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Abstract

Abstract

Understanding the chemical composition of organic-rich marine sediments has the
potential to: 1) allow evaluation of variations in ocean chemistry, enabling assessment of
changes in global processes throughout geological time; and 2) provide an increased temporal
and spatial understanding of petroleum systems. Herein two geologically distinct organic-rich
sedimentary formations are explored utilising trace elements, and rhenium-osmium (Re-Os)
and nickel (Ni) isotope systematics. Additionally, this thesis is the first study to investigate the
behaviour of Ni isotope systematics in organic-rich marine sediments.

Osmium isotope profiling across the Sinemurian-Pliensbachian boundary GSSP
indicates that there was a significant contribution of unradiogenic Os to the oceans at this
time. Seawater 18705/18805(i) values range from ~0.20 — 0.48, becoming increasingly
unradiogenic up-section. This progressive change in ocean chemistry is coincident with
flooding of the Hispanic Corridor, formed during rifting of the Pangean supercontinent and
creation of the Central Atlantic Ocean, evident from sudden levels of faunal exchange between
the eastern Pacific and western Tethyan oceans. The Os isotope signal here reflects the onset
of hydrothermal activity associated with formation of the Hispanic Corridor.

New Ni stable isotope data presented herein for the Sinemurian-Pliensbachian (S-P)
GSSP and the Devonian-Mississippian Exshaw Formation, demonstrates that organic-rich
marine sediments are characterised by 6°°Ni values that are distinct to those of extraterrestrial
and abiotic terrestrial samples. Further, the level of Ni isotope fractionation in organic-rich
sediments (ranging from ~1.32 %o in the S-P sediments, and ~2.04 %o in the Exshaw Formation)
is far greater than that seen in the other sample suites (ranges of ~0.17 — 0.37 %o.; Cameron et
al., 2009). Although there are limited datasets available for comparison at present, the ranges
of 6§%Ni values for the S-P GSSP and Exshaw Formation are similar (0.28 + 0.05 to 1.60 +0.05 %o
and 0.46 + 0.04 to 2.50 + 0.04 %o, respectively), suggesting that such variation in Ni isotope
fractionation may be characteristic of organic-rich sediments. This may be due to complexities
that are ubiquitous to the sediment-seawater depositional environment. In addition, trace
element ratios utilised to establish depositional paleoredox conditions demonstrate that redox
did not exert control on the level of Ni isotope fractionation observed in these sediments. The
study herein also demonstrates that thermal maturation of the Exshaw Formation has a
negligible effect on Ni isotope systematics in mature source rocks, strongly suggesting that Ni

isotopes may have the potential to be developed as an oil-source correlation tool.
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Chapter 1: Introduction

1.1 Thesis rationale

Organic-rich sediments (total organic carbon or TOC > 0.5 wt. %) are a key, widespread
component in the global sedimentary record. In some instances they have significant economic
potential, either through hosting syn- or post-depositional ore-grade mineralisation or by
generating hydrocarbons. The latter constitutes a vital precursor to, and essential component
in, the formation of petroleum systems. Numerous studies have focused on understanding the
distribution, structure and composition of organic-rich sediments in these settings (eg.
Alexander et al., 1981; Alberdi and Lafargue, 1993; Alberdi-Genolet and Tocco, 1999; Selby and
Creaser, 2005a; Selby et al., 2005; Finlay et al., 2011), with a view to enhancing stratigraphic
and chemical (isotopic and elemental) correlations, essential for prospecting and exploration
(eg. Curiale, 2008), and to better understand depositional processes.

It has also been recognised that organic-rich sediments can be utilised for
geochronology, allowing their application to multiple geological investigations. The rhenium-
osmium (Re-Os) geochronometer, together with biostratigraphy, has enabled the use of
organic-rich sediments for geological timescale calibration studies (eg. the Devonian-
Mississippian boundary in the Exshaw Formation; Selby and Creaser, 2005b; the Sinemurian-

Pliensbachian boundary; Gradstein et al., 2004; this study, Chapter 2).

