 

the Iona-1 core studied here (Eldrett et al., 2014).  

Large igneous provinces form by the decompression melting of anomalously hot mantle 

above mantle plume heads, in a relatively short period of time (<2 – 3 Myr; Coffin and 

Eldholm, 1994; Torsvik and Burke, 2015). They therefore release mantle-like, non-

radiogenic Os to the oceans (
187

Os/
188

Os = 0.13; Cohen and Coe, 2002). Based on the 

timing of the 
187

Os/
188

Os excursion and OAE2, two potential sources of volcanism have 

been suggested: the Caribbean Large Igneous Province (CLIP) (Orth et al., 1993; Snow et 

al., 2005; Turgeon and Creaser, 2008; Du Vivier et al., 2014), and the High Arctic Large 

Igneous Province (HALIP) (Jowitt et al., 2014; Estrada and Henjes-Kunst, 2013). Due to 

the predominance of published data on the CLIP compared to the HALIP, further 

discussion will include CLIP magmatism as the source of Os. However, the HALIP has 

not been excluded as a possible source for these metal enrichments. 
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The CLIP represents the evidence for one of the largest eruptive event on Earth (Kerr et 

al., 1997). Portions of the CLIP are preserved mostly as the Caribbean plate and as 

extensive accreted terranes in Columbia (Kerr et al., 1997). It is generally accepted that 

the CLIP formed in the eastern Pacific, likely at the Galapagos hot-spot (Duncan and 

Hargraves, 1984; Kerr et al., 1997; Hoernle et al., 2004). Published 
40

Ar/
39

Ar ages 

determined that magmatism occurred from 95 to 69 Ma with the main pulse of flood-

basalt magmatism occurring 95 – 83 Ma with a second pulse occurring ~75 Ma (Kerr et 

al., 1997; Sinton and Duncan, 1997; Hoernle et al., 2002; Hoernle et al., 2004). The 

volume of lava erupted has been estimated at 4 X 10
6
 km

3
 yielding a mean eruption rate 

of 2 km
3
 a

-1 
(Kerr, 1998). The anomalous volcanism related to CLIP eruption is suggested 

to have been responsible for the environmental disturbances resulting in OAE2 and 

coincident disruption of the biosphere. This is suggested to have occurred through the 

emission of large quantities of CO2 into the atmosphere, leading to global warming. 

Additionally, the emission of SO2, H2S, and CO2 into the oceans would have acidified 

sea-water (Kerr, 1998). In addition, nutrient upwelling and increased CO2 in the 

atmosphere would have led to increased organic productivity and eventual burial as black 

shales, creating the positive carbon isotopic excursion which marks OAE2 (Kerr, 1998).  

The data presented here indicate that a large flux of non-radiogenic Os reached the 

southern gateway to the WCIS between 94.94 and 95.06 Ma. This is evident by the 

abrupt negative (
187

Os/
188

Os)i excursion that occurs starting between 113.42 and 111.36 

m in the Eagle Ford Group (Figure 3.4). This trend toward non-radiogenic Os occurs 

~240 – 360 kyr prior to the onset of OAE2 as defined by the Global Bounary Stratotype 
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Section and Point (GSSP). The negative (
187

Os/
188

Os)i excursion for other sites discussed 

here occurs ~200 kyr prior to OAE2; however unconformities in many of these sections 

could represent 60 – 100 Kyr of missing section (Figure 3.5) (Du Vivier et al., 2014). The 

large uncertainty in the timing of initiation of the (
187

Os/
188

Os)i excursion reported in this 

study is due to sampling resolution. However, the timing agrees with that seen in other 

sections coincident with OAE2 and with the timing of the main pulse of flood-basalt 

magmatism of the CLIP (95 – 83 Ma; Hoernle et al., 2004). This provides evidence that 

supports the influx of non-radiogenic Os observed in the marine record is a direct 

consequence of volcanism (Ravizza and Peucker-Ehrenbrink, 2003).  

Unlike other OAE2 sections, the Eagle Ford Group, as represented by the Iona-1 core, 

displays a delay of ~200 kyr between the onset of the negative (
187

Os/
188

Os)i excursion 

and the first peak in Os abundance observed at 110.01 m (94.88 Ma) near the onset of 

OAE2 (Figure 3.4). The first Os abundance peaks are coincident with the (
187

Os/
188

Os)i 

excursion in sections from sites within the KWIS, western Tethys and the proto-North 

Atlantic from the Demerara Rise prior to OAE2 (Turgeon and Creaser, 2008; Du Vivier 

et al., 2014). This delay in Os enrichment will be discussed in a later section. 

Following the decline in (
187

Os/
188

Os)i values prior to OAE2, values remain low from 

94.88 Ma to 94.52 Ma (~360 kyr) before returning to more radiogenic values (Figure 

3.5). This ~530 kyr period is also observed in other sections discussed here (after timing 

of OAE2 correction; Turgeon and Creaser, 2008; Du Vivier et al., 2014) and potentially 

represents the period of volcanism with cessation by 94.52 Ma. Following implied 
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cessation of volcanism, 
187

Os/
188

Os values of seawater return to more radiogenic values 

in all sections.  

3.5.5 Platinum-Iridium Anomaly 

There is a marked positive anomaly in Pt and Ir within OAE2 in the Eagle Ford Group. 

This anomaly marks an 8 and 22 fold increase in Pt and Ir of ~8 ppb and ~170 ppt over 

background, respectively and is decoupled from the large Os abundance peaks (Figure 

3.4). This Ir anomaly was first observed by Orth et al. (1988) in the Cenomanian-

Turonian boundary interval in marine rocks in the KWIS near Pueblo, Colorado. It was 

then expanded to 16 other sites within the KWIS and one site in south-central Columbia 

(Orth et al., 1993). Orth et al. (1993) also reported very weak or complete lack of an Ir 

peak in sections from England, Poland, Germany, and in the Atlantic and Pacific oceans. 

The source of the enriched elements was likely located in or near the proto-Caribbean / 

Gulf of Mexico due to a general decline in the relative intensity of the Ir peak away from 

this location (Orth et al., 1993). As with the enrichment of Os, the proposed mechanisms 

for the Ir enrichment are (1) large extraterrestrial impact, (2) increased circulation of 

deep, metal-rich water associated with the Late Cenomanian-Turonian eustatic sea-level 

rise, and (3) intense pulses of spreading center or hot-spot activity in the Late 

Cenomanian, such as eruption of the CLIP (Orth et al., 1993).  

The solution chemistry of Pt has been extensively studied (Mountain and Wood, 1988; 

Kump and Byrne, 1989; Wood, 1990; Wood, 1991; Gammons, 1996; Byrne and Yao, 

2000; Cosden et al., 2003). The predominant oxidation states for Pt in seawater are Pt
II 

and Pt
IV

 (Gammons, 1996) forming predominant inorganic forms in seawater of PtCl4
2-
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and PtCl5OH
2-

, respectively (Byrne and Yao, 2000). PtCl5OH
2-

 is more abundant than 

PtCl4
2-

 throughout the normal pH range of seawater (Gammons, 1996).  

Values of dissolved Pt have been reported for the Pacific (Goldberg et al., 1986), Atlantic 

(Colodner et al., 1993) and Indian oceans (Jacinto and van den Berg, 1989), with 

concentrations ranging from 0.2 to 1.6pM. In the Atlantic Ocean, Pt concentrations were 

invariant with depth (Colodner et al., 1993). However, a scavenged-type profile, with Pt 

depleted at depth, was observed in the Indian Ocean (Jacinto and van den Berg, 1989).  

Platinum is markedly enriched in ferro-manganese nodules over palladium compared to 

their seawater values (Hodge et al., 1986). The platinum content of marine sediments are 

strongly governed by the their manganese concentrations (Goldberg et al., 1986). A 

similar relationship is observed in Co and Ni in marine sediments which are known to be 

redox-sensitive elements primarily hosted in ferro-manganese minerals (Goldberg, 1962).  

Because Pt is enriched in ferro-manganese nodules, and because of the stability of Pt
IV

 in 

sea-water, it is suggested that Pt is subjected to oxidative removal from sea-water and 

oxidized during mineral formation from Pt
II
 to Pt

IV 
(Hodge et al., 1985; Hodge et al., 

1986; Jacinto and van den Berg, 1989). This mechanism may result in platinum being 

accumulated in oxic sediments within the marine environment (Hodge et al., 1986).  

Further insight into the oxidative behavior of Pt was gained from the analysis of samples 

taken from various depths from the MANOP site H. in the Guatemala Basin. Site H. is a 

relatively shallow abyssal area (~3600 m) underlying highly productive surface waters 

(Kadko and Heath, 1984; Dymond et al., 1984). A high rain rate of organic matter 
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provides a vigorous benthic macrofaunal community, however, rapid degradation of this 

organic matter results in the total consumption of oxygen within the upper 4 cm of 

sediment (Kadko and Heath, 1984). Ferro-manganese minerals from the top of Site H. 

have typical Pt concentrations of ~157 ppb, whereas the bottom sites have unusually low 

concentrations of <1 ppb (Goldberg et al.,. 1986). The uptake of Pt in sediment in the 

bottom of Site H. was limited by the lack of available oxygen (Dymond et al., 1984; 

Goldberg et al., 1986). The uptake of Co in this same section follows that of Pt, while Ni 

abundances were the lowest in the sediments from the top of Site H (Goldberg et al., 

1986). In addition, there was a lack of correlation between Pt abundance and TOC, 

further supporting an oxidative uptake of Pt (Goldberg et al., 1986). This is in clear 

contrast with the reductive enrichment observed by Re and Os and their subsequent 

enrichment in ORM.  

Iridium also shows a marked enrichment in manganese nodules compared to deep-sea 

sediments (Crocket et al., 1973; Hodge et al., 1986). In seawater, the species of Ir are 

most likely to be oxy-hydroxy and chloro complex ion forms (Fergusson, 1992). The 

concentration of Ir in the oceans is fairly uniform, averaging 3.9 X10
8 
atoms kg

-1
 (Anbar 

et al., 1996). Measured Ir concentrations in anoxic marine waters are four times those in  

overlying O2-saturated waters, indicating that Ir is not rapidly removed into sediments 

under anoxic conditions (Anbar et al., 1996). This is consistent with the lack of 

enrichment of Ir in anoxic marine sediments (Colodner et al., 1992). In addition, sorption 

and desorption experiments in bulk coastal sediments when compared to sediments after 

the removal of sulfides and organic matter showed no difference in the sorption and 
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desorption distribution coefficients, which indicates that these phases are not significant 

hosts for Ir (Dai et al., 2000).  

These studies show a clear contrast in the enrichment mechanisms between Re-Os and 

Pt-Ir. Rhenium and Os are redox-sensitive and organophile in nature, and are thought to 

be sequestered by organisms at, or below the sediment-water interface in both marine and 

lacustrine basins under suboxic, anoxic or euxinic conditions and are thus hydrogenous in 

nature and become enriched in marine ORM under these conditions (Koide, 1991; 

Colodner et al., 1993; Crusius et al., 1996; Morford et al., 2009; Cumming et al., 2012). 

Platinum and Ir are enriched in oxic sediments during ion exchange reactions and 

subsequent precipitation from the water column or out of the interstitial waters of sea-

floor sediments (Goldberg, 1962; Crocket et al., 1973; Hodge et al., 1986; Goldberg et 

al.,. 1986; Jacinto and van den Berg, 1989; Fergusson, 1992; Colodner et al., 1992; Anbar 

et al., 1996). Thus their decoupled enrichment in the strata of the Eagle Ford Group 

requires variable redox conditions within the water column across OAE2. 

3.5.6 Variable Redox across OAE2 

The decoupling of the Re-Os and Pt-Ir peaks observed in the Eagle Ford Group before 

and during OAE2, combined with the previous discussion of the behavior of these 

elements in the water column, requires changing redox conditions across OAE2. In the 

interval leading up to OAE2, enrichment in redox-sensitive trace metals (particularly Mo) 

in addition to the general lack of benthic foraminifera and the occurrence of laminated 

organic-rich marls indicate anoxic bottom-water conditions at the southern gateway to the 

KWIS in the Iona-1 core (Figure 3.6) (Eldrett et al., 2014).  
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Rhenium and Os are both redox-sensitive elements and are concentrated in reducing 

sediments (Ravizza et al., 1991). Osmium is scavenged from seawater over a wide range 

of Eh and pH conditions and first enters oxic sediment as Os
IV

, and is then converted to 

Os
III

 after further reduction during possible organic complexation (Yamashita et al., 

2007). This results in Os being sequestered and/or adsorbed to a variety of phases under a 

variety of redox conditions. In contrast, high concentrations in recent and ancient 

reducing sediment and strata coupled with experimental studies show that Re is readily 

drawn from seawater and fixed in sediment only under reducing conditions (Ravizza et 

al., 1991; Yamashita et al., 2007; Georgiev et al., 2011). Enrichment of Re over Os 

therefore requires highly reducing environments. The 
187

Re/
188

Os ratios for the pre-OAE2 

interval, presented here, range from ~1463 to ~2937 (Table 3.1, Figures 3.4 & 3.6). 

Published 
187

Re/
188

Os ratios for nearly all shales are less than 2000, with greater than 

90% of 
187

Re/
188

Os values less than 1000 (Georgiev et al., 2011). In exception, Upper 

Permian black shales from Poland have very high 
187

Re/
188

Os ratios of up to 5,311 

(Pasava et al., 2010). Yang et al. (2004) also reported exceptionally high 
187

Re/
188

Os 

ratios of up to 6,114 in Upper Permian Mo-rich black shales of the Laoyaling, Anhui 

Province, China. The extremely high 
187

Re/
188

Os ratios presented here support anoxic 

bottom-water conditions during this pre-OAE2 interval (Figures 3.4 & 3.6).  

The decline in 
187

Re/
188

Os reported here (from 114.50 m to 107.17 m) tracks the fall in 

redox-sensitive trace metal concentrations observed by Eldrett et al. (2014) (Figure 3.6). 

The 
187

Re/
188

Os values reach a minimum of ~45 at 107.17 m, coincident with the 

minimum in trace metal enrichment (Figure 3.6). The decline in trace metal enrichment 
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coupled with the coeval sharp increase in bioturbation, the appearance of diverse and 

abundant benthic foraminifera, and a drop in the TOC of coeval strata indicates a 

transition to mostly oxic-suboxic bottom-water conditions within a more open 

oceanographic regime by ~94.75 Ma, coincident with the start of OAE2 (Figure 3.6) 

(Eldrett et al., 2014).  

Between depths of 107.17 and 102.63 m, 
187

Re/
188

Os values remain low, with only minor 

variations (Figures 3.4 & 3.6). This likely reflects that oxic-suboxic bottom-water 

conditions persisted throughout this interval (94.75 – 94.52 Ma). Low abundances of 

redox-sensitive trace metals within this interval support the persistence of  oxic-suboxic 

bottom-water conditions (Eldrett et al., 2014). Within this oxygenated regime, episodes 

of intermittent anoxia returned, reflected by periodic trace metal enrichments and a return 

to organic-rich laminated strata (Eldrett et al., 2014). Starting ~94.52 Ma, a gradual 

increase in the 
187

Re/
188

Os ratio indicates slightly less oxic conditions returned (Figure 

3.6). 



 

Figure 3.6: Various geochemical data with depth for the Iona-1 core. A) Organic carbon isotope data (δ
13

C) from Eldrett 

et al (2014). B) Osmium abundance (in parts-per-billion) (black line) and the calculated (
187

Os/
188

Os)i ratio (gray line). C) 

Iridium (in parts-per-billion) (orange) and Platinum (in parts-per-billion) (blue). D) Calculated 
187

Re/
188

Os ratio. E) Trace 

metal enrichment factor (trace metal abundance normalized to zirconium) of V (black), Mo (blue), and U (green) from 

Eldrett et al. (2014). F) Mafic trace metal enrichment factor (mafic trace metals normalized to zirconium) of Co (red), Cu 

(yellow), Sc (blue), and Cr (purple) from Eldrett et al. (2014). Light gray shaded area represents OAE2. BOZ: benthic 

oxic zone as described by Eldrett et al. (2014). Age (Ma) is determined from the detailed chronostratigraphy for the Iona-

1 core provided by Eldrett et al. (2015b).  
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The same transition from pre-OAE2 anoxia followed by syn-OAE2 oxic-suboxic bottom-

water conditions were observed in the Portland #1 core (Eldrett et al., 2014) and the 

Manitoba Escarpment (Schroder-Adams et al., 2001) both from the KWIS, and in the 

southern Tethys (Tsikos et al., 2004; Kolonic et al., 2005; Keller et al., 2009; Trabucho 

Alexandre et al., 2010; Vahrenkamp, 2013). Anoxia was thus persistent and widespread 

prior to OAE2, with variable redox conditions prevailing during the “anoxic” event. 

3.5.7. Mafic Trace Metal Enrichment 

Within the oxic interval of OAE2 in the Eagle Ford Group and the Portland #1 core, 

Eldrett et al. (2014) reported anomalous enrichment of mafic trace metals, such as 

scandium, cobalt, chromium, and copper.  This enrichment in mafic trace metals is 

coincident with the enrichment in Pt and Ir reported here (Figure 3.6) and with those 

reported by Orth et al. (1993). Analysis of elemental abundance ratios within the 

anomalies closely resemble those of Mid-Atlantic Ridge basalt of Hawaiian tholeiite and 

not those of chondrite (Orth et al., 1993). The most agreed upon source of these mafic 

trace metals is via the hydrothermal alteration of basalts that was enhanced during the 

emplacement of a large igneous province (Orth et al., 1993; Snow et al., 2005; Eldrett et 

al., 2014).  

Eldrett et al. (2014) suggest that due to the coincidence of the mafic trace metal 

enrichment with the inception of boreal dinocysts in the Eagle Ford Group, the trace 

metals were likely sourced by the HALIP and transported to the KWIS via the southward 

flow of boreal waters. In addition, the trace metal anomaly occurs ~70 kyr earlier in the 

Portland #1 core, suggesting a more northerly source of these metals (Eldrett et al., 2014). 
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However, Orth et al. (1993) suggest that the source was located in or near the proto-

Caribbean / Gulf of Mexico region, due to the distribution and decreased relative 

magnitude of the anomalies trending away from the proto-Caribbean.   

The enrichment in non-radiogenic Os reported here occurs ~340 – 360 kry prior to the 

enrichment of Pt, Ir, mafic trace metals and the first appearance of boreal dinocysts. This 

points towards a source other than the HALIP for the enrichment in Re and PGE. Based 

on the variable behavior of Re-Os and Pt-Ir, the delayed enrichment of Pt and Ir is likely 

caused by the change of redox regime. Rhenium and Os were enriched in the Eagle Ford 

sediment during the period with anoxic bottom-water prior to OAE2. Following the onset 

of OAE2 and a change to oxic-suboxic bottom-waters, Pt and Ir were then sequestered 

into oxic sediment. The Pt-Ir enrichment and the arrival of the boreal dinocysts into the 

southern gateway to the KWIS was likely caused by changes in oceanic circulation 

patterns and subsequent disturbance of the oxycline, perhaps triggered by the eruption of 

the CLIP. 

3.5.8. Milankovitch Cycle Controls on Rhenium and PGE Enrichment 

The cyclic inter-bedding of organic-rich marls and limestones observed in the Eagle Ford 

Group are generally well expressed in the KWIS and have been hypothesized to 

represents the sedimentological expression of climate cycles (Gilbert, 1895). Proposed 

causal mechanisms for the deposition of rhythmically inter-bedded strata are climate 

controlled variations in primary productivity, the input of terrigenous sediments, the 

intensity of bottom currents, and cycles in benthic oxygenation. Recent work has 

provided quantitative evidence for astronomic forcing as the primary causal mechanism 
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in Cenomanian and Turonian sequences within the KWIS (Sageman et al., 1997; 

Sageman et al., 1998; Meyers et al., 2001; Eldrett et al., 2015a). Based on integrated 

biostratigraphic, geochemical, petrological, and detailed geochronological data, Eldrett et 

al. (2015a) demonstrated that lithological variations between marl beds and limestones in 

the Eagle Ford Group at the southern gateway to the KWIS in the Iona-1 core reflect 

climatic signatures driving by solar insolation driven by Milankovitch cycles (Figure 

3.7).  

Eccentricity, obliquity, and precession together make up Milankovitch cycles (Figure 

3.8). Eccentricity describes the shape of the Earth’s orbit around the sun. The shape of the 

Earth’s orbit constantly fluctuates between a circle and an ellipse (0 – 5% ellipsicity) on 

the order of ~100,000 year cycles. Variations in eccentricity control the distance the 

Earths is from the sun, thus changing the amount of the suns radiation that the Earth 

receives, in addition to effecting seasonal changes in the magnitude of radiation. 

Obliquity, or axial tilt, is the inclination of the Earth’s axis in relation to its solar orbital 

plane. Oscillations in the angle of the Earth’s tilt, from 22.1° to 24.5°, occurs on a 

periodicity of ~41,000 yrs. With less axial tilt, solar radiation is more evenly distributed 

between the seasons, however, a greater increase is observed in the radiation received 

between the equator and Earth’s Polar Regions. Precession describes Earth’s slow wobble 

about its spin axis. The precession of Earth is defined by the direction its rotational axis 

points with variations between pointing at the start Polaris, to pointing at the star Vega. 

This wobble occurs in 26,000 yr cycles. When the axis is tilted toward Vega the positions 

of the Northern Hemisphere winter and summer solstices will coincide with the aphelion 
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and perihelion, respectively. This means that the Northern Hemisphere will experience 

winter when the Earth is furthest from the Sun and summer when the Earth is closest to 

the Sun. This coincidence will result in greater seasonal contrasts. Milankovitch cycles 

thus influence the timing and length of the seasons and the amount of solar radiation 

received by the Earth. Combined, Milankovitch cycles impact the seasonality and 

location of solar energy around the Earth, thus impacting seasonal contrasts in total solar 

insolation. 



 

Figure 3.7: A) Lithostratigraphy of the interval of the Iona-1 core studied here. See legend for 

lithologic designations. B) Precession (P) (red), Obliquity (O) (green), Short eccentricity (E2) (purple) 

and Long eccentricity (E) (yellow) obtained for the Eagle Ford Gp. derived from grayscale de-

convolution from Eldrett et al. (2015a). Red circles: samples used in this study. 1: sub-maximum solar 

insolation, discussed in text. 2: minimum solar insolation, discussed in text. Red arrows highlight 

intervals that are heavily discussed in the text.  
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Figure 3.8: A conceptual model for the control of Milankovitch cycles on the lithologies observed in the Iona-1 core. Positive 

interference in maxima of the three Milankovitch cycles results in maximum insolation. Positive interference in the minima of the 

cycles results in a minimum in insolation. Modified after Eldrett et al. (2015a). Insolation: the total amount of solar radiation 

energy received on a given surface area during a given time. 
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Throughout the Eagle Ford, limestones record improved oxygen conditions in the 

bottom-waters and/or sediment-water interface as demonstrated by a reduction in redox-

sensitive elements, and the abundance of Prasinophyte algae, an algae typically found in 

more stratified water conditions (Prauss, 2007; Eldrett et al., 2015a). In addition, the 

limestone beds preserve cross laminations and internal truncations indicative of enhanced 

current activity (Schieber et al., 2013; Eldrett et al., 2015). Interbedded organic-rich marl 

beds reflect water column stagnation and stably stratified waters, as evident by 

enrichments in redox-sensitive trace metals and the preservation of organic matter at the 

sediment-water interface (Eldrett et al., 2015a).  

These observations, in conjunction with their astronomically tuned age model (Eldrett et 

al. 2015b) for the Iona-1 core led Eldrett et al. (2015a) to conclude that fluctuations in the 

solar insolation caused by Milankovitch cycles (predominantly obliquity and precession) 

were responsible for the observed lithological variations. Individual limestone beds 

correspond to the product of precession and obliquity cycles (Figures 3.7 & 3.8). The 

amplitude amplification caused by overlapping the maxima of these two Milankovitch 

cycles caused enhanced latitudinal distribution of solar insolation and consequent 

increase in the atmospheric-ocean thermal gradients resulting in greater or more frequent 

storms, stronger bottom-water currents, a de-stratification of the water column, and 

improved bottom-water oxygenation (Eldrett et al., 2015a). In contrast, the amplitude 

amplification of minima in precession and obliquity cycles reduced latitudinal energy 

gradients causing an expansion of the oxygen minimum zone under a more stratified 

water column, resulting in the deposition of organic-rich marl beds (Figure 3.8) (Eldrett 
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et al., 2015a). Amplitude interference due to variations in precession, obliquity, and 

eccentricity produce the variety of lithologies observed in the Eagle Ford Group (Figure 

3.8) (Eldrett et al., 2015a).  

As discussed, sediments in the pre-OAE2 interval within the southern gateway to the 

KWIS were dominantly deposited under anoxic bottom-water conditions. However, 

within this interval, there are intermittent episodes of increased oxygen reflected by 

periodic trace metal depletions and a decrease in TOC values (Figure 3.6). The three 

intervals with high Os abundances (110.10, 106.50 and 103.54 m) correlate with intervals 

with redox-sensitive trace metal enrichment and high TOC values, however, both of these 

redox-indicators decrease up section, coincident with a decrease in the abundance of Os 

(Figure 3.6). At a depth of 110.01 m, eccentricity, precession, and obliquity are all at 

their minima causing minimal solar insolation (Figures 3.7 & 3.8). This results in a more 

stratified water column and oxygen-deficient bottom waters, reflected by the enrichment 

in Os and other redox-sensitive trace metals and the deposition of organic-rich marls with 

>10% TOC. At 106.50 m, eccentricity and precession are at their minima, however the 

amplitude amplification is muted by a maxima in the obliquity (Figure 3.7 & 3.8). This 

yields the deposition of a slightly less organic-rich marl with TOC values of 5 – 10, and 

slightly less enrichment in Os (Figure 3.7 & 3.8). At 103.50 m, eccentricity and 

precession are at a maxima, however the amplitude amplification is muted by a minima 

in the obliquity resulting in the deposition of low TOC limestone-rich marls and an even 

less enrichment in Os (Figures 3.7 & 3.8). At depths of 106.50 and 103.50 m, the degree 

of bottom-water anoxia decreases, as indicated by the decline in the abundance of Os and 
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other redox-sensitive trace metals and in the organic-richness of the preserved sediment. 

This is likely caused by a progressive increase in solar insolation during this interval due 

to climatic variations controlled by Milankovitch cycles. In contrast, inter-peak intervals, 

with low abundances of Os redox-sensitive trace metals, represent periods of increased 

solar insolation and a more well-mixed water column. 

In addition, the Pt and Ir enrichments reported here is coincident with the most oxic 

period within the interval studied. This oxic interval reflects increased solar insolation 

due to amplitude amplification and modulation of Milankovitch cycles and a consequent 

increase in the atmospheric-ocean thermal gradients resulting in greater or more frequent 

storms, stronger bottom-water currents, a de-stratification of the water column, and 

improved bottom-water oxygenation (Eldrett et al., 2015a). At depths of 102.95 and 

104.0 m, within the Pt-Ir enrichment, a maxima in obliquity and precession, and a near 

maxima in eccentricity results in near maximum solar insolation. The resulting increase 

in the atmospheric-ocean thermal gradients and a de-stratification of the water column, 

and improved bottom-water oxygenation is marked by the presence of limestone, a lack 

of redox-sensitive trace metals, the presents of benthic foraminifera, and an enrichment in 

oxically enriched trace metals (Pt and Ir). Whereas the Eagle Ford Group studied here 

only shows one peak in Pt and Ir, Orth et al. (1988) and Orth et al. (1993) show two 

separate peaks in Pt and Ir. These two peaks likely correlate to these two near-maxima in 

solar insolation (Figure 3.7). The lack of double peaks observed here is likely due to the 

general lower sampling resolution in this interval, and further work at higher resolution is 

required to resolve this difference.  
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3.6. CONCLUSIONS 

A decoupling of Re-Os and Pt-Ir enrichments is observed within the Cenomanian-

Turonian Eagle Ford Group from the KWIS prior to and during OAE2. A negative 

187
Os/

188
Os excursion occurs just prior to the onset of OAE2. Starting ~95.06 Ma, the 

(
187

Os/
188

Os)i  displays an abrupt shift toward a non-radiogenic value of 0.15. The 

minimum value of (
187

Os/
188

Os)i at 94.88 Ma is coincident with the start of OAE2. This 

represents a drastic shift of the Os isotopic composition of seawater over a ~240 - 360 kyr 

interval prior to the onset of OAE2 and reflects a predominance of non-radiogenic Os 

input to the WCIS at this time. The same abrupt trend to non-radiogenic values is 

observed the Portland #1 core from the KWIS and from sites in western Tethys and the 

proto-North Atlantic Ocean and has been explained by a large contribution of mantle-like 

Os during eruption of the CLIP.  

The non-radiogenic trend observed in the Portland #1 core from the KWIS and from sites 

in western Tethys and the proto-North Atlantic Ocean is coupled with a marked increase 

in the abundance of Os of up to 10 ppb. However, in the section studied here, the trend 

toward unradiogenic Os begins ~240 - 360 kyr prior to the marked increase in Os 

abundance (~6 ppb) and OAE2. This suggests the mechanism responsible for the abrupt 

increase in non-radiogenic Os provided to the oceans during the pre-OAE2 interval 

(perhaps the eruption of the CLIP) was likely the triggering mechanism for OAE2.  

Following the first enrichment in Os at the start of OAE2, two additional Os enrichments 

occur with decreasing abundances. These enrichments occur at 94.72 Ma (2650 ppt) and 

94.54 Ma (1300 ppt). There is a ~160 - 180 kyr periodicity to these three Os enrichments. 
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The delayed enrichment of Os and the three Os peaks of decreasing abundance are caused 

by variations in the redox conditions of the water columns prior to and during OAE2, 

caused by variations in solar insolation ultimately controlled by Milankovitch cycles. 

During the pre-OAE2 interval, at the start of the abrupt trend toward non-radiogenic Os 

values, solar insolation was low resulting in a stratified water-column and sub-oxic to 

anoxic bottom-waters. At ~94.88 Ma, coincident with the start of OAE2, overlapping 

minima in eccentricity, obliquity and precession resulted in minimal solar obliquity 

resulting in anoxic bottom-waters. Rhenium and Os are redox-sensitive elements and thus 

following their enrichment in seawater during CLIP eruption, they became enriched in 

organic-rich marls once bottom-water conditions became anoxic. The two younger 

enrichments in Os of lessening abundances were caused by the variations in redox driven 

by Milankovitch cycles, specifically, a progressive oxygenation of bottom waters up-

section. During inter-peak intervals, marked by low Os abundances, the oceans 

experienced a more well-mixed water column and oxic bottom-waters.  

An abrupt increase in the abundance of Pt and Ir occurs within OAE2, ~340 - 360 kyr 

after the first Os enrichment. The enrichment of these elements is coincident with the 

most oxic bottom-waters within the interval studied, following a transition to more oxic 

conditions during increased solar insolation. Platinum and Ir that were provided to 

seawater during CLIP eruption remained in solution until oxic bottom-water conditions 

were achieved. They were then precipitated or sequestered into oxic sediments within this 

interval.  
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Previous authors have explained the variable timing and magnitude of the enrichments of 

Re-Os and Pt-Ir as a factor of distance from the source of these elements. However, this 

study suggests that it is likely a factor of the oxygen conditions of the bottom-waters in 

which these sediments are sequestered. Rhenium and Os are sequestered under anoxic 

bottom-water conditions while Pt and Ir experience uptake during oxic bottom-water 

conditions. Therefore, the variable enrichments reported for locations around the world 

are likely due to variations in the redox of the water-column due to variations in basin 

geometries, water depth, etc. The variability in basin properties ultimately changes how 

solar insolation caused by Milankovitch cycles affects the water column.  

In addition, studies that use PGE abundance ratios as a tool for trace metal source 

identification should use caution, as the uptake mechanisms for these elements vary. This 

is especially true if the ratios used include elements that are enriched under different 

redox conditions (e.g. Pt/Os; Pt: oxically enriched, Os: anoxically enriched). Also, there 

is likely variable efficiency in the uptake of these elements, even when using an 

abundance ratio when both elements are similarly behaved. Results achieved through the 

use of PGE ratios in oceanic sediments are likely of more use in redox studies than in 

identifying a source for these elements. 
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4.1. INTRODUCTION 

Temporal changes in local and global sea-water geochemistry have been preserved in the 

rock record and are traditionally recovered using predominantly O, C, and Sr isotopes. 

Because of recent advances in analytical geochemistry, the 
187

Re-
187

Os isotopic system 

(t1/2 = 41.6 by; Smoliar et al., 1996) has also become a useful geochronometer and 

isotopic tracer that has begun to be applied to understanding the evolution of sea-water 

during different time intervals. The Os isotopic composition of organic-rich mud rocks 

(ORM) reflects the 
187

Os/
188

Os composition of sea-water at the time their respective 

sediments were deposited. Rhenium and Os are redox-sensitive and organophilic in 

nature, and are suggested to be sequestered by organisms at, or below the sediment-water 

interface in marine and lacustrine basins under suboxic, anoxic or euxinic conditions and 

are thus hydrogenous in nature (Koide, 1991; Colodner et al., 1993; Crusius et al., 1996; 

Morford et al., 2009; Cumming et al., 2012). Studies of sea-water evolution using 

87
Sr/

86
Sr ratios have described Sr isotope variation throughout the Phanerozoic (Veizer 

and Compston, 1974; Burke et al., 1982; Denison et al., 1994; Denison et al., 1997; 

Veizer et al., 1999; Ebneth et al., 2001). However, the long residence time of Sr of 1-4 

Myr means that Sr isotopes are averaged out, or muted and on these timescale. Hence Sr 

isotopes potentially miss influences on sea-water chemistry on shorter timescales. The 

residence time of Os in sea-water is a ~10,000 – 50,000 yrs. (Peucker-Ehrenbrink and 

Ravizza, 2000). Because of this, high frequency, Os isotopic changes on the order of tens 

to hundreds of thousands of years in sea-water chemistry (such as orbitally forced, 

glacial-interglacial cycles) are potentially resolvable with Os isotopes. The 
187

Os/
188

Os 
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ratio of sea-water is derived from a balance of two primary inputs: (1) Radiogenic Os 

from river water during weathering and subsequent continental runoff of upper 

continental crust (Esser and Turekian, 1993; Peucker-Ehrenbrink and Jahn, 2001), and (2) 

non-radiogenic Os from the mantle via seafloor spreading and production of mid-ocean 

ridge basalts, flood basalt events, hydrothermal alteration of oceanic crust, or from 

meteorite influx (Peucker-Ehrenbrink and Ravizza, 2000; Schmitz et al., 2004). The 

relative contributions of these sources have varied significantly throughout geologic 

history leading to significant variations in the 
187

Os/
188

Os of coeval sea-water. From the 

(
187

Os/
188

Os)i of ORM at any given time of formation, a mass balance calculation can be 

used to determine the relative contribution of radiogenic and non-radiogenic Os to sea-

water. Inferences can then be made about the degree of continental weathering (Ravizza 

et al., 2001; Schmitz et al., 2004), seafloor spreading rates, the eruption of flood basalts 

(Cohen et al., 1999; Ravizza and Peucker-Ehrenbrink, 2003; Turgeon and Creaser, 2008) 

as well as the timing and size of meteorite impacts (Paquay et al., 2008).  