187 187
f

Rhenium-osmium geochronology is based upon the beta decay of *“'Re to ~“'Os, with a
half life of ~45 Ga (eg. Lindner et al., 1989). In order to determine a depositional Re-Os age for
a given suite or organic-rich samples, an isochron must be constructed by plotting **’Re/**®0s
vs. ¥’0s/™80s. These ratios will positively correlate, assuming that Re-Os systematics have
remained undisturbed and that the *’0s/*®®0s composition of the samples at the time of

deposition is constant. As such, an isochron age can be calculated using the following

equation:

Page | 2



Chapter 1: Introduction

18705 — 18705 + 187Re (eAt_l)

1880S 1880S 18805
(present) (initial)

The **’Re decay constant is represented by A (1.666 x 10a™; Smoliar et al., 1996) and
tis the age.

Additionally, utilisation of this chronometer permits the determination of the osmium
isotope composition (**’0s/**0s) of the sediments at the time of deposition, which is inferred
to represent the composition of seawater synchronous with sediment deposition. Osmium
isotope profiling of organic-rich sedimentary successions is useful for chemostratigraphic
correlation of global stratigraphy (eg. Kuroda et al., 2010) and also to evaluate the chemical
composition of the water column and the evolution of seawater chemistry throughout
geological time (Ravizza et al., 1996; Levasseur et al., 1999; Cohen et al., 1999; Peucker-
Ehrenbrink and Ravizza, 2000; this thesis Chapter 2). This in turn provides valuable insight into
changes in global environments, including fluctuations in climatic conditions, as well as
allowing identification of the causal factors that induced these variations (eg. Esser and
Turekian, 1993; Levasseur et al., 1998; Cohen et al., 1999; Ravizza and Peucker-Ehrenbrink,
2003; Cohen and Coe, 2007; Selby et al., 2009). Further, the ability to constrain absolute
depositional ages of organic-rich sediments has permitted the evaluation of basin-basin and
cratonic correlations, essential to research of paleocontinental reconstruction (eg. Rooney et
al., 2010).

The Re-Os geochronometer has also been applied to organic-rich hydrocarbon source
rocks to investigate the behaviour of isotope systematics (eg. Creaser et al., 2002) and to
enable increased temporal understanding of petroleum systems (eg. Selby and Creaser,

2005a). Further, application of this chronometer has allowed precise dating of hydrocarbon

Page | 3



Chapter 1: Introduction

deposits, thus providing insight into hydrocarbon migration, whilst also allowing the possibility
of oil to source correlation (eg. Selby and Creaser, 2005a; Selby et al., 2005; Finlay et al., 2011).
Such factors are of significant value to petroleum exploration (Curiale, 2008).

Organic-rich sediments can contain abundant faunal assemblages, of significance to
biostratigraphical investigations. As well as being extremely valuable for geological timescale
calibration, based on first occurrences and extinctions of species and genera (eg. as applicable
to the Sinemurian-Pliensbachian boundary, Robin Hood’s Bay, UK; Hesselbo et al., 2000;
Gradstein et al., 2004; Meister et al., 2006), biostratigraphic analysis can yield substantial
insight into the conditions of paleodepositional environments, allowing us to better
understand the formation of organic-rich sediments. Further, examination of fauna hosted by
these sediments has proven to be essential for paleogeographic reconstruction (eg. Smith and
Tipper, 1986; Smith et al., 1990; Boomer and Ballant, 1996; Cameron, 2006, 2007).