Hydrogenous 
187

Re that is sequestered from sea-water decays to 
187

Os with a half-life of 

41.6 Ga making the Re-Os system a novel geochronometer for ORMs. The application of 

the Re-Os geochronometer to marine petroleum systems has allowed for the precise 

(<0.5% 2σ) and accurate determination of source rock depositional ages (Ravizza and 

Turekian, 1989; Cohen et al., 1999; Creaser et al., 2002; Hannah et al., 2004; Selby et al., 

2005; Kendall et al., 2009; Finlay et al., 2010; Rooney et al., 2010). This has been 

especially useful for timescale calibration of sedimentary horizons that lack more 

established chronostratigraphic markers (Rooney et al., 2012). In addition, many basins 
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with active petroleum systems lack bentonites that are typically used for zircon ages to 

create basin models in order to recreate the depositional histories and constrain timing of 

petroleum generation.  

Recently, the use of the Re-Os isotopic system has been expanded to other portions of the 

petroleum system including the timing of petroleum generation (Selby et al., 2005; Selby 

and Creaser, 2005; Finlay et al., 2011). These studies yielded ages that are in agreement 

with basin models for the timing of hydrocarbon generation and are suggested to 

constrain petroleum-generation events.  Furthermore, Os isotopes have been successfully 

used in the fingerprinting of oils for source rock identification (Finlay et al., 2012).  

Despite the promising success of the Re-Os isotopic system, the present understanding of 

the behavior or Re and Os in the water column and their complexation with various 

organic and inorganic phases is incomplete. Rhenium and Os are redox-sensitive and 

organophile and are suggested to be sequestered by organism at, or below the sediment-

water interface under reducing conditions (Koide, 1991; Colodner et al., 1993; Crusius et 

al., 1996; Morford et al., 2009; Cumming et al., 2012). It has been proposed that Re and 

Os are bound within heteroatomic ligands and other metallo-organic complexes, similar 

to other trace metals in ORMs, although, a naturally occurring organic complex 

containing Re or Os has not been identified (Selby et al., 2007). The main assumptions 

associated with the use of the Re-Os isotopic system in the marine environment is that 

both Re and Os are hydrogenous in origin and are rapidly immobilized following 

deposition, thus determined Re-Os dates via bulk-rock isochrons reflect the age of 

sediment deposition. However, a thorough understanding of the partitioning systematics 
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of Re and Os between the water column and host phases within ORMs doesn't exist. In 

addition, the transfer behavior of Re and Os between the domiant ORM phases such as 

kerogen, bitumen, pyrite, and oil, during burial and hydrocarbon generation is limited.  

To improve our understanding of the host phases of Re and Os in addition to the transfer 

behavior of these elements between the phases of ORMs, this study examines the Re and 

Os abundances and Os isotopic composition in bulk-rock, kerogen (insoluble organic 

matter), bitumen (soluble organic matter), and pyrite, from a natural petroleum system 

source rock, the Cenomanian-Turonian Eagle Ford shale. In addition a generated crude 

oil from the Eagle Ford is measured for its Re-Os systematics. The abundances and 

isotopic compositions of the various fractions, all isolated from the same bulk-rock 

sample will enhance our understanding of the residence of Re and Os within ORMs and 

provide clues toward the transfer behavior of these elements during sediment burial and 

hydrocarbon generation.  

4.2. GEOLOGIC SETTING 

During the Early Mesozoic, extensional rifting and sea-floor spreading associated with 

the opening of the Gulf of Mexico led to the development of predominant structural and 

geologic features of south Texas (Pindell et al., 1988; Salvador, 1991; Montgomery et al., 

2002). Following rift-related tectonism, regional subsidence caused by cooling of the 

basement rocks in the Early Cretaceous increased accommodation and promoted 

carbonate deposition along low-relief coastal areas during cyclic transgressive flooding 

leading to the development of a shallow-marine carbonate shelf complex (Montgomery et 

al., 2002; Almon and Cohen, 2008). In response to sea-level transgression and regression, 
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a series of individual carbonate platforms separated by deeper water facies developed 

during the Cretaceous Period characterized by a series of stacked, prograding carbonate 

platform separated by back-stepping, transgressive organic-rich facies (Scott, 1993; 

Yurewicz et al., 1993). In the northern Gulf Coast region, these platforms were 

amalgamated into a single platform called the Comanche Shelf (Montgomery et al., 

2002). The Pine Island and Bexar Members of the Pearsall Formation, the Del Rio 

Formation, and the Eagle Ford Formation each represent periods of organic-rich 

deposition during marine transgression during the Late Aptian, Cenomanian, and 

Cenomanian-Turonian, respectively (Scott, 1993; Fritz et al., 2000; Harbor, 2011). The 

thickest of these transgressive deposits is the Cenomanian-Turonian Eagle Ford shale. 

The Eagle Ford shale of south Texas is a mixed siliciclastic and carbonate 

unconventional resource play deposited in the southern gateway of the Cretaceous 

Western Interior Seaway near the margin of the Gulf of Mexico and represents one of the 

largest active unconventional reservoirs in the world (Donovan and Staerker, 2010; Hentz 

and Ruppel, 2010) (Figure 4.1). It is regionally extensive and extends 640 km from the 

Rio Grande embayment, near the Texas-Mexico border, to the East Texas Basin (Figure 

4.2). Regional well-log correlations indicate that thickness varies from less than 12 m to 

over 120 m, with thickness and lateral facies distribution of the Eagle Ford Shale 

controlled by pre-existing carbonate platform buildup and structural features such as the 

San Marcos Arch (an extension of the Llano Uplift), in addition to intra-shelf basins 

which formed during syn-depositional subsidence during tectonic activity associated with 

the Rio Grande Rift (Rose, 1972; Donovan and Staerker, 2010; McGarity, 2013).  
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Uplift coupled with eustatic regression produced exposure of the shelf edge and the 

underlying Buda Limestone throughout much of south Texas creating one of the major 

unconformities in the Gulf of Mexico Mesozoic record (Galloway, 2008; Denne et al., 

2014). This unconformity represents a shift from broad, reef-rimmed carbonate platforms 

to a ramp profile with alluvial, deltaic, and coastal depositional systems (Galloway, 2008; 

Phelps et al., 2015).
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Figure 4.1: Paleogeography of western North America during the Late Cenomanian. Yellow and orange stars indicate the 

location of the cores used in this study. KWIS: Cretaceous Western Interior Seaway. Figure modified after Eldrett et al. 

(2014) after Ron Blakey and Colorado Plateau Geosystems, Inc. 
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Figure 4.2: Regional extent of the Eagle Ford Group. 
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Following this regression, a major eustatic transgression and back-stepping of the 

Comanche Shelf shifted sedimentation from the shelf margin toward intrashelf 

depocenters and led to the deposition of the Eagle Ford shale (Galloway, 2008; Phelps et 

al., 2015). The initial sedimentation of the Cenomanian lower Eagle Ford are organic-rich 

marls containing abundant planktonic foraminfera and calcareous nanofossils with 

interbedded limestone and abundant thin bentonites (Denne et al., 2014; Lowery et al., 

2014; Corbett et al., 2014; Eldrett et al., 2015a). The upper Eagle Ford is retrogradational 

in nature and is interpreted as a transgressive unit (Donovan and Staerker, 2010). The 

Cenomanian-Turonian upper Eagle Ford is characterized by reduced amounts of organic 

matter and bentonites, and an increase in carbonate content and is interpreted as a 

regressive member deposited during sea-level highstand (Donovan and Staerker, 2010; 

Hentz and Ruppel, 2010).  

The Eagle Ford is thickest in the Maverick Basin and thins toward the San Marcos Arch 

(Donovan and Staerker, 2010; Hentz and Ruppel, 2010). The Maverick Basin is an 

intrashelf depocenter that developed on the southeast flank of the Comanche Shelf. It 

originated from underlying basement structures and half-grabens that developed during 

the failed Rio Grande rift (Rose, 1972; Donovan and Staerker, 2010). Thermal 

subsidence led to prolonged development of accommodation and therefore increased 

sedimentation within the Maverick Basin (Harbor, 2011). Accommodation was further 

influenced by the development of regional and local fault zones which affected patterns 

of sedimentation. Samples used in this study are taken from two cores from the Maverick 

Basin, one proximal and one distal.  
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Figure 4.3. Simplified stratigraphic column of the Eagle Ford Group 

showing the relative location and ages for samples used in this study. 

Reference ages are from Eldrett et al. (2015b).  
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4.3. SAMPLING AND ANALYTICAL PROCEDURES 

4.3.1. Sampling 

Samples used in this study were taken from two research cores, Iona-1 and BB-1, drilled 

in the Maverick Basin, west Texas, by Shell International Exploration and Production 

(Figures 4.1 & 4.2). The Iona-1 core contains a complete record of the Eagle Ford 

Formation, spanning the Early Cenomanian to Turonian, and contains organic-rich marls, 

limestones, and bentonites deposited on the north edge of the Maverick Basin, a distal 

sediment-starved intrashelf basin, in water depths of ~50 – 200 m (Eldrett et al., 2014). 

Samples were taken from organic-rich marls of the Cenomanian lower Eagle Ford at 25 

cm intervals across a 1 m section of core 2 m below the upper Eagle Ford / lower Eagle 

Ford contact (Figure 4.3). Work by Eldrett et al. (2015a) provides a robust 

chronostratigraphic framework for this core allowing accurate age comparison. Ages for 

each sample are shown in Table 4.1. The BB-1 core was drilled SE of the Iona-1 well in a 

more distal setting within the Maverick Basin (Figures 4.1 & 4.2) and contains portions 

of the Turonian upper Eagle Ford shale. Samples were taken from organic-rich marls of 

the Turonian upper Eagle Ford shale at 10 cm intervals across a 1 m section of core 

(Figure 4.3).  Lateral correlation between the two cores has not been performed, therefore 

exact timing of deposition is unclear. The entire outer surface of the core plugs were 

sanded with silicon carbide to remove any drill markings and possible metal 

contamination that could have been obtained during coring, cleaned with ethanol, and left 

to air dry. ~5 – 50 g aliquots of each plug were taken for bulk-rock analysis and organic 

fraction isolation, broken into chips and powdered using a mortar and pestle. While the 
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actual amount of powder used for each analysis is much less, larger aliquots of powdered 

sample negate the effects of Re and Os heterogeneity within a sample (Kendall et al., 

2009).  

4.3.2. Organic Characterization (TOC and Pyrolysis) 

Total organic carbon (TOC) content was determined by the dry combustion of an aliquot 

of the powdered sample using a Leco CS244 carbon analyzer at the Center for Petroleum 

Geochemistry at the University of Houston using methods pioneered by Jarvie (1991). In 

brief, samples were pretreated with 2% HCl acid in order to remove any carbonate 

associated carbon, then dried in an oven at 60°C. The demineralized sample was then 

placed in a crucible and heated to 1,350°C in an oxygen atmosphere. Carbon is oxidized 

to form CO2 which is then carried by the gaseous oxygen flow through scrubbers in order 

to remove chlorine gas and any residual moisture. The CO2 is then measured by an 

infrared detector and corrected to weight percent carbon (TOC %).  

Organic matter type and maturity was determined via Rock-Eval pyrolysis at the Center 

for Petroleum Geochemistry at the University of Houston. The Rock-Eval pyrolysis 

method involves step-heating of a sample in an inert atmosphere (Peters, 1986; Hunt, 

1996). Samples are heated to 300°C for 3 minutes in order to volatilize free hydrocarbons 

(bitumen) within the sample. Free hydrocarbons are hydrocarbons that have already, 

naturally, been generated in the sample and are reported in mg of hydrocarbons per gram 

of rock (mg/g) and are termed S1. The temperature is then increased slowly from 300°C 

to 550°C in order to artificially thermally crack and volatilize the heavy carbon 

compounds (kerogen) and are termed S2. The temperature of maximum hydrocarbon 
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formation after free hydrocarbons are removed is termed Tmax and is dependent upon the 

thermal maturity and organic matter type present in the sample. CO2 that is created 

during the thermal cracking of the heavy carbon compounds is measured and reported as 

S3 and is an indication of the amount of oxygen in the kerogen which is also dependent 

upon organic matter type.  
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Sample 
Depth 

(m) 

Age 

(Ma)
1
 

TOC % S1 S2 S3 Tmax HI OI 

Core: Iona-1        

EF-100a 114.25 95.06 4.08 0.99 24.14 0.74 423 592 18 

EF-100b 114.25 95.06 4.16 1.03 25.58 0.98 420 615 24 

EF-100c 114.25 95.06 4.21 0.82 23.98 1.37 425 570 33 

EF-100d 114.25 95.06 3.94 0.76 23.24 0.99 421 590 25 

EF-101a 114.50 95.08 4.21 0.65 22.09 0.38 415 525 9 

EF-101b 114.50 95.08 4.16 0.50 17.21 0.48 419 414 12 

EF-101c 114.50 95.08 4.24 0.54 22.06 0.49 414 520 12 

EF-101d 114.50 95.08 4.07 0.50 20.05 0.55 417 493 14 

EF-103a 115.00 95.10 3.11 0.89 17.98 1.24 421 578 40 

EF-108a 115.00 95.10 2.64 0.46 13.30 0.62 418 504 23 

EF-108b 114.75 95.09 3.06 0.45 16.51 1.07 423 540 35 

 

Core: BB-1         

          

EF-104a 9801.35 91.90 2.79 1.49 0.92 0.53 481 33 19 

EF-104c 9801.35 91.90 2.77 1.47 0.76 0.44 479 27 16 

EF-104d 9801.35 91.90 2.76 1.52 0.74 0.48 481 27 17 

EF-105d 9801.45 91.90 2.75 1.53 0.91 0.47 483 33 17 

EF-106d 9801.55 91.90 2.69 1.32 0.79 0.41 480 29 15 

EF-106c 9801.55 91.90 2.80 1.48 1.02 0.44 477 36 16 

EF-107a 9801.55 91.90 2.84 1.56 1.01 0.40 482 36 14 

EF-107c 9801.55 91.90 2.73 1.54 0.85 0.47 482 31 17 

Table 4.1. TOC and Rock-Eval data for Eagle Ford samples. TOC = Total organic carbon and is given in weight 

percent. S1, S2 are in mg of hydrocarbons per gram of TOC (mgHC/gTOC), S3 is in mg CO2 per gram of TOC 

(mgCO2/gTOC), Tmax is in °C, Oxygen Index (OI) = S3/TOC, Hydrogen Index (HI) = S2/TOC.  
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4.3.3. Bitumen Extraction 

Bitumen, the organic solvent soluble organic matter, was extracted from Eagle Ford 

samples using a soxhlet extractor. A ~ 20 – 40 g aliquot of bulk-rock powder was loaded 

into a cellulose extraction thimble and placed into the Soxhlet apparatus. A rounded 

flask, half filled with dichloromethane (CH2Cl2, DCM) was placed beneath the sample 

and heated to reflux. The solvent vapor travels up a distillation arm and above the sample 

into a reflux condenser. The solvent vapors then cool, condense, and drip back down into 

the chamber housing the sample in the cellulose thimble.  The bitumen dissolves in the 

solvent and empties through a siphon back into the rounded flask containing the DCM 

beneath. This process is repeated until the solvent that empties through the siphon is clear 

(~2 days) indicating complete extraction of the bitumen. The refluxed solvent containing 

the bitumen was filtered through a 0.45μm polytetrafluroethylene (PTFE) filter and 

subsequently dried down by rotary vacuum evaporation at 34
o
C at 55rpm. The insoluble 

residue following bitumen extraction is termed the extracted rock and contains insoluble 

organic (kerogen) and inorganic mineral matter. Bitumen extraction was performed at 

Weatherford Laboratories in Houston, Texas.  

4.3.4. Kerogen Isolation 

Kerogen, the organic solvent insoluble organic matter, was isolated from Eagle Ford 

samples through a demineralization procedure using non-oxidizing acids which dissolve 

the rock matrix without modifying the chemical properties of the kerogen. The method 

involves progressive soaks of the extracted rock (bulk-rock – bitumen) in HCl to dissolve 

carbonates, sulfates, oxides, hydroxides and some sulfides, and HF for the dissolution of 
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silicates (Dancy and Giedroys, 1950; Forsman and Hunt, 1958; Smith, 1961; Durand and 

Nicaise, 1980; Ibrahimov and Bissada, 2010). Between reactions, the acids are decanted 

and the samples are rinsed with ultra-pure water. After demineralization, the kerogen is 

rinsed to neutrality and dried at 100
o
C. Once dry, the kerogen concentrate is 

homogenized. The residue of HCl – HF acidiziation consists of a relatively pure kerogen 

concentrate. Kerogen isolation was performed at Weatherford Laboratories in Houston, 

Texas.  

4.3.5. Pyrite Isolation from Kerogen 

While the open beaker demineralization procedure for kerogen isolation produces a 

relatively pure kerogen isolate, pyrite, some heavy mineral oxides such a rutile and 

anatase, silicates such as zircon, and Ca and Mg neofluorides such as ralstonite are 

commonly present (Robinson, 1969; Hitchon et al., 1976; Durand and Nicaise, 1980; 

Ibrahimov and Bissada, 2010). For the purpose of this study, it was necessary to further 

refine the kerogen isolate through heavy liquid separation for the isolation of undissolved 

pyrite, as pyrite commonly contains abundant Re and Os. Heavy liquid separation was 

performed on isolated kerogen using ZnBr2 (density: 4.20 g/cc) at National Petrographic 

in Houston, Texas. During heavy liquid separation, those minerals with densities higher 

than 4.20 g/cc (pyrite: 5.01 g/cc; pyrrhotite: 4.61 g/cc; rutile: 4.23 g/cc; zircon: 4.6 g/cc) 

will sink, while those with densities less than 4.20 g/cc will remain in the float (anatase: 

3.79 – 3.97 g/cc; ralstonite: 2.55 g/cc; and likely other neofluorides). Pyrite was then 

manually picked from the kerogen sink using a binocular microscope, thoroughly 

washed, and dried at 60
o
C.  
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4.3.6. Asphaltene Isolation from Oil 

The heavy fraction of crude oil (asphaltenes) contains large molecular compounds that 

are insoluble in n-heptane (Speight, 1998). Trace element abundances in oil, particularly 

Ni, V, and Mo are often present in ppm levels (Curiale, 1987; Manning and Gize, 1993). 

The asphaltene component of oil is the major host for these metals (Manning and Gize, 

1993; Selby et al., 2007). For asphaltene separation, ~2 g of oil was accurately weighed 

into a 120 mL glass vial along with ~80 mL of n-heptane (1:40 ratio) and sealed with 

PTFE lined cap. The contents were agitated for 10 mins to thoroughly mix the oil and n-

heptane. The oil and n-heptane were left to react for 24 hours with agitation occurring 

every 30 – 60 mins for 5 mins. Following the 24 hour period, the contents of the glass 

vial were transferred to a centrifuge tube and centrifuged at 3000 rpm for 30 mins in 

order to separate the n-heptane insoluble fraction (asphlatene) and soluble fractions 

(maltene). The maltene fraction was then transferred to a separate glass vial while the 

asphaltene fraction was brought up in ~1 mL of n-heptane and transferred to an 

accurately weighed PTFE coated watch glass. The watch glass was placed on a hot-plate 

at 50°C in order to evaporate the n-heptane. The watch glass was then re-weighed and the 

abundance of the asphaltene fraction was calculated. The ~2 g aliquot of oil contained 

18.3 mg (0.9%) of asphaltenes.  

4.3.7. Re-Os Geochemistry 

For bulk-rock and extracted rocks, approximately 0.3g of powdered sample was 

accurately weighed and transferred to a thick-walled, internally cleaned, borosilicate 

glass Carius tube along with a known amount of a mixed 
185

Re + 
190

Os spike and 8mL of 
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a chromic acid solution created by dissolving Cr
VI

O3 powder into 4N H2SO4 (0.25g/mL). 

The CrO3-H2SO4 method was used to preferentially dissolve and oxidize hydrogenous Re 

and Os which yields more accurate and precise ages (Selby and Creaser, 2003). The 

Carius tubes were sealed, and sample and spike were digested and equilibrated at 240°C 

for 48 hours. Digestion dissolves sample powders and oxidizes sample Re and Os to 

ReO3
-
 and OsO4

- 
species, respectively. Following digestion the Carius tubes were frozen 

in a dry ice – ethanol slurry, opened, then thawed, and Os was isolated from the CrO3-

H2SO4 solution using CHCl3 solvent extraction at room temperature (Cohen and Waters, 

1996), back extracted into 9N HBr and further purified via micro-distillation (Birck et al., 

1997). Rhenium was removed from the CrO3-H2SO4 solution by anion column 

chromatography following reduction of the Cr
VI 

to Cr
III

 using Milli-Q and bubbling with 

SO2 gas. Rhenium was further purified by passing the output of the first column through 

a second anion column. The isolated Re and Os were then loaded onto ultra-pure 

(>99.99%) Ni and Pt filaments, respectively and coated with activator solutions of 

Ba(NO3)2 and Ba(OH)2, respectively.  

The procedure for the pyrite and organic fractions was similar, however, sample were 

dissolved in inverse aqua regia (1:3 12N HCL: 13N HNO3) instead of CrO3-H2SO4 as 

these are pure fractions with no need for selective dissolution provided by the chromic 

acid solution. Sample weights were: ~0.1 g of kerogen, 0.2 – 0.5g of pyrite, 0.01 - 0.1 g 

of bitumen. Following Os solvent extraction from the aqua regia solution, the residue 

containing Re was taken to dryness at 70°C and brought back up in 3 mL 0.2N HNO3 for 

the anion exchange column procedure described above.  
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The Re and Os isotopic compositions were determined by isotope-dilution-negative- 

thermal-ionization mass spectrometry (ID-NTIMS) on a ThermoElectron TRITON Plus 

TIMS at the University of Houston (Creaser et al., 1991; Volkening et al., 1991). Re was 

measured as ReO4
- 
via static Faraday collection and Os as OsO3

- 
via ion-counting using a 

secondary electron multiplier in peak-hopping mode.  

Measured isotopic ratios were spike stripped, corrected for isobaric oxygen interference, 

instrumental mass fractionation (using 
185

Re/
187

Re=0.59738 and 
192

Os/
188

Os=3.08761), 

and procedural blank contributions. Uncertainties were obtained through the error 

propagation of uncertainties in blank abundance and isotopic composition, spike 

abundance values, mass spectrometry measurements of Re and Os, and the 

reproducibility of the Re and Os isotopic values of the standard. Average procedural 

blanks were 19 ± 10 (2σ, n=16) pg for Re and 0.60 ± 1.1 (2σ, n=18) pg for Os with a 

187
Os/

188
Os = 0.16 ± 0.02 (2σ, n=18). 

Repeat measurements of Re and Os standards were performed throughout the four year 

analytical campaign. The Re standard, made form zone-refined Re ribbon, yields an 

average 
185

Re/
187

Re ratio of 0.59783 ± 0.00022 (2σ, n=16) for 1.5 ng loads using static 

Faraday collection. The difference between the measured Re standard value and the 

established standard value of 0.59738 ± 0.0039 (Gramlich et al., 1973) was used to 

correct the measured 
185

Re/
187

Re ratios of samples used in this study. The University of 

Maryland Os standard (Brandon et al., 1999) (Selby and Creaser, 2001; Markey et al., 

2007) yields a 
187

Os/
188

Os ratio of 0.11385 ± 0.00023 (2σ, n=18) for 500 pg loads using a 
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secondary electron multiplier and is, within uncertainty, identical to that reported by 

Brandon et al. (1999).  

Re-Os ages and (
187

Os/
188

Os)i are obtained via modified York regression (York, 1969) of 

the reduced isotopic data and propagated 2σ uncertainties using Isoplot v. 4.15 (Ludwig, 

2008). Errors are calculated using the maximum-likelihood estimation algorithm and are 

reported as 2σ. 

4.4. RESULTS 

4.4.1. Organic Characterization (TOC and Pyrolysis) 

Total organic carbon values, a measure of the organic richness of ORMs, for Eagle Ford 

samples range from 2.64 to 4.24% with Iona-1 sample possessing higher TOC values 

(2.64% - 4.24%; 3.81% average) than samples from the BB-1 core (2.69 – 2.84%; 2.77% 

average) (Table 4.2).  All samples have TOC values > 2% making them good source 

rocks, with respect to organic richness. 

Rock-Eval pyrolysis yielded Tmax values (a measure of thermal maturity using the 

temperature of maximum generation of hydrocarbons during pyrolysis) of 414 – 425°C 

for Iona-1 samples indicating these samples are thermally immature and have not been 

buried to significant depths to generate hydrocarbons (Table 4.2). Samples from BB-1 

have Tmax values of 477 – 493°C indicating thermal over-maturity and significant burial 

in order to generate hydrocarbons (Table 4.2). 



 

Sample 
Depth 

(m) 

Age 

(Ma)
1
 

187
Re 

188
Os 

± 
187

Os 
188

Os 
± Re (ppb) ± Os (ppt) ± 

Core: Iona-1         

EF-100a 114.25 95.06 2751.51 13.77 5.26 0.03 150.49 0.52 440.05 2.74 

EF-100b 114.25 95.06 2771.33 12.47 5.23 0.02 165.80 0.57 480.05 2.53 

EF-100c 114.25 95.06 2780.88 12.90 5.25 0.02 159.42 0.55 460.97 2.50 

EF-100d 114.25 95.06 2526.22 16.61 4.81 0.05 155.32 0.54 477.06 4.28 

EF-101a 114.50 95.08 2328.75 11.51 4.38 0.02 150.90 0.61 485.52 2.52 

EF-101b 114.50 95.08 2835.23 17.67 5.30 0.02 150.98 0.78 429.74 2.56 

EF-101c 114.50 95.08 2517.71 13.27 4.73 0.02 151.60 0.66 464.50 2.51 

EF-101d 114.50 95.08 2869.84 15.72 5.38 0.03 149.53 0.61 423.19 2.61 

EF-103a 115.00 95.10 2429.78 12.38 4.70 0.02 115.34 0.40 365.19 2.08 

EF-108a 115.00 95.10 2841.78 17.54 5.27 0.03 97.44 0.35 276.13 1.85 

EF-108b 114.75 95.09 2682.81 14.53 5.09 0.02 113.83 0.40 336.90 2.03 

 

Core: BB-1           

           

EF-104a 9801.35 91.90 579.50 2.31 1.62 0.01 30.25 0.11 300.56 1.02 

EF-104c 9801.35 91.90 609.61 4.65 1.68 0.01 30.65 0.11 291.35 1.63 

EF-104d 9801.35 91.90 610.31 4.66 1.68 0.01 30.39 0.11 288.57 1.62 

EF-105d 9801.45 91.90 614.83 4.51 1.68 0.01 30.99 0.11 292.12 1.60 

EF-106d 9801.55 91.90 670.88 2.93 1.77 0.01 35.73 0.13 311.64 1.31 

EF-106c 9801.55 91.90 685.88 4.83 1.78 0.01 38.30 0.14 326.91 1.75 

EF-107a 9801.55 91.90 613.36 4.54 1.68 0.01 32.82 0.12 309.93 1.71 

EF-107c 9801.55 91.90 612.95 4.81 1.68 0.01 30.54 0.11 288.63 1.67 

 
Table 4.2. Re-Os isotopic data for Eagle Ford samples. Uncertainties for Re-Os isotopic data are 2σ.  
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The type of organic matter that make up the samples is determined through the co-

variance of ratios (hydrogen index and oxygen index) that are proxies for the amount of 

H, C, and O in the kerogen, traditionally represented on the classic van Krevelen atomic 

H/C versus O/C diagram (Espitalie et al., 1977; Peters, 1986) (Figure 4.4). Hydrogen 

Index (HI) ([100*S2]/TOC), a proxy for atomic H/C, is a measure of the amount of 

hydrogen in the kerogen. Marine organisms and algae are generally composed of lipid- 

and protein-rich organic matter, which has a higher proportion of hydrogen than the 

carbohydrate-rich land plant constituents. Oxygen Index (OI) ([100*S3]/TOC), a proxy 

for atomic O/C, is a measure of the amount of oxygen in the kerogen. Polysaccharide-rich 

remains of land plants and inert organic matter are generally much higher in OI than 

marine sediments. Therefore a thermally immature Type II, marine kerogen will have a 

higher HI and lower OI than a thermally immature kerogen created from the remains of 

terrestrial organic matter (Type III). The co-variation of HI and OI is also useful in the 

estimation of thermal maturity, as samples follow paths on a modified van Krevelen 

diagram during burial and thermal maturity due to a loss of H and O relative to C during 

hydrocarbon generation (Figure 4.4). The HI (414 - 615 mgHC/gTOC) and OI (9 - 40 

mgCO2/gTOC) data for Rock-Eval data for the Iona-1 core illustrates that the samples are 

comprised of Type II kerogen, consistent with previous studies of the Eagle Ford 

Formation (Hays and Tieh, 1992; Sageman et al., 1998) (Figure 4.4). Eagle Ford samples 

from BB-1 core possess HI and OI values of 27 – 36 and 14 – 19, respectively and are 

consistent with a Type II nature of the Iona-1 core (Figure 4.4). 
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Figure 4.4. Modified Van Krevelen diagram showing the co-variation of Hydrogen 

Index (S2/TOC) and Oxygen Index (S3/TOC), both indicators of organic matter 

type.  Black arrow indicates increasing thermal maturity for each organic matter 

type. 
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The TOC and Rock-Eval data indicates both cores contain Type II organic matter and 

represent two end-members of thermal maturity. Samples from Iona-1 are thermally 

immature while samples from BB-1 are thermally over-mature. 

4.4.2. Bulk-rock Rhenium and Osmium 

Rhenium and Os abundances and isotopic compositions for Eagle Ford samples are 

presented in Table 4.1. All Iona-1 samples are enriched in Re (97 - 165 ppb) and Os (276 

- 485 ppt) compared to modern-day average continental crust (~1ppb Re and 30-50ppt 

Os; Esser and Turekian, 1993) and have abundances typical of ORMs (Ravizza and 

Turekian, 1989; Cohen et al., 1999; Creaser et al., 2002; Selby and Creaser, 2003; 

Hannah et al., 2004; Kendall et al., 2004; Finlay et al., 2010; Rooney et al., 2010). The 

187
Re/

188
Os ratios range from 2328 to 2869, are markedly higher than most published 

marine ORMs, and are positively correlated with 
187

Os/
188

Os ratios of 4.38 to 5.38. 

Linear regression of all data points from Iona-1 provides an isochron with a Model 3 age 

of 105 ± 12 Ma (11.4% age uncertainty, 2σ, n=11, mean square of weighted deviates 

[MSWD] = 9.9). The isochron yields an (
187

Os/
188

Os)i = 0.37 ± 0.54 (Figure 4.5a). 

Samples from the BB-1 core are also enriched in Re (30 – 38 ppb) and Os (288 – 326 

ppt). The 
187

Re/
188

Os have a limited range from 579 to 685, and are positively correlated 

with 
187

Os/
188

Os ratios of 1.62 to 1.78. Linear regression of all data points from BB-1 

provides an isochron with a Model 1 age of 93.6 ± 6.0 Ma (6.4% age uncertainty, 2σ, 

n=8, MSWD = 1.5). The isochron yields an (
187

Os/
188

Os)i = 0.71 ± 0.06 (Figure 4.5c).  
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4.4.3. Rhenium and Osmium in Organic and Inorganic Phases 

4.4.3.1. Kerogen 

Kerogen isolated from a sample from the Iona-1 core (EF-101.2) has abundances of Re 

and Os of ~1184 ppb and ~4710 ppt, respectively, and is heavily enriched relative to the 

bulk-rock samples (Table 4.3). The 
187

Re/
188

Os ratio of 1958 ± 121 is significantly less 

than its host bulk-rock (~2300 – 2800), even at the upper limit of uncertainty. The 

measured 
187

Os/
188

Os of kerogen is 4.85 ± 0.46 is. Within uncertainty, this 
187

Os/
188

Os is 

identical to this ratio for the bulk-rock sample (~4.38 – 5.38). A replicate analysis of this 

kerogen (EF-101.2[2]) yields identical results, within analytical uncertainty.  

A second kerogen isolated from the Iona-1 core (EF-108.2), taken from a sample with 

large amounts of pyrite, is less enriched in Re and Os (~197 ppb and ~904 ppt, 

respectively) than kerogen from EF-101 (Table 4.3). The Re and Os abundances of this 

kerogen isolate are also elevated relative to the bulk-rock samples which range from ~97 

- 113 ppb and ~276 - 336 ppt, respectively. The 
187

Re/
188

Os and 
188

Os/
188

Os ratios from 

this second kerogen are 1606 ± 108 and 4.19 ± 0.43, respectively. These are significantly 

smaller than the 
187

Re/
188

Os and 
187

Os/
188

Os ratios for the host bulk-rocks of ~2600 - 

2800 and ~5.09 – 5.27, respectively. A replicate analysis of this kerogen (EF-108.2[2]) 

yielded identical results, within analytical uncertainty. Following the heavy liquid 

removal of inorganic minerals (predominantly pyrite, with some rutile and zircon), the 

“pyrite-free” kerogen (EF-108.2.1) became even more enriched, with Re and Os 

abundances of ~1200  
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Figure 4.5: Bulk-rock isochrons for Eagle Ford samples. (A) All Iona-1 

samples, (B) All Iona-1 samples with a forced (
187

Os/
188

Os)i of 0.7, (C) 

All BB-1 samples. Uncertainty is reported as 2σ. 