In addition, understanding the chemical composition of organic-rich marine sediments
has the potential to provide vital information regarding Earth systems, and can be utilised as a
valuable forensic tool to evaluate changes in global processes throughout geological time.
Through thorough geochemical investigation, changes in the composition of sediment influxes
and variations in global depositional environments can be recognised, and the subsequent
implications identified. As such, the research presented herein focuses on the geochemical

examination of organic-rich sediments, focusing on the following themes:

1. Changes in global seawater composition: Organic-rich marine sediments record changes
in the balance of inputs to the global oceans (Jones et al., 1994; Cohen et al., 1999;
Peucker-Ehrenbrink and Ravizza, 2000; Jones and Jenkyns, 2001; Palfy et al., 2001). By
utilising powerful isotopic tracers such as osmium, strontium and carbon, we are able to

identify the environmental factors that may have caused these temporal changes. As such
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it is possible to distinguish significant input from continental weathering, meteorite
impact and mantle-derived fluxes throughout geological time (Ravizza et al., 1996;
Levasseur et al., 1999; Cohen et al., 1999; Peucker-Ehrenbrink and Ravizza, 2000; Ravizza

and Peucker-Ehrenbrink, 2003).

Variations in bottom-water redox conditions: The distribution of specific trace elements
in marine sediments, such as V, Cr, Ni, Co, Mo, U and Th (eg. Lewan and Maynard, 1982;
Hatch and Leventhal, 1992; Calvert and Pedersen, 1993; Jones and Manning, 1994;
Schovsbo, 2001; Algeo and Maynard, 2004; Rimmer, 2004), some isotopic ratios, such as
%Mo/>Mo (eg. Barling et al., 2001; McManus et al., 2002; Siebert et al., 2003; Anbar,
2004; Arnold et al., 2004; Anbar and Gordon, 2008; Pearce et al., 2008) and the
relationships of these variables with TOC (eg. Mo/TOC; Algeo and Lyons, 2006), allows
evaluation of the redox conditions of the bottom waters at the time of sediment
deposition. This provides valuable insight into the formation of organic-rich sediments
(eg. Pederson and Calvert, 1990), paleoceanographic and paleogeographic variations, and
fluctuations in the geochemical balance of these elements within the oceans (eg. Calvert

and Pedersen, 1993; Rimmer, 2004; Piper and Calvert, 2009).

Oil to source correlation studies: Understanding the chemical composition of petroleum
source rocks provides critical information regarding the temporal and spatial controls on
hydrocarbon formation (eg. Curiale, 2008). Further, the identification of chemical
similarities between the source rocks and their associated oils allows significant potential
for oil-source correlation studies that are crucial to petroleum exploration (Alexander et
al., 1981; Ellrich et al., 1985; Scotchman et al., 1998; Alberdi-Genolet and Tocco, 1999;

Selby and Creaser, 2005a; Selby et al., 2005; Onyema and Manilla, 2010; Finlay et al.,
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2011). Such studies yield details of petroleum migration pathways and in turn provide
knowledge of the structural morphology of the petroleum system under investigation (eg.

Piggott and Lines, 1992; Curiale, 2008).

This thesis aims to further investigate the chemical and isotopic structure of organic-

rich sediments, with a view to providing insight into:

1. Changes in global seawater chemistry in the Early Jurassic, using osmium (Os) isotopes,
and the implications of such changes for paleogeographic reconstruction.

2. The redox conditions at the time of sediment deposition (using select trace elements),
and the effects of redox on the chemistry (metal uptake and Ni isotope composition)
and organic content of the sediments.

3. The application of nickel (Ni) isotopes to organic-rich marine sediments and the ability
of utilising them to provide meaningful information when used to create a
stratigraphic isotope profile.

4. The Niisotope composition of source rocks (Exshaw Formation shales).

5. The effect of thermal maturation on the Ni isotope and trace element composition of
the source rocks.

6. Whether or not any potential exists to develop Ni isotopes as a valuable oil-source

correlation tool.

The research in this thesis is presented as paper format, with each chapter

representing a complete study. The following sections in this introductory chapter outline the

scientific focus for each subsequent chapter within this thesis.
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1.2 Chapter 2: Opening of a trans-Pangean marine corridor during the Early Jurassic: Insights

from osmium isotopes across the Sinemurian-Pliensbachian GSSP, Robin Hood’s Bay, UK.