 

  



245 
 

 

  



 

Sample Description 
187

Re 
188

Os 
± 

187
Os 

188
Os 

± Re (ppb) ± Os (ppt) ± 

Core: Iona-1        

EF-101.3 Extracted Rock 2635.14 9.79 5.61 0.02 153.35 0.54 481.16 2.23 

EF-101.2 Kerogen 1958.97 121.85 4.85 0.46 1184.18 4.13 4710.78 197.49 

EF-101.2[2] Kerogen 2026.67 106.83 4.87 0.41 1141.23 4.53 4394.35 169.55 

EF-101.1 Bitumen 5989.48 667.54 5.91 0.66 91.58 0.32 129.31 5.23 

          EF-108.3 Extracted Rock 2650.62 23.97 5.05 0.04 56.95 0.21 169.98 1.40 

EF-108.3[2] - 2679.28 38.37 5.10 0.07 56.94 0.21 168.85 1.81 

EF-108.2 Kerogen 1606.71 108.33 4.19 0.43 197.04 1.29 904.51 39.05 

EF-108.2[2] - 1623.73 82.92 4.24 0.33 209.94 0.77 957.33 33.21 

EF-108.2.1 Pyrite-Free Kerogen 2450.14 163.79 4.60 0.45 1200.23 4.15 3738.69 159.28 

EF-108.4 Pyrite 691.47 44.84 1.27 0.08 5.03 0.05 40.30 1.13 

EF-108.1 Bitumen 2184.25 766.47 3.99 1.40 28.51 0.37 94.63 10.74 

 

Core: BB-1           

           

EF-107.3 Extracted Rock 662.06 3.02 1.75 0.01 33.80 0.15 298.08 1.04 

EF-107.3[2] - 665.15 5.10 1.77 0.01 33.76 0.12 296.85 1.70 

EF-107.2 Kerogen 795.82 26.18 1.78 0.09 340.76 1.37 2508.79 49.83 

EF-107.1 Bitumen 406.41 126.75 0.53 0.18 8.57 0.51 106.93 14.01 

Table 4.3. Re-Os isotopic data for organic and inorganic fractions from Eagle Ford samples. [2] = Replicate analysis. 

Uncertainties for Re-Os isotopic data are 2σ.  
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ppb and ~3738 ppt, respectively, and the 
187

Re/
188

Os and 
187

Os/
188

Os ratios increased to 

2450 and 4.60, respectively. These are, within uncertainty, similar to those of the host 

bulk-rocks. Due to a small number of samples, a replicate analysis could not be 

performed. 

Kerogen isolated from one sample of the BB-1 core (EF-107.2) has Re and Os 

abundances of ~340 ppb and 2508 ppt, respectively. These values are also enriched 

relative to its host bulk-rock with Re of ~30 – 32 ppb and Os of ~288 – 309 ppt (Table 

4.3). In contrast to samples from Iona-1, the 
187

Re/
188

Os and 
188

Os/
188

Os ratios of 795 ± 

26 and 1.78 ± 0.09 for kerogen isolated from samples of BB-1 are higher than in the host 

bulk-rock which have 
187

Re/
188

Os ratios of ~612 and 
187

Os/
188

Os ratios of of 1.68. A 

replicate analysis of this kerogen (EF-107.2[2]) yields identical results, within analytical 

uncertainty.  

4.4.3.2. Pyrite 

Pyrite removed from bulk kerogen from Iona-1 by heavy liquid separation (EF-108.4) has 

Re and Os abundances of ~5 ppb and ~40 ppt, respectively, which are markedly lower 

than those for the bulk kerogen or the bulk-rocks (Table 4.3). The 
187

Re/
188

Os and 

187
Os/

188
Os ratios of 694 ± 44 and 1.26 ± 0.08, respectively, are significantly less than in 

the bulk-rock or any other fractions reported here.  

In addition to the pyrite separate, Re and Os isotopes were measured in a ~1 cm thick 

sulfide layer within the same depth interval as all other samples from the Iona-1 core 

(EF-108.4). This pyrite layer has Re and Os abundances of ~9 ppb and ~32 ppb 
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respectively, similar to those of the pyrite isolated from the kerogen (Table 4.3). 

However, the 
187

Re/
188

Os and 
187

Os/
188

Os ratios of this pyrite layer of 2186 ± 21 and 4.19 

± 0.04, respectively. These are much higher than those of the pyrite separate, and more 

similar to those of the other fractions. 

4.4.3.3. Extracted Rock 

The extracted rock, which is the insoluble residue after bitumen extraction, contains 

insoluble organic matter (kerogen) and inorganic minerals. The extracted rock from a 

thermally immature sample from the Iona-1 core (EF-101.3) has Re and Os abundances 

of ~153 ppb and ~481 ppt, respectively. These are similar to the bulk-rock with Re and 

Os abundances of ~149 - 151 ppb and ~423 - 485 ppt, respectively (Table 4.3). The 

187
Re/

188
Os ratio of 2635 ± 9 is indistinguishable from the 

187
Re/

188
Os of the bulk-rocks 

with values of 2328 – 2869. However, the measured 
187

Os/
188

Os ratio of 5.61 ± 0.02 of 

the extracted rock is slightly higher than those of the bulk-rocks with values of 4.38 – 

5.38. 

Extracted rock from the pyrite-rich sample from Iona-1 (EF-108.3) contains Re and Os 

abundances of ~56 ppb and ~169 ppt, respectively. These are significantly lower than the 

bulk-rock samples with Re and Os abudnacnes of ~97 – 113 ppb and 276 – 336 ppt, 

respectively (Table 4.3). The 
187

Re/
188

Os and 
187

Os/
188

Os ratios of the extracted rock are 

2650 ± 23 and 5.05 ± 0.04, respectively. These are indistinguishable from the bulk-rocks 

with 
187

Re/
188

Os and 
187

Os/
188

Os ratios of ~2682 – 2841 and 5.09 – 5.27, respectively.  A 
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replicate analysis of this extracted rock (EF-108.3[2]) yields identical results, within 

analytical uncertainty.  

Extracted rock from the thermally mature sample from the BB-1 core (EF-107.3) has Re 

and Os abundances of ~33 ppb and ~298 ppt, respectively, and are indistinguishable from 

the abundances in the bulk-rock (~30 – 33 ppb and 288 – 309 ppt Os) (Table 4.3). The 

187
Re/

188
Os and 

187
Os/

188
Os ratios of the extracted rock of 662 ± 3 and 1.75 ± 0.01, 

respectively, are higher than these ratios in the bulk-rock samples (612 – 613 and 1.68, 

respectively). A replicate analysis of this extracted rock (EF-107.3[2]) yields identical 

results, within analytical uncertainty.  

4.4.3.4. Bitumen 

Bitumen extracted from a sample from the Iona-1 core (EF-101.1) has Re and Os 

abundances of ~91 ppb and 129 ppt, respectively, which are moderately lower than in the 

bulk-rock samples (Table 4.3). The 
187

Re/
188

Os ratio of 5989 ± 667 is considerably higher 

than in the bulk-rock samples which have values of 2328 – 2869.  However, the 

187
Os/

188
Os of 5.91 ± 0.6 is, within uncertainty, similar to that of the bulk-rocks that have 

values of 4.38 – 5.38. Similar abundances were reported for bitumen extracts from the 

Staffin Formation, Scotland (Rooney et al., 2012) and from lacustrine source rocks of the 

Green River Formation (Cumming, 2013). 

Bitumen extracted from the pyrited sample from Iona-1 (EF-108.1) has Re and Os 

abundances of 28 ppb and 94 ppt respectively, and are similar to those of the other Iona-1 
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sample (Table 4.3). The 
187

Re/
188

Os and 
187

Os/
188

Os ratios of 2184 ± 766 and 3.99 ± 1.40 

are indistinguishable from the bulk-rock values, within uncertainty.  

The bitumen extracted from the thermally mature BB-1 core sample has Re and Os 

abundances of 8 ppb and 106 ppt, respectively, much lower than the bulk-rocks (30 – 32 

ppb and 288 – 309 ppt, respectively) (Table 4.3). The 
187

Re/
188

Os and 
187

Os/
188

Os ratios 

of 406 ± 126 and 0.53 ± 0.18 are much less than these ratios in the bulk-rock (~612 and 

1.68, respectively).  

All bitumen data reported here have large uncertainties. Due to the requirement of using a 

small sample size in order to prevent failure of glass Carius tubes, a procedural blank 

correction of 19.27 pg for Re and 0.60 pg for Os introduced the large uncertainties. In 

addition, bitumen typically makes up ~10% of the organic matter in these Eagle Ford 

samples. With TOC values of ~2 – 4%, the sample size of ~60 g often didn't yield enough 

bitumen in order to provide precise analyses. Typical bitumen yields range from 6 – 83 

mg. Other studies perform bitumen analysis on ~0.1 g aliquots of bitumen extracted from 

source rocks with a much higher proportion of bitumen than the ~10% reported here, 

which resulted in more precise data (Rooney et al., 2012; Cumming, 2013). 

4.4.3.5. Oil and Asphaltenes 

Light crude oil produced from the Eagle Ford shale has Re and Os abundances of -60 ± -

53 ppt and 7 ± 2 ppt, respectively (Table 4.3). For Re-Os analysis, ~0.1 g of oil was 

loaded into the Carius tube. With such low abundances of Re and Os, these values are 

less than the procedural blank values of 19.27 pg for Re and 0.60 pg for Os, leading to a 
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large blank correction. The 
187

Re/
188

Os and 
187

Os/
188

Os are -40 ± -41 and 0.19 ± 0.15, 

respectively, with the large uncertainty caused by the large blank correction. Similar low 

abundances were reported by Selby et al. (2007) for light oils with asphaltene content of 

<1% from the Pembina Field, Alberta, Canada.  

The Eagle Ford oil sample used in this study has an asphlatene content of ~0.4%. 

Rhenium and Os abundances in the asphaltene fraction are -467 ± -410 ppt and 49 ± 12 

ppt, respectively. The 
187

Re/
188

Os and 
187

Os/
188

Os ratios are -45 ± -47 and 0.21 ± 0.16, 

respectively and, within uncertainty are identical to these ratios in the bulk oil. As with 

the bulk oil sample, the low abundances coupled with small sample size caused a large 

blank correction causing negative abundances and large analytical uncertainties, similar 

to those reported for other oils with low asphaltene content (Selby et al., 2007).  

4.5. DISCUSSION 

4.5.1. Re-Os Systematics in Bulk-rocks 

Bulk-rock samples from the Iona-1 core have Re and Os abundances of 97-165 ppb and 

276-485 ppt, respectively. These values are typical for ORM (Ravizza and Turekian, 

1989; Cohen et al., 1999; Creaser et al., 2002; Selby and Creaser, 2003; Hannah et al., 

2004; Kendall et al., 2004; Finlay et al., 2010; Rooney et al., 2010). To test lateral 

variability in Re and Os, at least on the scale of a core plug, a slice of the plug was taken 

in order to bracket ~1 cm of stratigraphy. This core slice was then divided into separate 

samples and processed independently. For example, sample EF-100 from the Iona-1 core 

was divided into three samples (EF-100a-c; Table 4.2), each from the ~1 cm same 
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stratigraphic interval. The 
187

Re/
188

Os and 
187

Os/
188

Os values for these separate aliquots 

are identical, within uncertainty. Rhenium and Os abundances of ~150 – 165 ppb and 440 

– 480 ppt, respectively, are minimally variable. These abundances show no directional 

trends across the core (Table 4.2). Different aliquots sampled from EF-101 in the same 

manner have the same relationship indicating minimal variability in the submarine 

conditions on this scale.  

Bulk-rock samples from Iona-1 that contains abundant pyrite (EF-108) have Re and Os 

abundances of 97 – 113 ppb and 276 – 336 ppt, respectively. These abundances are less 

enriched than those from the Iona-1 samples with significantly less pyrite. The 

187
Re/

188
Os and 

187
Os/

188
Os ratios of the pyrited samples range from 2682 – 2841 and 

5.09 – 5.27, respectively. These values are similar to those of the bulk-rocks, however, 

with much more internal variability. This variability is likely due to the nugget effect, 

where each sample has varying amounts of pyrite which could strongly change the 

abundances of Re and Os in the bulk-rocks.  

Bulk-rock samples from BB-1 have a much tighter range in Re and Os abundances of 30 

– 38 ppb and 288 – 326 ppt, respectively. These samples also have much smaller internal 

variability between multiple aliquots of the same stratigraphic interval (e.g., EF-107a,c; 

EF-104a,c, etc.) which supports the lack of variability in submarine condition on this 

scale. 
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4.5.2. Re-Os Geochronology of Bulk-rocks 

Detailed chronostratigraphic work conducted by Eldrett et al. (2015) provides an 

astronomically tuned age model for the Iona-1 core. Integrated age models anchored by 

biostratigraphy and U/Pb ages of zircons within interbedded bentonites provide high 

resolution geochronology for this section. Based on this model, the Iona-1 samples used 

in this study were deposited 95.06 – 95.14 Ma (Table 4.1) (Eldrett et al., 2015b).  

Regression of all data points from the Cenomanian Lower Eagle Ford shale from the 

Iona-1 core yields a Model 3 age of 105 ± 12 Ma (11.4% age uncertainty, 2σ, n=11, mean 

square of weighted deviates [MSWD]=9.9) and an (
187

Os/
188

Os)i = 0.37 ± 0.54 (Figure 

4.5a). Within uncertainty, this age agrees with the expected age for this formation, but 

with large uncertainties on both the age and (
187

Os/
188

Os)i.  

In order to obtain precise and accurate isochron ages, three conditions must be met: (1) 

The initial sea-water conditions (
187

Os/
188

Os)i for all samples must have been the same, 

(2) There must be no post-depositional mobilization of Re or Os, and (3) There must be a 

significant spread in measured 
187

Re/
187

Os, which leads to a significant spread in 

measured 
187

Os/
188

Os. Calculated (
187

Os/
188

Os)i at 95.1 Ma (using λ=1.666 x 10
-11

a
-1

; 

Smoliar et al., 1996) for all samples range from 0.68 to 0.89 with no clear correlation 

with stratigraphic level. This is consistent with either a rapidly changing 
187

Os/
188

Os of 

sea-water around ~95 Ma, or some degree of post-depositional mobility of Re or Os. A 

range in 
187

Re/
188

Os from 2328 to 2869 and the measured 
187

Os/
188

Os from 4.38 - 5.38 

provides a limited range in both ratios. Precise Re-Os geochronology requires samples 
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with similar (
187

Os/
188

Os)i, with a spread in 
187

Re/
188

Os ratios of at least a few hundred 

units (Cohen et al., 1999; Selby and Creaser, 2005; Kendall et al., 2009).  

Eagle Ford samples from Iona-1 have significant spread in the 
187

Re/
188

Os ratio with a 

range of 541 units. However, because the samplea re relatively young, they have a very 

limited spread in the 
187

Os/
188

Os ratio of ~1 unit. This limited spread results in the data 

points being tightly clustered which produces a large uncertainty in the regression of the 

isochron. In addition, data points that cluster far from the y-intercept magnifies the 

uncertainty of the extrapolation of the isochron to the y-intercept, providing additional 

uncertainty in the age and (
187

Os/
188

Os)i (Figure 4.5a).  

One of the assumptions of using the Re-Os system in the marine environment is that, due 

to the short residence time of Os in the oceans, the world's oceans are well mixed and 

thus homogeneous with respect to Os. An added advantage of examining the Eagle Ford 

shale is its coincidence with the Cenomanian-Turonian boundary and the oceanic anoxic 

event 2 (OAE2). This interval has been globally correlated to the Livello Bonarelli in 

Italy, the Portland #1 core near Pueblo, Colorado, the Wunstorf core in Germany, the 

Vocontian Basin, SE France and DSDP Site 530 in the proto-South Atlantic using Os 

isotopes (Du Vivier et al., 2014). The (
187

Os/
188

Os)i curve of all of these sections are 

similar, with 
187

Os/
188

Os values in the interval studied here of ~0.7 (Du Vivier et al., 

2014). This suggests homogeneity of the oceans with respect to Os during this portion of 

the Cenomanian.  

In an attempt to constrain an accurate and precise age for this portion of the Eagle Ford 

shale, an isochron was regressed forcing the (
187

Os/
188

Os)i to 0.7 (Figure 4.5b). This 
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forced isochron yielded an age of 95.7 ± 2.8 Ma (2.9% age uncertainty, 2σ, n=11, 

MSWD=16). This is within uncertainty is identical to the expected age for this formation, 

however, with much more precision than the previously discussed isochron. This 

indicates that the primary control on the original Iona-1 uncertainty is the distance 

between the data cluster and the y-intercept, and not post depositional mobility or rapidly 

changing (
187

Os/
188

Os)i. This gap is visually highlighted on Figure 4.5b.  

Regression of all data points from the Turonian Upper Eagle Ford shale from the BB-2 

core yields a Model 1 age of 93.6 ± 6.0 Ma (6.4% age uncertainty, 2σ, n=8, MSWD=1.5) 

with a (
187

Os/
188

Os)i of 0.71 ± 0.06 (Figure 4.5c). Within uncertainty, this age agrees with 

the expected age for this formation (~91.9 Ma; Shell E-mail), which is more precise than 

the original Re-Os isochron from the Iona-1 core. Age verification for this core is from an 

independent U/Pb age of zircons of ~91.9 Ma from an interval 6 inches below the interval 

studied here (Amy Kelly, personal communication). Calculated initials at 93.6 Ma form a 

very tight range from 0.71 to 0.73 indicating minimal change in sea-water 
187

Os/
188

Os 

during deposition of this section of the Eagle Ford. These calculated 
187

Os/
188

Os initials 

agree with other sections of Turonian strata (Du Vivier et al., 2014).  

Although the uncertainty in the BB-1 isochron is significantly better than for the Iona-1 

isochron, an uncertainty of ±6.4% (2σ) is still higher than can be explained by analytical 

error alone. Calculated (
187

Os/
188

Os)i ratios indicated limited variation in the 
187

Os/
188

Os 

of coeval sea-water, however, there is an extremely limited range in both the measured 

187
Re/

188
Os of ~106 units and 

187
Os/

188
Os of ~0.15 units, producing a data cluster which 

introduces significant uncertainty in the regression computation. Also, the data cluster for 
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BB-1 samples lies significantly away from the y-intercept, magnifying that uncertainty as 

discussed above for the Iona core data (Figure 4.5c).  