This chapter focuses on the Sinemurian-Pliensbachian GSSP, Robin Hood’s Bay, UK.
Until now, the geochemical focus of this section had been limited to strontium isotopes
(®’Sr/%%sr; Jones et al., 1994; Hesselbo et al., 2000), and oxygen and carbon isotope data from
belemnites (5'0 and §'°C; Hesselbo et al., 2000). This chapter applies Os isotope stratigraphy
to this boundary section, with a view to understanding seawater chemistry and
paleogeographic reconstruction during the Early Jurassic. All rhenium (Re) and Os analysis
were conducted by the author through the Japan Society for the Promotion of Science (JSPS)
Summer Fellowship Program (summer 2010) at the Japan Agency for Marine-Earth Science and
Technology (JAMSTEC), Yokosuka, Japan, with the assistance of Dr Katsuhiko Suzuki and Dr
Ryoko Senda. This chapter was written by the author, with Drs David Selby, Darren Grocke and

Paul Smith providing editorial comments and suggestions.

1.3 Chapter 3: Developing a new geochemical analytical protocol for the separation of nickel

from organic-rich sedimentary matrices, Durham University, UK.

This chapter describes the progress made in developing a novel geochemical technique
for the separation of Ni from organic-rich sedimentary matrices at Durham University. A
detailed evaluation of previously published analytical protocols and background to Ni isotope
work is also presented. Analytical work was carried out by the author, with guidance from Drs
David Selby and Geoff Nowell. This chapter was written by the author, with Dr Geoff Nowell

and Dr David Selby providing editorial comments and suggestions.
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1.4 Chapter 4: Geochemical characterisation of the Sinemurian-Pliensbachian GSSP: The first

application of Ni isotopes to organic-rich sediments.

This chapter, in addition to Chapter 2, provides new geochemical data for the
Sinemurian-Pliensbachian boundary, Robin Hood’s Bay, UK. This research presents trace
element, total organic carbon (TOC) and Ni isotope data for a vertical section spanning this
boundary. This study is the first to analyse Ni isotopes in organic-rich sediments and to apply
Ni isotopes to stratigraphic isotopic profiling. The trace element data herein is used to explore
the paleoredox conditions at the time of sediment deposition, and a critical evaluation of the
suitability and reliability of these redox proxies is also presented. In addition, this study
attempts to determine the controls on metal uptake into these sediments, and whether
relationships exist between trace element and TOC content. Sample preparation, trace
element and TOC analyses were conducted by the author at Durham University, UK, with
assistance from Drs David Selby, Darren Grocke and Chris Ottley, and laboratory technician
Joanne Peterkin. Nickel isotope work was conducted by Dr Vyllinniskii Cameron at the
University of Bristol, UK. This chapter was written by the author, with Dr David Selby providing

editorial comments and suggestions.

1.5 Chapter 5: Understanding the effects of thermal maturation on source rock

geochemistry: Can Ni isotopes be used as an oil-source correlation tool?

This chapter documents the first study that applies Ni isotopes to hydrocarbon-
generating source rocks. This investigation attempts to determine whether thermal

maturation of source rocks has any effect on their Ni isotope composition, with a view to
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assessing the potential for Ni isotopes to be used as an oil-source correlation tool. Additionally,
trace element abundances, redox ratios and TOC concentrations were established, in order to
evaluate the behaviour of metallo-organic complexes in organic-rich sediments. Sample
preparation, trace element and TOC analyses were conducted by the author at Durham
University, UK, with assistance from Drs David Selby, Darren Grocke and Chris Ottley, together
with laboratory assistant Joanne Peterkin. All Ni isotope analyses were conducted by Dr
Vyllinniskii Cameron at the University of Bristol, UK. This chapter was written by the author,

with editorial suggestions from Dr David Selby.

1.6 Chapter 6: Conclusions and Future work

This final chapter draws together and summarises the work detailed in the main
research chapters of this thesis. In addition, it provides an outline of future work that could be

conducted to further develop the research presented herein.
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2.1 Introduction

Marine sedimentary rocks hold the key to understanding past chemical changes to the
oceans. Analysis of hydrogenous rhenium (Re) and osmium (Os) in organic-rich sediments
allows detailed evaluation of seawater chemistry at the time of sediment deposition. The Os
isotope system (**’0s/'*®0s) is a particularly powerful tool for tracing temporal changes in the
balance of global inputs to the oceans (Ravizza et al., 1996; Levasseur et al., 1999; Cohen et al.,
1999; Peucker-Ehrenbrink and Ravizza, 2000), and as such it permits the evaluation of
fluctuations in seawater chemistry throughout geological time. Specifically, significant input
from meteorite impact, continental weathering and mantle-derived fluxes can be identified
and distinguished.

The present-day seawater Os isotope composition may be relatively uniform
(**”0s/*®0s ratio of ~1.06; Levasseur et al., 1998; Peucker-Ehrenbrink and Ravizza, 2000) but it
has varied significantly throughout geological time. The short seawater residence time of Os of
~10-40 Ka (Sharma et al., 1997; Oxburgh, 1998; Levasseur et al., 1998; Peucker-Ehrenbrink and
Ravizza, 2000), longer than the mixing time of the oceans (~2 — 4 Ka; Palmer et al., 1988),
allows the Os isotope composition to respond rapidly to any alterations in the composition and
flux of these inputs (Oxburgh, 1998; Cohen et al., 1999). This has been successfully exploited
by past studies, where Os has been used as a chemostratigraphic marker of significant volcanic
events (eg. Cohen et al., 1999; Ravizza and Peucker-Ehrenbrink, 2003).

Until now, isotope stratigraphy of the Sinemurian-Pliensbachian boundary Global
Stratotype Section and Point (GSSP) at Robin Hood’s Bay has been limited to ¥'Sr/®*Sr (Jones et
al., 1994; Hesselbo et al., 2000), 80 and 8™C data (Hesselbo et al., 2000) from belemnites.
Herein we compile these datasets with Re-Os data to provide new Os isotope characterisation

of the Sinemurian-Pliensbachian GSSP. The longer seawater residence time of Sr (~2.4 Ma;
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Jones and Jenkyns, 2001) relative to Os, slows the response of Sr ratios to changes in the
balances of inputs to the oceans (eg. Cohen and Coe, 2002). Therefore, using Os isotopes
provides improved resolution for changes in seawater chemistry across this boundary section.
Combined with data from previous studies, this work has two significant outcomes by
providing: (1) an increased geochemical understanding of an important GSSP, thereby also
enhancing understanding of Lower Jurassic stratigraphy in the UK; and (2) a detailed
¥70s/'%%0s profile for contemporaneous Jurassic seawater allowing insight into the
contributions of the various global inputs into the oceans at this time, in turn yielding an
understanding of ocean connectivity during the Early Jurassic. The timing of development of
oceanic seaways during Pangean separation is currently poorly constrained, with estimates
that include both the Hettangian and Sinemurian. The Hispanic Corridor, an initially
epicontinental but later fully oceanic seaway, connected the western Tethyan and eastern
Pacific oceans along the Central Atlantic rift zone (Smith and Tipper, 1986; Smith et al., 1990;
Riccardi, 1991; Hallam and Wignall, 1997; Aberhan, 2001). Formed through separation of the
Pangean supercontinent, this proto-Atlantic seaway resulted from one of the most significant
paleogeographic reorganisations in Earth’s history (Smith et al., 1990). Initially developing over
rifting continental crust (Smith et al., 1994), this marine corridor signified the tectonic
transition from rifting to drifting prior to the formation of the Atlantic Ocean (Smith et al.,
1990). In addition to the profound impact on ocean circulation and the equatorial distribution
of marine organisms at this time, the marine corridor acted as a filter during its early stages,
preferentially allowing passage of on-shore benthic species whilst acting as an effective barrier
for off-shore species (eg. Hallam and Wignall, 1997; Smith et al., 1994; Aberhan, 2001).
However, without direct sedimentological or geophysical evidence, determining the timing for
the establishment of the corridor using biogeography has been the subject of continuous

debate. As such, the timing of seaway formation is currently imprecise and is suggested to
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have occurred sometime during the ~25 myr duration of the Early Jurassic (eg. Damborenea,
2000; Aberhan, 2001).