4.5.3. Relationship between Re-Os and Organic Matter 

The uptake of Re and Os in the water column occurs under suboxic to anoxic conditions 

with complexation likely occurring through a combination of reductive capture (Colodner 

et al., 1993; Yamashita et al., 2007) and adsorption onto organic complexes (Koide, 

1991; Crusius et al., 1996; Levasseur et al., 1998; Oxburgh, 1998; Cohen et al., 1999; 

Morford and Emerson, 1999). Several experimental studies have demonstrated that the 

uptake mechanism varies for each element with soluble Re (Re
VII

O4
-
) being removed 

from sea-water by reductive capture during diffusion into anoxic pore waters and 

converted to the insoluble Re
IV

 under low oxidation potential (Eh) conditions (Colodner 

et al., 1993). Removal of Os from sea-water (as soluble Os
IV

) is suggested to be directly 

associated with the presence of organic matter. Over a wide range of Eh and pH 

conditions, Os enters oxic sediment, first as Os
IV

, and is then converted to Os
III

 after 

further reduction during organic complexation (Yamashita et al., 2007). Osmium removal 

from sea-water is fast compared to Re removal and is complexed into ferro-manganese 

oxides as well as organic-rich sediments, while Re is only removed to sediment under 

highly reducing conditions. This leads to high 
187

Re/
188

Os ratios in organic-rich sediments 

(Yamashita et al., 2007; Poirier et al., 2011).  

Although the removal of Re and Os from sea-water has been directly linked to the 

presence of organic matter, through positive correlations of both elements with TOC, the 

rate of removal is therefore controlled not only by the type and abundance of organic 
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matter, but also the redox conditions and sediment accumulation rates. The rate of 

removal of Re from sea-water, however, is controlled by precipitation kinetics and has 

been demonstrated to be unaffected by changes in sediment accumulation rate and sulfide 

abundance (Crusius and Thompson, 2000; Sundby et al., 2004). Rooney et al. (2010) 

suggests that the enrichment of Re and Os in ORM may be related to local factors such as 

the duration that the pore-water sediment interface is open, and changes in the oxic-

anoxic boundary of the water column, both of which can be related to sediment 

accumulation rate. Further, the behavior of other redox-sensitive elements such as Ni and 

Mo who’s dominant enrichment factor is sediment accumulation rate, are very similar to 

that of Re and Os, indicates a common dominant enrichment factor (Lewan and Maynard, 

1982; Kendall et al., 2009; Rooney et al., 2010).  

Recent studies have shown that Re and Os abundances do not always correlate with TOC 

values. However, these studies either used inverse aqua-regia instead of CrO3-H2SO4 for 

sample digestion (Cohen et al., 1999), or were performed on organic-rock mud rocks 

from restricted basins (McArthur et al., 2008; Baioumy et al., 2011; Cumming et al., 

2012). Sample digestion using inverse aqua-regia alleviates and oxidizes Re and Os from 

both hydrogenous and detrital, non-hydrogenous sources. Since non-hydrogenous sources 

aren’t related to sea-water and therefore unrelated to organic matter, if the detrital 

component is large, then a strong correlation between Re and Os abundances and TOC 

isn’t expected. In fact, there is a weak correlation between Re and Os abundance and 

TOC for the Jurassic ORM reported by Cohen et al. (1999) and perhaps a stronger 

correlation would result from analysis using the CrO3-H2SO4 method.  
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Baioumy et al. (2011) reported Re-Os data for laterally correlated marine and non-marine 

shales and coals from Egypt and showed a strong positive correlation between TOC and 

both Re and Os abundances for the marine shales (R
2
=0.87 and 0.89, respectively), and a 

lack of correlation in the laterally correlated non-marine gray shales and coals (R
2
=0.19 

and 0.37, respectively). Cumming et al. (2012) also reported a lack of correlation 

between TOC and Os in both distal and proximal (R
2
= 0.56 and 0.41, respectively) 

lacustrine deposits from the Green River Basin. There was also a lack of correlation 

between TOC and Re in the proximal, lake margin Douglas Creek Member (R
2
=0.17). 

However, the Mahogany Zone, which represents distal lake center deposits showed a 

moderate positive correlation between TOC and Re (R
2
 = 0.73) (Cumming et al., 2012). 

The Mahogany Zone was deposited in the lake center when lake levels were at their 

maximum and sedimentation rates were slow and steady under a stratified water column 

(Bradley, 1931; Boyer, 1982; Tuttle and Goldhaber, 1993; Cumming et al., 2012). In 

contrast, the Douglas Creek Member was deposited on the lake margin during fluctuating 

lake-levels and a variation in sedimentation rate, possibly allowing much higher variation 

in the Re-Os uptake and fractionation compared to the more stable lake center where 

association of Re and Os with organic matter would have been greater (Cumming et al., 

2012). It has been suggested that in restricted basins, organic matter sedimentation draws 

down dissolved Re and Os from the water column resulting in a shortening of the 

residence time, subsequently causing rapid variations in the availability of those elements 

in the water column (McArthur et al., 2008). This results in rapid variations in the 

(
187

Os/
188

Os)i of the sediments. However, the proximal lacustrine zones discussed in 
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Cumming et al. (2012) that had the weakest correlation between TOC and both Re and 

Os, provided a more precise isochron than the distal shales from the lake center.  

If there is a relationship between TOC, sedimentation rate, and the abundances of Re and 

Os, it can be expected that the slope of a line correlating points from various ORM on a 

TOC versus Re (or Os) plot would be related to the sediment accumulation rate (Figure 

4.6). Because TOC decreases during decreased sedimentation rates due to scavenging of 

organic matter by benthic organisms, while Os (or Re) abundances would increase due to 

a longer duration of interaction between pore-waters and the sediment interface, this 

correlation would be negative, with larger slopes (higher Re/TOC or Os/TOC) 

representing slower accumulation rates. There is a rough correlation between the slope of 

correlation lines and the R
2
 values for most marine and non-marine shales, with slopes of 

Re/TOC and Os/TOC of up to 18.7 and 350.7, respectively and R
2
 values of 0.97 for both 

(Figure 4.6). This indicates that the slower accumulation rates in less restricted, marine 

conditions, provides adequate time for the complexation of Re and Os with organic 
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Figure 4.6. (A) Re abundance (in ppb) vs. Total organic carbon (in weight percent), 

(B) Os abundance (in ppt) vs. Total organic carbon (in weight percent). Solid gray 

lines represent marine shales from:  (a, c) Rooney et al. (2010) and (b) Baioumy et 

al. (2011). Dashed black lines represent non-marine shales from: (g) Baioumy et 

al. (2011), (d, e) proximal lacustrine shale from Cumming et al. (2012) and (f) 

distal lacustrine shales from Cumming et al. (2012).  
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matter. However, the implication of this correlation may not be straightforward. In 

addition to sedimentation rate, the amount of preserved organic matter in sediment can be 

related to water depth, redox conditions, and diagenesis following deposition and burial, 

as well as degree of restriction of the basin. Molybdenum concentration in organic-rich 

sediments is a particularly useful indicator of paleoredox state because the uptake of Mo 

from sea-water requires low O2 to anoxic waters with H2S present in the sediment pore 

fluid (Zheng et al., 2000). Georgiev et al. (2011) reported a positive relationship between 

TOC and molybdenum abundance for Upper Permian shales from Greenland and the 

mid-Norwegian shelf. They also attributed the correlation to the degree of basin 

restriction. In stagnant, restricted basins with limited deep water renewal, Mo drawdown 

into basin floor sediments progressively depletes the dissolved Mo of sea-water. This 

drawdown results in shales that are deposited in this setting to have lower Mo/TOC than 

shales deposited in less restricted basins with continued Mo renewal (Georgiev et al., 

2011). Therefore, ORM with low Mo/TOC are likely to have been deposited in more 

restricted basin settings than those with high Mo/TOC (Tribovillard et al., 2006). Non-

marine shales discussed here all plot with low Re/TOC and Os/TOC, in a distinct field, 

separate from the marine shales with high Re/TOC and Os/TOC (Figure 4.6). If the only 

factor controlling the slopes of the correlation lines in this diagram is sediment 

accumulation rates, it would be expected that this would not be the case, as sediment 

accumulation rates are similar for some lacustrine and marine settings. The covariation of 

Re and Os with TOC likely has implications for Re and Os renewal which is controlled 

by the degree of basin restrictivity, similar to that of Mo. However, the degree of basin 

restrictivity does have some control on the rate of sediment accumulation as well.  
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The TOC values for Eagle Ford samples from Iona-1 range from 2.64 to 4.24% and are 

positively correlated with both Re and Os abundances (Figure 4.6). The slope of Re/TOC 

and Os/TOC for Iona-1 samples is 3,877 and 10,260, respectively, with R
2
 values of 0.99 

and 0.97, respectively. These samples have the highest slope of Re/TOC and Os/TOC of 

all plotted samples. Based on the discussion above, samples from Iona-1 were deposited 

in an open, unrestricted marine setting possibly under very slow sediment accumulation. 

To further support this conclusion are the high Re/Os ratios reported here for Iona-1 

samples of 2328 – 2869. To date, the published 
187

Re/
188

Os ratios for nearly all shales is 

less than 2000, with greater than 99% of 
187

Re/
188

Os values less than 2300 (Georgiev et 

al., 2011). In exception, Upper Permian black shales from Poland have very high 

187
Re/

188
Os ratios of up to 5,311 (Pasava et al., 2010). Yang et al. (2004) also reported 

exceptionally high 
187

Re/
188

Os ratios of up to 6,114 in Upper Permian Mo-rich black 

shales of the Laoyaling, Anhui Province, China. Georgiev et al. (2011) also reported high 

187
Re/

188
Os ratios of 3,138-6,028 for Upper Permian black shales from the mid-

Norwegian shelf and East Greenland sections.  

As noted above, Re and Os are redox-sensitive elements and are concentrated in reducing 

sediments (Ravizza et al., 1991). Osmium is scavenged from sea-water over a wide range 

of Eh and pH conditions and first enters oxic sediment as Os
IV

, and is then converted to 

Os
III

 after further reduction during organic complexation (Yamashita et al., 2007). This 

results in Os being sequestered and/or adsorbed to a variety of phases under a variety of 

conditions. In contrast, high concentrations in recent and ancient reducing sediments 

coupled with experimental studies show that Re is readily drawn from sea-water and 
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fixed in sediment only under reducing conditions (Ravizza et al., 1991; Yamashita et al., 

2007; Georgiev et al., 2011). Enrichment of Re over Os therefore requires highly 

reducing environments. The extraordinarily high 
187

Re/
188

Os ratios reported here for the 

Eagle Ford, in addition to those from the Upper Permian are likely caused by extreme 

deep-water anoxia. This is supported by redox-sensitive trace element enrichment and 

lack of benthic bioturbation reported in this section of the Eagle Ford shale indicating 

anoxic conditions in the Maverick Basin during the Upper Cenomanian (Eldrett et al., 

2014). 

The TOC values for Turonian samples from BB-1 range from 2.69 to 2.84%. A 

correlation between Re-Os and TOC cannot be made for the BB-1 samples due to a tight 

clustering of these data points. However, 
187

Re/
188

Os ratios for BB-1 samples are 597 – 

685 and fall within the typical range for ORM (Georgiev et al., 2011) indicating less 

extreme anoxia in this portion of the Maverick Basin during the Turonian.  

In summary, our present understanding of the uptake and fractionation behavior of Re 

and Os in the water column requires further examination. It is however, likely an intricate 

balance of degree of anoxia, depositional rates, organic matter type, water depth, salinity, 

pH, and temperature that controls the kinetics of Re and Os removal from sea-water. A 

better understanding of the types of inorganic and organic molecules that are involved in 

Re and Os sequestration is clearly necessary to understand their behavior in the water 

column.  
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4.5.4. Re-Os Systematics in Organic and Inorganic Phases 

Within an ORM, organic-matter typically comprises only a small mass of the rock. Eagle 

Ford samples contain 2 – 4 wt% total organic carbon. This means that a 100 g bulk-rock 

sample with these TOC values contains 2 – 4 g of organic carbon. The rest is made up of 

various inorganic phases. The 2 – 4 g of organic carbon is further subdivided into 

kerogen, which is the organic-solvent insoluble organic matter, and bitumen, which is the 

organic-solvent soluble organic matter, or extractable organic matter.  

Kerogen comprises the majority of the organic-matter in an ORM. During the break-

down process of organic matter during diagenesis, biopolymers from proteins and 

carbohydrates dismantle either partially or completely (Tucker, 1988). These dismantled 

components can then polycondense to form new polymers, or kerogen. Kerogen is the 

complex organic matter that generates petroleum and natural gas (Tissot and Welte, 

1984; Vandenbroucke and Largeau, 2007).  

The remainder of organic-matter, the extractable organic matter, is comprised of carbon 

contained in the oil and gas already formed during burial and catagenesis but not yet 

expelled from the rock (Jarvie, 1991).  

For this study, three samples were selected for separation and analysis of Re and Os in 

the different organic and inorganic fractions. From Iona-1, EF-101 and EF-108 were 

used. EF-100 represents a thermally immature, Type II source rock. EF-108 is also a 

thermally immature, Type II source rock, however, it contains an appreciable amount of 

pyrite. From BB-1, EF-107 was selected. EF-107 represents a thermally mature, Type II 
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source rock. These samples allow for the determination of Re and Os isotopes and 

abundances in two thermal end-member, Type II marine source rocks. In addition, EF-

108 provides a means for understanding the effect sulfides have on the Re-Os systematics 

within ORM. The percent, by weight of bitumen in EF-101, EF-108 and EF-107 is 0.38, 

0.08, and 0.11, respectively. The remainder of the organic-matter is kerogen (3.81, 2.72, 

2.68 wt%, respectively). 

The distribution of Re and Os in different fractions within ORM have been relatively well 

studied. In addition, Re-Os systematics in crude oil and heavy oil (bitumen) have been 

studied in natural systems (Selby et al., 2005; Selby and Creaser, 2005; Finlay et al., 

2011) as well as laboratory based experiments using hydrous pyrolysis for the artificial 

thermal maturation of marine and lacustrine source rocks (Rooney et al., 2012; 

Cumming, 2013).  

In this study, the Re-Os abundances and isotopic compositions are determined in organic 

and inorganic phases within an ORM in order to determine the Re-Os systematics within 

the petroleum system source rock and produced hydrocarbons. In order to minimize 

confusion, a systematic approach in the following discussion has been used. The Re-Os 

systematics in the bulk-rocks were discussed above. From here, the discussion will 

involve sequential removal of phase(s) from the bulk-rock; bitumen, kerogen, then pyrite. 

The extraction of the soluble organic matter (bitumen) through Soxhlet extraction 

produces a bitumen-free residue, this is termed the extracted rock. The extracted rock is 

then subjected to kerogen isolation through the previously described demineralization 
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procedure. Finally, pyrite (and other heavy minerals) is removed from the kerogen though 

heavy-liquid separation. 

4.5.4.1. Extracted Rock 

Extracted rock from Iona-1 has Re and Os abundances indistinguishable from the bulk-

rock (Tables 4.1 & 4.3). The same relationship is observed in extracted rock from BB-1. 

A first order interpretation is that the extracted bitumen has very little Re and Os, as the 

abundances in the bulk-rock and in the residue are identical. The Eagle Ford samples 

from the Iona-1 and BB-1 cores contain very little bitumen (0.38 and 0.11 wt%, 

respectively). In order for bitumen to have an effect on the bulk-rock budget by only 1 

ppb, it would have to contain ~260 ppb Re for bitumen from the Iona-1 core sample and 

~900 ppb Re for bitumen from the BB-1 core. Therefore, a lack of change in Re and Os 

abundances between bulk and extracted rocks doesn't imply low abundances of these 

elements in the bitumen, rather just a low proportion of bitumen in the bulk-rock budget. 

Extracted rock from the thermally immature Iona-1 sample has a 
187

Re/
188

Os ratio, within 

uncertainty, identical to that of the bulk-rock but has a slightly higher 
187

Os/
188

Os. The 

extracted rock from the thermally mature BB-1 also has a 
187

Os/
188

Os ratio slightly higher 

than its host bulk-rock, however, with a 
187

Re/
188

Os ratio significantly larger than the 

bulk-rock. Rooney et al. (2012) reported similar results from experiments of artificial 

thermal maturation of samples from the Jurassic Staffin Formation, Scotland, using 

hydrous pyrolysis. Thermally immature bulk-rock and extracted rock had similar Re and 

Os abundances (13.4 vs. 14.0 and 199.1 vs. 200.6, respectively) with very similar 

187
Re/

188
Os and 

187
Os/

188
Os ratios (355 vs. 353 and 1.47 vs. 1.47, respectively) (Rooney 
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et al., 2012). Following hydrous pyrolysis at 350 
o
C for 72 h, Re and Os abundances of 

the bulk-rock and extracted rock varied minimally while a difference of ~10% was 

introduced in the 
187

Re/
188

Os ratio between the thermally mature bulk and extracted rocks 

(333 vs. 369, respectively), suggesting a selective transfer of Os over Re to generated 

bitumen (Rooney et al., 2012). While it is difficult to compare the thermally immature 

Iona-1 samples to the thermally mature BB-1 samples due to varying age and associated 

lack of lateral correlation of these samples, it is possible to compare relationships 

between the bulk and extracted rocks of each core independently.  

In both the Iona-1 and BB-1 samples, the 
187

Os/
188

Os ratios are slightly higher in the 

extracted rock than in the bulk-rock, indicating bitumen has a less radiogenic 
187

Os/
188

Os 

than the bulk-rock. The thermally mature BB-1 sample shows a marked increase in the 

187
Re/

188
Os ratios between bulk and extracted rocks indicating removal of a phase with 

lower 
187

Re/
188

Os than the bulk-rock. This selective transfer of Os over Re into bitumen 

during burial and thermal maturation would cause the bitumen to have less 
187

Re 

available for decay to 
187

Os while increasing the 
187

Re/
188

Os of the kerogen. This is 

supported by the implied less radiogenic nature of bitumen in both the immature and 

mature samples. 

Rhenium and Os abundances in the extracted rock from the heavily pyrited sample (EF-

108) from Iona-1 are significantly less than for the host bulk-rock (~56 vs. ~100 ppb and 

~169 vs. ~300 ppt, respectively) (Tables 4.1 & 4.3) indicating that the removal of 

bitumen removed a phase enriched in Re and Os. EF-108 contains 0.11wt% bitumen. A 

simple mass balance calculation yields theoretical Re and Os abundances of ~100,000 
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ppb and ~181,000 ppt, respectively, in the extracted bitumen in order to see such 

differences in the abundances of Re and Os between the bulk and extracted rocks.  These 

values are significantly higher than any previously reported bitumen abundances (Selby 

et al., 2005; Rooney et al., 2011; Cumming, 2013) or for ORM (Ravizza and Turekian, 

1989; Cohen et al., 1999; Creaser et al., 2002; Selby and Creaser, 2003; Hannah et al., 

2004; Kendall et al., 2004; Finlay et al., 2010; Rooney et al., 2010). These abundances 

are unrealistic, as even if the bulk-rock were comprised of 100% bitumen, Re and Os 

abundances in the bulk-rock are only 100 ppb and 300 ppt, respectively. Two 

mechanisms that could explain this imbalance are (1) An error in the calculation of the 

relative abundance of bitumen in the bulk-rock, or (2) Loss of Os during solvent 

extraction. The 
187

Re/
188

Os and 
187

Os/
188

Os ratios of the extracted rock are, within 

uncertainty, identical to those of the bulk-rock. Therefore a loss of Os must be coupled 

with an equal loss of Re for these two phases to have similar 
187

Re/
188

Os ratios. Although, 

small differences in the 
187

Re/
188

Os ratios of the two fractions could be present, but are 

masked by the slightly higher uncertainty in the 
187

Re/
188

Os ratio of extracted rock (Table 

4.3).  

4.5.4.2. Bitumen 

Diagenesis of kerogen gives way to catagenesis which is the thermally involved 

transformation of kerogen. Long chain hydrocarbons that make up kerogen are broken 

down into simpler molecules. This thermal decomposition of kerogen results in the 

generation of bitumen and minor amounts of expelled oil (Lewan et al., 1985). During 
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increased burial, kerogen decomposition slows, while the decomposition of bitumen 

results in the primary generation of expelled oil (Lewan et al., 1985).  

It should be noted that data for bitumen in this study are reported with large uncertainty 

(11 – 35%, 2σ) due to the small sample size coupled with the low amount of bitumen 

within the Eagle Ford samples used. The discussion of the data in this section should be 

taken lightly.  

Bitumen extracted from the thermally immature Iona-1 sample (EF-101.1) has Re and Os 

abundances of 91 ppb and 129 ppt, respectively. Extracted rock data from Iona-1 

predicted that extracted bitumen would have 
187

Re/
188

Os ratios similar to the bulk-rock, 

but with less radiogenic 
187

Os/
188

Os. The 
187

Os/
188

Os of 5.91 ± 0.66 is, within uncertainty, 

similar to that of the bulk and extracted rocks. However, the 
187

Re/
188

Os ratio of 5989 ± 

667 is markedly higher than the bulk-rock, even at the lower limits of the uncertainty. As 

previously mentioned, changes in the Re and Os abundances between bulk-rock and 

extracted rock would be undetectable with such low abundances of Re and Os in bitumen 

coupled with the low amount of bitumen in these Eagle Ford samples. The higher than 

predicted 
187

Re/
188

Os ratio in the extracted bitumen indicates loss of Os during the 

chemical extraction procedure, perhaps due to volatility. This would raise the 
187

Re/
188

Os 

ratio without affecting the 
187

Os/
188

Os ratio.    

Bitumen extracted from BB-1 (EF-107.1) has Re and Os abundances of ~8 ppb and ~106 

ppt, respectively. The 
187

Re/
188

Os and 
187

Os/
188

Os ratios of 406 ± 126 and 0.53 ± 0.18, 

respectively, are both smaller than in the respective bulk-rock, as predicted by the 

extracted rock data. These results reflect the selective transfer of Os over Re to bitumen 
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during source rock burial and bitumen generation as discussed by Rooney et al. (2012). In 

contrast to Iona-1 extracted rock, there doesn’t appear to be loss of Os during the bitumen 

extraction process for this sample. 

Bitumen from the pyrited samples from Iona-1 (EF-108.1) has Re and Os abundances of 

~28 ppb and ~95 ppt, respectively. These are much lower than predicted by the extracted 

rock data (Tables 4.1 & 4.3). The 
187

Re/
188

Os and 
187

Os/
188

Os ratios of 2184 ± 766 and 

3.99 ± 1.40 are, within uncertainty, identical to those of the bulk and extracted rocks. 

However, such large uncertaintainties in these values (35%, 2σ) should warrant caution in 

using this data for any meaningful interpretation or application. 

There are large discrepancies between the reported and predicted (from bulk and 

extracted rock data) abundances and isotopic ratios in the Iona-1 samples discussed here. 

This discrepancy is partially explained by such large analytical uncertainties, however, 

there also seems to be a loss of Os and/or Re either during the chemical extraction of 

bitumen from the bulk-rock (perhaps during the boiling of the dichloromethane), or 

during the loading of bitumen into the Carius tubes, as there is a heating step involved.  

The large discrepancy in the abundances of Re and Os predicted from the bulk-rock and 

extracted rock data compared to that of the measured bitumen for the pyrited Iona-1 

sample indicates missing Re and Os. As the products of the bitumen extraction make up 

the whole of the rock, the only explanation for missing Re and Os is their volatility 

during the procedure. Osmium is known to be volatile and in the VII oxidation state, as 

OsO4, sublimes at room temperature (Butler and Harrod, 1989).  OsO4 is formed when 

Os powder reacts with O2 at ambient temperatures (Housecroft and Sharpe, 2004). In the 
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bitumen extraction procedure, bitumen in solution (DCM) is heated to boiling and thus 

could provide a means of volatilizing Os. The most common oxide of Re is the volatile 

Re2O7 (Greenwood and Earnshaw, 1997).  

In addition, the large abundance discrepancy isn’t observed in the non-pyrited sample 

from Iona-1, therefore, the variation in behavior of Re and Os either within the natural 

system or during the chemical extraction of bitumen seems to be controlled by the 

presence of sulfides.  

Within a kerogen its carbon-sulfur bonds may cleave more readily to generate more 

liquid hydrocarbons that its carbon-carbon bonds. Therefore, the greater the amount of 

organic sulfide incorporation into the matrix of a Type II kerogens, the lower the thermal 

stress necessary for their generation of oil (Lewan, 1985). This hypothesis may hold true 

for the extraction of Re and Os from the organic molecules of the kerogen during 

bitumen extraction.  

4.5.4.3. Kerogen 

Kerogen, defined as the insoluble macromolecular organic matter dispersed in 

sedimentary rocks, is by far the most abundant form of organic matter on Earth with 

abundances on the order of 10
16

 tons in the global carbon cycle (Durand, 1980; 

Vandenbroucke and Largeau, 2007). This is compared to ~10
12  

tons in living biomass 

(Durand, 1980). Accordingly, it has much importance in disciplines other than petroleum 

research, such as biogeochemistry and oceanography. Kerogen is of prime importance in 
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petroleum systems, as it is the sedimentary organic matter which generates petroleum and 

natural gas (Vandenbroucke and Largeau, 2007).  

Kerogen dominantly represents the residues from two photoautotrophic primary 

producers: algae and terrestrial higher plants, and various heterotrophic organisms that 

escaped mineralization during the C cycle (Vandenbroucke and Largeau, 2007). The 

photoautotrophic primary producers transform atmosphere CO2 or inorganic C dissolved 

in the water column into their own metabolites using solar energy for photosynthesis 

(Vandenbroucke and Largeau, 2007). Life for these organisms is thus restricted to the 

land surface and the upper hundred meters of the water column, where sun light is 

available. On land, higher plants make up the majority of primary producers. In lakes and 

oceans, phytoplankton is the major contributor. Following death of the primary 

producers, they are mineralized through the food chain by a consortium of heterotrophic 

organism that use energy provided by oxidation reactions to synthesize their own 

metabolites (Vandenbroucke and Largeau, 2007). The organic debris settling at the 

sediment-water interface in lakes or in the ocean is the sum of all residues escaping the 

biological process including primary producers and heterotrophic organisms that were 

involved in organic matter mineralization (Froelich et al., 1979; Deming and Baross, 

1993).  

During the break-down process of the primary producers large biopolymers from proteins 

and carbohydrates dismantle either partially or completely (Tucker, 1988). These 

dismantled components can then polycondense to form new polymers. The formation of 
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polymers in this way accounts for the large molecular weight and diverse chemical 

compositions of kerogen (Tucker, 1988). 

Kerogen isolated from the thermally immature Iona-1 sample (EF-101.2) is 8 to 10 times 

enriched in Re and Os compared to the extracted rock (Tables 4.1 & 4.3). A first-order 

observation, is that the removal of the inorganic matter during demineralization removed 

phases with comparatively lower abundances of Re and Os. The 
187

Re/
188

Os and 

187
Os/

188
Os ratios of isolated kerogen are also lower than these ratios in the extracted 

rock, indicating the removal of phases(s) with more radiogenic 
187

Os/
188

Os and higher 

187
Re/

188
Os ratios than the kerogen. The inorganic material removed during 

demineralization is predominantly detrital minerals representative of the upper 

continental crust. The 
187

Os/
188

Os of ORM, as derived from the 
187

Os/
188

Os composition 

of sea-water, is controlled by the two dominant inputs of Os: radiogenic continental crust 

with a high 
187

Os/
188

Os and non-radiogenic mantled-derived Os with a low 
187

Os/
188

Os. 

Therefore, the removal of detrital, inorganic material during demineralization removes a 

component with a high 
187

Os/
188

Os, leaving the residue with a lower 
187

Os/
188

Os. 

Kerogen isolated from the thermally mature BB-1 sample (EF-107.2) is also 8 to 10 times 

enriched in Re and Os compared to its extracted rock (Tables 4.1 & 4.3). The 
187

Os/
188

Os 

of isolated kerogen is, within uncertainty, identical to that of the extracted rock. 

However, the 
187

Re/
188

Os of kerogen is markedly higher than the extracted rock. In 

contrast to EF-101.2, the removal of the inorganics from EF-107 indicates a removal of a 

phase with a 
187

Re/
188

Os lower than the extracted rock, but with a 
187

Os/
188

Os similar to 

the extracted rock. While it’s tempting to explain this contrast by a process related to 
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thermal maturity, this isn’t possible as these two samples represent different basin 

settings and are of vastly different age. In addition, the demineralization procedure that 

isolates the kerogen only removes inorganic phases that are independent of thermal 

maturity. Therefore, the differences observed in the 
187

Os/
188

Os composition of the 

demineralized phases are related to the composition of the inorganic material within the 

sample (quartz, clays, pyrite, etc.). In addition, sedimentation rate could control the 

amount of inorganics present which would ultimately affect the differences in 

abundances and isotopic ratios observed.  

Kerogen isolated from the pyrited Iona-1 sample (EF-108.2) is also enriched in Re and 

Os, however, not as much as the previously discussed kerogens. The 
187

Re/
188

Os ratio of 

1606 ± 108 is lower than that of the extracted rock (~2600) indicating that the removal of 

the inorganics during demineralization removed phases with higher 
187

Re/
188

Os ratios 

than the extracted rock. Measured 
187

Os/
188

Os of the kerogen (4.19 ± 0.43) is lower than 

that of the extracted rock (5.61 ± 0.02) suggesting the removal of a more radiogenic 

phase. This is consistent with the removal of radiogenic crustal material during 

demineralization and kerogen isolation.  

There is again a discrepancy between the extracted rock-kerogen couples from Iona-1 and 

BB-1. Iona-1 samples (both ‘pyrite-free’ and pyrited) demonstrate a decrease in the 

187
Re/

188
Os ratio in the kerogen following demineralization. Whereas, following 

demineralization, kerogen from BB-1 shows an increase in this ratio. As discussed above, 

Os is scavenged from sea-water over a wide range of Eh and pH conditions and first 

enters oxic sediment Os
IV

, and is then converted to Os
III

 after further reduction during 
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organic complexation (Yamashita et al., 2007). This results in Os being sequestered 

and/or adsorbed to a variety of phases under a variety of conditions. In contrast, high 

concentrations in recent and ancient reducing sediments coupled with experimental 

studies show that Re is readily drawn from sea-water and fixed in sediment only under 

reducing conditions (Ravizza et al., 1991; Yamashita et al., 2007; Georgiev et al., 2011). 

The significantly higher 
187

Re/
188

Os ratios of Iona-1 samples (~2300 - ~2800) compared 

to those of BB-1 samples (~579 – 685) indicate a decrease in the oxygenation of the 

bottom-waters preserved in the samples from Iona-1. In this context, phases that are 

present in samples deposited under highly anoxic bottom-waters of the Iona-1 core will 

have a higher abundance of Re than sample deposited under more oxic conditions, such 

as in BB-1. In contrast, host phases of Re and Os in the BB-1 core will have higher 

abundance of Os, as Os is sequestered under more oxic conditions than Re. This is 

observed here, as inorganic phases removed during demineralization of Iona-1 samples 

removes much more Re than it does Os. This results in a drastically reduced 
187

Re/
188

Os 

for the isolated kerogen. This is contrast to BB-1 samples that show an increase in the 

187
Re/

188
Os of kerogen following demineralization indicating a removal of phases 

enriched in Os.  

Following the heavy liquid removal of pyrite (and other heavy minerals), the Re and Os 

abundances of “pyrite-free” kerogen (EF-108.2.1) increased to ~1200 ppb and ~3738 ppt, 

respectively. These abundances represent 10 to 12 times enrichment over the bulk-rock 

and are consistent with the results reported for the two previously discussed samples. 

This marked increase in the abundances of Re and Os following heavy liquid removal of 
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pyrite (and other heavy minerals) indicates that these heavy minerals have low 

abundances. These low abundance, high mass phases are diluting the pyrited-kerogen, 

causing the bulk pyrited-kerogen abundances to be suppressed when compared to the 

“pyrite-free” kerogen. The 
187

Re/
188

Os increased to 2450 ± 163 in the pyrite-free kerogen 

while the 
187

Os/
188

Os remained the same (4.60 ± 0.45), within uncertainty, following 

pyrite removal. These data suggest the removal of heavy minerals removed a phases or 

phases with 
187

Os/
188

Os similar to bulk kerogen, but with much lower 
187

Re/
188

Os.  

4.5.4.4. Pyrite 

Pyrite in sediments forms under anoxic bottom-water conditions via the reaction of 

detrital iron minerals with dissolved H2S (Berner, 1985). The H2S is produced by the 

reduction of interstitial dissolved sulfate by bacteria during their anaerobic respiration 

and consequent reduction of sedimentary organic matter (Berner, 1985). This reaction 

does not directly precipitate pyrite, however, a series of reactions starting with metastable 

iron monosulfides occurs, which, under most conditions, ends with the transformation to 

pyrite (Berner, 1984).   

In this study, Re and Os isotopes were measured in two different pyrite morphologies (1) 

disseminated pyrite framboids that were separated from kerogen via heavy liquid 

separation and  (2) a discrete pyrite layer.  

Ubiquitous in modern sediments, pyrite framboids are  small, near-spherically shaped 

aggregates of pyrite, ranging in diameter from about 1um to tens of um’s, composed of 

tiny, discrete, and equigranular pyrite crystals (Love, 1967). In order for pyrite framboids 
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to form, iron must migrate to the site of framboid formation. For this to happen, pore 

waters must be non-sulfidic (Berner, 1981). In addition, for the dissolution of iron 

oxyhydroxides to occur (for the release of labile iron), pore waters must contain some 

amount of free oxygen, as iron is only insoluble in oxic waters (Brett and Allison, 1998; 

Curtis et al., 2000). This occurs during the migration of the redox interface changing a 

sub-oxic zone (iron enrichment) to an anoxic zone (iron sulfide precipitation) (Brett and 

Allison, 1998; Curtis et al., 2000).  

Iron sulfide concretions and pyritic layers in sediments vary in size from a few 

millimeters to tens of centimeters. Although pyrite is usually considered the primary 

sulfide mineral within concretions or layers, other sulfides such as marcasite are typically 

present (Schieber, 2002). The features of pyrite layers attest to growth prior to substantial 

compaction and growth within stratiform, anoxic bottom-waters (Berner, 1981). Horizons 

with abundant iron sulfide concretions or abundant pore filling iron sulfide may imply 

very slow sedimentation rates at the time of pyrite formation (Schieber and Riciputi, 

2005). Another proposed  mechanism for the formation of pyrite layers within sediments 

is to cover iron-oxide rich layers with an organic-rich anoxic sediment drape, followed by 

migration of sulfide-rich reduction front into the iron bearing layer effectively converting 

the iron oxide to pyrite (Ingri and Ponter, 1986).  