The '*’0s/**0sy; values from the Sinemurian-Pliensbachian GSSP, Robin Hood’s Bay,
UK, provide evidence for significant low-temperature hydrothermal activity in the oceans
during this time. Herein we demonstrate that this hydrothermal activity was likely to be
associated with continental fragmentation during the break-up of Pangea. The combination of
biogeography, faunal exchange patterns and the new Os data from this time, suggest that
connectivity between the Eastern Pacific and Tethyan oceans may have initiated during the
Latest Sinemurian, associated with the formation of the Hispanic Corridor. Therefore, this
study may better constrain the timing of establishment of the Hispanic Corridor, previously

limited to poorly defined biogeography.

2.2 Geology of the Sinemurian-Pliensbachian boundary GSSP

Our study focuses on the marine sediments at the Sinemurian-Pliensbachian Global
Boundary Stratotype Section and Point (GSSP) at Wine Haven, ~3 km S-SE of Robin Hood’s Bay,
Yorkshire, UK (Grid ref. NZ9762 0230 eg. Hesselbo et al., 2000; Meister et al., 2006; Fig. 2.1).
This Early Jurassic boundary occurs in the Pyritous Shales of the Redcar Mudstone Formation
within the Lias Group (Powell, 1984). It has been the subject of scientific interest for many
years, with the earliest reference to the site being by Young and Bird (1822). Exposure at Robin
Hood’s Bay is optimal, with lower beds exposed by a series of wave-cut platforms (Fig. 2.2a —
b). The succession here is also well known for its complete ammonite assemblages (eg. Tate
and Blake, 1876; Dommergues and Meister, 1992). From such well-preserved ammonite

biostratigraphy, the base of the Pliensbachian Stage can be unambiguously located at the
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bottom of the Taylori Subzone of the Jamesoni Zone, marked by the first occurrence of species
of the genus Apoderoceras (Dean et al., 1961; Hesselbo et al., 2000; Gradstein et al., 2004;
Meister et al., 2006).

The age for the base of the Pliensbachian has been defined by the Geological Time
Scale (GTS) 2004 as 189.6 + 1.5 Ma (Gradstein et al., 2004), derived from cycle-scaled linear Sr
trends and ammonite occurrences (above; also includes the lowest occurrence of Bifericeras
donovani; Gradstein et al., 2004). Herein, this age for the Sinemurian-Pliensbachian boundary
is used.

The Sinemurian-Pliensbachian boundary is placed very close to the base of Bed 73 (bed
classification from Hesselbo and Jenkyns, 1995), ~6 cm above the midline of nodules forming
the upper margin of Bed 72 in the Wine Haven section (Hesselbo et al., 2000; Fig. 2.2c).

An epicontinental sea, positioned to the west of the deep Tethyan basin (Dera et al.,
2009) covered most of Northern Europe, including Britain, during the Mesozoic (Sellwood and
Jenkyns, 1975; Fig. 2.3). Lithological evidence for sea level rise, combined with
sedimentological evidence (Smith et al., 1994), indicates that the epicontinental sea of this
time was not landlocked but free to circulate with the Tethyan ocean. The open ocean Os
isotope composition across the boundary interval should therefore be echoed in the sampled
sediments. Analysis of hydrogenous Re and Os from these samples instils certainty that the
calculated initial Os isotope composition (18705/18805(1)) reflects that of contemporaneous
seawater.

Over a ~10 m interval, the lithology of the Wine Haven succession gradually progresses
from pale siliceous mudrocks with intermittent coarser sand beds in the Upper Sinemurian
(Aplanatum Subzone), to finer, much darker clay-rich shales ~1.5 m above the boundary in the
Lower Pliensbachian (Taylori Subzone; Meister et al., 2006; Hesselbo and Jenkyns, 1995, 1998;

this study). These facies changes indicate an overall relative increase in sea level of at least
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regional, but possibly global extent (Hallam, 1981; Sellwood, 1972; Hesselbo and Jenkyns 1995,
1998; Hesselbo et al., 2000; Meister et al., 2006).