Regardless of morphology, pyrite is hydrogenous in nature and forms during the very 

Early stages of diagenesis. Pyrite therefore contains valuable information regarding the 

chemical composition of sea-water, specifically the Os isotopic composition. In addition, 

several studies have demonstrated the utility of the Re-Os isotopic system in obtaining 
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depositional ages for organic-rich mud rocks using early diagenetic pyrite (e.g., Hannah 

et al., 2004).  

Rhenium and Os abundances in the disseminated pyrite are ~10 ppb and ~32 ppb, 

respectively (Table 4.3). These values are significantly less than those in the bulk-rock 

and in the kerogen, as predicted by the difference in abundances of bulk and “pyrite-free” 

kerogen discussed above. The measured 
187

Re/
188

Os and 
187

Os/
188

Os of pyrite are 691 ± 

45 and 1.27 ± 0.08, respectively, and are much lower than these ratios in the bulk kerogen 

and the bulk-rock. The kerogen data predicted that the 
187

Re/
188

Os of the heavy-liquid 

phase was much lower than bulk-rock values. This is also observed in the measured 

pyrite. However, the 
187

Os/
188

Os was predicted to be similar to that of the bulk-kerogen. 

However, the 
187

Os/
188

Os of disseminated pyrite is significantly less than that of the bulk-

kerogen. The heavy mineral fraction obtained through heavy liquid separation contains a 

variety of heavy minerals, not just pyrite. While only pyrite was picked and analyzed, it is 

evident that the heavy mineral fraction contains additional fractions enriched in Re and 

Os. Some of these phases are required to have 
187

Os/
188

Os ratios higher than bulk kerogen 

in order to mass balance the 
187

Os/
188

Os ratios observed in the kerogen and “pyrite-free” 

kerogen.  

It can be expected that since pyrite is formed under anoxic bottom-water conditions via 

the reaction of detrital iron minerals with dissolved H2S, that it should present a high 

187
Re/

188
Os ratios, similar to anoxic sediment. However, the 

187
Re/

188
Os ratio for 

disseminated pyrite observed here is the lowest of any phase measured. In addition, it is 

among the least enriched phases with respect to Re and Os. These data indicate that Re 
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and Os were likely already removed from the water column prior to pyrite formation. 

This suggests that Re and Os are rapidly sequestered into organic matter or into a phase 

that is precipitated very Early in the anaerobic process.  

Pyrite from the discrete pyrite layer has Re and Os abundances of ~9 ppb and 32 ppb, 

respectively, similar to those observed in the disseminated pyrite. The 
187

Re/
188

Os and 

187
Os/

188
Os ratios of ~2125 ± 49 and 4.04 ± 0.09, respectively, are much higher than 

those observed in the disseminated pyrite. The features of pyrite layers attest to growth 

prior to substantial compaction and growth within stratiform, anoxic bottom-waters 

(Berner, 1981), possibly under very slow sedimentation rates (Schieber and Riciputi, 

2005). The markedly higher 
187

Re/
188

Os observed in the pyrite layer compared to the 

disseminated pyrite may reflect the non-competition for Re and Os in the water-column. 

A high 
187

Re/
188

Os at the time of deposition would result in a higher 
187

Os/
188

Os. This is 

consistent with the higher 
187

Os/
188

Os observed in the pyrite layer compared to this ratio 

in the disseminated pyrite. 

4.5.4.5. Oil 

Crude oil includes a wide assortment of material consisting of mixtures of hydrocarbons 

and other organic compounds containing varying amounts of nitrogen, sulfur, oxygen and 

trace metals (Selby et a., 2007). Trace element abundances in oil, particularly Ni, V, and 

Mo are present on the order of ppm levels (Curiale, 1987; Manning and Gize, 1993). 

These elements are known to exist as part of a porphyrin structure, as a tetrapyrrole 

complex (Manning and Gize, 1993). In addition to these trace metals, Re and Os have 

been reported to occur in oil, with abundances in the ppb and ppt range, respectively, and 
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are thought to be transferred from the source rocks during oil generation (Poplavko et al., 

1975; Barre et al., 1995; Selby and Creaser, 2005; Selby et al., 2005). Oil from deposits 

of the Alberta Oil Sands, Canada, contain Re (2 – 50 ppb) and Os (34 – 288 ppt) 

abundances similar to those observed in ORM (Selby and Creaser, 2005). Analysis of 12 

worldwide oil samples by Selby et al. (2007) show that Re and Os abundances of 0.003 – 

50 ppb and 0.01 – 285 ppt, respectively, positively correlate with the asphaltene content 

of oil, with light oils (<1% asphaltene content) having no measurable Re or Os. Selby et 

al. (2007) determined that Re and Os are present dominantly in the asphaltene fraction 

(>83%) of oil, with abundances of Re and Os up to 264 ppb and 1443 ppt, respectively. 

This relationship is observed in other trace metals such as V and Mo (Manning and Gize, 

1993).  

The abundances of Re in the bulk oil and asphaltene fraction of Eagle Ford oil are less 

than that of the procedural blank (9.27 ± 5.05 pg) resulting in negative abundances and 

large analytical uncertainty (Table 4.3). Osmium abundance, while still low in the bulk 

oil, is measurable at 7 ± 2 ppt (Table 4.3). This is similar to Os abundances reported by 

Selby et al. (2007) for oil with low amounts of asphaltenes. Eagle Ford oil contains 

~0.4% asphaltenes. The asphaltene fraction has considerably more Os than the bulk oil 

(~50 ppt vs. ~7 ppt), even considering the high analytical uncertainties of each. The 

187
Re/

188
Os and 

188
Os/

188
Os ratios of bulk oil and the asphaltene fraction are identical, 

within uncertainty (Table 4.3). Relative to whole oil, only ~1 – 5 % of the Os is present 

in the asphaltene fraction. This is drastically different than the >83% reported by Selby et 
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al. (2007), however, the results reported in this study should be used with caution due to 

their high analytical uncertainty. 

A couple of recent studies have demonstrated the utility of the Re-Os isotopic system in 

dating the timing of hydrocarbon generation (Selby and Creaser, 2005; Selby et al., 2005; 

Finlay et al., 2010; Finlay et al., 2011). The conclusions of these studies were that during 

hydrocarbon generation, Re and Os are transferred to crude oil from the source rock, 

effectively resetting the Re-Os isochron. Therefore, Re-Os isochrons obtained from a 

suite of generated oils represents the time of hydrocarbon generation. However, oil 

generated during hydrous pyrolysis experiments contain extremely low abundances of Re 

and Os in contrast to those reported for natural oils (Rooney et al., 2012; Cumming, 

2013). Rooney et al. (2012) suggested the experimental conditions used in the hydrous 

pyrolysis experiments, most notably the duration of the experiments (72 hours), didn't 

mimics those of a natural petroleum system, and thus the abundances of Re and Os that is 

observed in oils in natural systems wasn't observed in the experiments.  

Questions have been raised concerning the mechanism for isotopic homogenization of oil 

on a basin scale (Mahdaoui et al. 2015). In order for a Re-Os isochron of generated oils to 

have any temporal significance, all oil samples that make up the isochron must have had 

the same (
187

Os/
188

Os)i. Hydrocarbon generation is a process that commonly occurs over 

millions year time-scales. Therefore, some secondary process must be present if entire 

reservoirs of oil are to be isotopically homogenized. In addition, several studies have 

demonstrated that petroleum fluid and mantle-derived hydrothermal fluid interaction may 

modify the Re-Os contents of petroleum and potentially reset the geochronometer (Finlay 
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et al., 2010; Lillis and Selby, 2013). In an experiment where oil samples of varying 

compositions were left in contact with artificially enriched Re and Os solutions, up to 

97% of Re and Os that were initially present in the aqueous solutions was captured by the 

oil within just a few days, and occurs over temperatures between 45
o
C and 150

o
C 

(Mahdaoui et al., 2015). A similar relationship is seen for uranium in natural crude oils 

(Landais, 1993). Extensive transfer of Re and Os at the oil-water interface is thus a 

geologically instantaneous process that can operate at temperatures typical of petroleum 

systems (Mahdaoui et al., 2015). In a natural petroleum system, following generation and 

expulsion, oil comes in contact with formation fluids within water saturated permeable 

reservoir rocks. In addition, during secondary migration, oil migrates into the trap by 

displacing the water within the rock porosity, thus allowing further contact with 

formation fluids (Mahdaoui et al., 2015). Assuming Re and Os abundances of formation 

fluids mimic those of groundwater (4 ppt for Re and 70 ppq for Os; Colodner et al., 1993; 

Paul et al., 2010), a water/oil ratio of 250:1 is required to create the abundances of Re and 

Os observed in experimentally contaminated oils (Mahdaoui et al., 2015). Mahdaoui et al. 

(2015) also demonstrated there is no different in the uptake of Re and Os between oils of 

varying sulfur concentrations, however, oil that contained more asphaltenes sequestered 

more Re and Os than those oils with lower asphaltene content, a relationship also 

observed in natural systems.  

These results reflect the complicated nature of the petroleum system, and our current lack 

of understanding of the transfer (or lack of) of Re and Os between source rock and crude 
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oil. These together highlight that caution should be used for Re-Os studies of generated 

bitumen and crude oils.  

4.5.5. Internal Isochron 

One of the disadvantages of using the Re-Os isotopic system for the dating of organic-

rich mud rocks is the necessity to have multiple time-equivalent samples. Although the 

identification of such samples is relatively simple (e.g., maximum flooding surfaces), 

obtaining these samples is often difficult and requires the drilling of multiple boreholes 

that intersect the interval that is to be dated. In other applications of isotopic dating, 

internal isochrons are constructed from the isotopic analysis of individual mineral grains 

that make up a rock sample. This eliminates the need for multiple samples. Here, an 

attempt has been made at constructing an internal isochron for organic-rich mud rocks 

using time-equivalent fractions of the rock: kerogen, bulk-rock, extracted rock, and in the 

case of EF-108, pyrite (Figure 4.7).  

The internal isochron for EF-101 includes data points from 4 bulk-rock aliquots, kerogen, 

and extracted rock (Figure 4.7a). This internal isochron yields an age of 57 ± 94 Ma 

(165%, 2σ, MSWD = 342), and within uncertainty, agrees with the accepted age for this 

formation (95.1 Ma; Eldrett et al., 2015b). These results should be taken extremely 

lightly due to the excessively large uncertainty on this age. Within this isochron, the bulk-

rocks form a trend of 109.9 ± 4.3 Ma, which is older than the expected age for this 

formation. As discussed earlier, this is due to the narrow range of 
187

Os/
188

Os and the 

distance this data plots from the (
187

Os/
188

Os)i on the diagram. The two outliers (kerogen 

and extracted rock) lie significantly off of this trend. In this study, kerogen was digested 
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using inverse aqua-regia. Therefore, any trace phases that were not effectively removed 

during kerogen isolation would be dissolved. As previously mentioned, these phases have 

no time-significance, and therefore would drive the kerogen off of the isochron. The 

internal isochron shows the kerogen plotting in a trend away from the bulk with lower 

187
Re/

188
Os and similar 

187
Os/

188
Os to bulk rock. However, this observation could be 

hampered by the large uncertainty on the kerogen data. The extracted rock also plots 

significantly off of the isochron and can only be explained by the loss of Re and/or Os 

during bitumen extraction, as this aliquot is dissolved in Jones Reagent and thus should 

only access the hydrogenous component. It is therefore expected to lie on the isochron. A 

precise internal isochron was not achieved with the EF-101 samples.  

The internal isochron for thermally mature BB-1 samples (EF-107) includes data points 

for 2 bulk-rock aliquots, 2 extracted rock aliquots, and kerogen. The regression of these 

points yields an age of 43 ± 60 Ma (139%, 2σ, MSWD = 4.5), and once again agrees with 

the expected age for this formation (Figure 4.7b) (~91.9; Shell E-mail). However, once 

again, the uncertainty on the age (~140%, 2σ), caused by the extreme outlier (kerogen) 

invalidates any realistic geologic applications. The bulk-rocks and extracted rocks form a 

much steeper trend, with kerogen lying significantly to the right. As with EF-101, the 

location of the kerogen significantly away from the trend provided by the time-significant 

phases indicates incomplete kerogen isolation. From the direction that kerogen falls away 

from the trend, the incompletely removed phases have 
187

Re/
188

Os higher than bulk-rock 

values, and 
187

Os/
188

Os greater to or equal than bulk-rock values. 
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Figure 4.7: Internal isochrons for Eagle Ford samples. Uncertainty is reported 

as 2σ. 

 

 



286 
 

By removing the kerogen data point and regressing the bulk-rocks and extracted rocks 

data, an age of 92 ± 14 Ma (15%, 2σ, MSWD = 0.92) is achieved, and is within 

agreement with the expected age for this formation (Figure 4.7c). A (
187

Os/
188

Os)i of 0.73 

± 0.15 provided by the isochron is also in agreement with other marine Turonian strata 

(Du Vivier et al., 2014). An accurate and somewhat precise internal isochron was 

achieved for BB-1 samples. 

Finally, the internal isochron for the pyrited Iona-1 sample (EF-108) includes data points 

for 2 bulk-rock aliquots, 2 extracted rock aliquots, 2 disseminated pyrite aliquots, bulk-

kerogen, and “pyrite-free” kerogen. The regression of these points yields an age of 75 ± 

38 Ma (51%, 2σ, MSWD = 8.1) and again, agrees with the expected age for this interval 

of the Iona-1 core (Figure 4.7d) (~95.1 Ma; Eldrett et al., 2015b). This data is presented 

with extremely large uncertainty stemming from large uncertainty surrounding the 

kerogen data and the outlying nature of the bulk-kerogen. Bulk-kerogen plots with lower 

187
Re/

188
Os and 

187
Os/

188
Os ratios than the trend defined by the remaining data points. 

This likely reflects the composition of incompletely removed, time-insignificant phases, 

as discussed for the other samples. However, following heavy liquid removal of these 

phases, “pyrite-free” kerogen plots on the trend defined by the other phases. Regression 

of the remaining phases yields an age of 110 ± 15 Ma (14%, 2σ, MSWD = 5.5) and 

agrees with the expected age for this interval of the Iona-1 core, with more accuracy and 

precision (Figure 4.7e). These results indicate that heavy liquid separation of heavy 

minerals removes the majority of time-insignificant phases; however, this conclusion 

may be hampered by the large uncertainty associated with the kerogen data. 
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4.6. CONCLUSIONS 

Rhenium and Os abundances in the insoluble residue following bitumen extraction 

(extracted rock) are very similar to those of the bulk-rocks indicating that bitumen is not 

a significant host of Re and Os in ORM. The 
187

Re/
188

Os ratio of extracted rock from the 

thermally mature sample is higher than this ratio in the thermally immature sample. This 

indicates a selective transfer of Os (over Re) to bitumen and crude oil during thermal 

maturation. This selective transfer of Os results in a bitumen with a much less radiogenic 

187
Os/

188
Os, as there is little 

187
Re available in the bitumen for decay to 

187
Os. In addition, 

the difference in Re and Os abundances between the bulk and extracted rocks for a 

heavily pyrited sample are much greater than in those samples with significantly less 

pyrite. This indicates that sulfides play a role in hosting Re and Os, and/or in the transfer 

of Re and Os during thermal maturation. Both forms of pyrite contain low abundances of 

Re and Os indicating that they are also not a substantial host for these elements within 

ORM.  

A markedly lower 
187

Re/
188

Os ratio for disseminated pyrite compared to this ratio in a 

discrete pyrite layer indicates differences in the availability of Re and Os in the water 

column or sediment pore fluids. Rhenium and Os are likely rapidly sequestered from the 

water column by organic matter or other redox-sensitive phases prior to the formation of 

pyrite. This competition for Re and Os isn’t present during bottom-water conditions that 

are conducive to the formation of the pyrite layer.  

Kerogens are markedly enriched in Re and Os (~8 – 10X) compared to bulk rocks 

indicating that kerogen is a dominant host phase for these elements. However, a heavily 
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pyrited kerogen has significantly less Re and Os than those kerogens with less pyrite. 

This is consistent with the low abundance of Re and Os in pyrite, as the presence of 

pyrite dilutes the bulk-rock Re and Os budget. Following the heavy-liquid removal of 

heavy minerals from the pyrited kerogen, Re and Os abundances increased significantly 

suggesting the removal of a phase or phases with low abundance of Re and Os.  

These data indicate that the dominant host phase for Re and Os is kerogen. However, 

incomplete removal of microscopic phases (such as oxides, or platinum-group metals) 

from kerogen during heavy liquid separation could be causing high abundances in the 

kerogen. However, heavy liquid separation likely removes a significant volume of these 

phases and due to the increase in Re and Os abundances following heavy liquid 

separation, they heavy minerals are likely not significant hosts of Re and Os. Minerals of 

lower density will, however, remain in the kerogen during heavy liquid separation and 

could be hosts for Re and Os. 

Internal isochrons using time-significant, hydrogenous phases were achieved for two 

sections of the Eagle Ford shale. Isochron regression from phases from the Eagle Ford 

shale provide internal isochron ages of 110 ± 15 Ma (14%, 2σ, MSWD = 5.5) for the 

Cenomanian Lower Eagle Ford shale, and 92 ± 14 Ma (15%, 2σ, MSWD = 0.92) for the 

Turonian Upper Eagle Ford shale, both of which agree with the expected age for these 

intervals of the Eagle Ford shale.  
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