Nodular beds of concretionary siderite (~¥10 cm in thickness) of both laterally
continuous (Beds 70 and 72) and semi-continuous extent (Bed 74 and within Bed 71) are
present throughout the Wine Haven section (Fig. 2.2b — ¢; Sellwood, 1972; Meister et al., 2006;
this study). The origin of these nodules is uncertain, although they are suggested to represent
non- or slow depositional phases based on their unique association with fauna found in life-
position (Sellwood, 1972).

The sedimentation rate across the Sinemurian-Pliensbachian boundary has not
previously been quantified, and has therefore been approximated here by taking ~64 Ma as
the duration for the Jurassic period (Gradstein et al., 2004) and using mean thicknesses of
ammonite zonal subdivisions estimated by Hallam and Sellwood (1976). This provides a
combined thickness for the Sinemurian and Pliensbachian of ~278 m, ~23 % of the total for the
Jurassic. By disregarding the uncertain effects of compaction (Hallam and Sellwood, 1976), a
steady sedimentation rate during this interval has been calculated at ~1m/54 Ka, in turn
suggesting that the interval sampled by this study (~6 m) spans ~320 Ka.

Although the ®Sr/®Sr profile (Hesselbo et al., 2000) shows a systematic decrease up-
section (~0.707487 to 0.707395 over a 10 m interval), a lack of any abrupt changes in the
875r/8sr ratio indicates that sedimentation was continuous (Jones et al., 1994; Hesselbo et al.,
2000; Meister et al., 2006). At the boundary level, a drop in 875r /%8s value from ~0.707433 to
0.707418 (Hesselbo et al., 2000) could possibly reflect minor slowing or hiatus in sediment

deposition (Hesselbo et al., 2000; Meister et al.,, 2006). However, replicate analyses of

I+

belemnites from 1 — 4 cm above the boundary give an average ®’Sr/®*Sr value of 0.707422

0.000012, well within uncertainty of the ratio recorded for the boundary (0.707425

I+

0.000004) (Hesselbo et al., 2000), suggesting a slowing rather than break in deposition
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(Hesselbo et al., 2000; Meister et al., 2006). Further evidence for continuous deposition is

supported by a lack of lithological unconformities (Meister et al., 2006; this study).

2.3 Sampling and analytical protocol

2.3.1 Sampling

A set of 32 samples (SP7-09 to SP39-09) was collected from the Pyritous Shales
Member of the Redcar Mudstone Formation, along a 6 m vertical section bracketing the
Sinemurian-Pliensbachian boundary (sample SP22-09) at Robin Hood’s Bay (Fig. 2.4). Sampling
occurred at a consistent interval of ~20 cm for 3 m above and 3 m below the boundary from
Beds 69 — 75 except within Bed 72, where a smaller sampling interval of ~15 cm was used (Fig.
2.4). Based on our approximation above for the duration of sedimentation across this section,
sampling at ~20 cm intervals allowed us to capture an estimated resolution of ~11 Ka per
sample.

In preparation for geochemical analyses, the samples were cut and polished to expose

fresh surfaces, and were then powdered in a Zr disc.

2.3.2 Rhenium-osmium analysis

Rhenium and osmium analyses of Robin Hood’s Bay whole-rock powders were
conducted at the Japan Agency for Marine-Earth Science and Technology (JAMSTEC) as part of
the JSPS Summer Fellowship Program 2010, following the CrOs-H,SO, procedure outlined by
(Selby and Creaser, 2003). This digestion technique minimises removal of Re and Os from the
nonhydrogenous (detrital) component of the sample, allowing analysis and evaluation of the

hydrogenous fraction (Selby and Creaser, 2003). Sample powders of known quantities (500 mg
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for samples with >50 ppb Re or 1g for samples with <50 ppb Re) were digested with a
measured amount of ***Re and *°0s spike solution, in 8 ml of CrOs-H,SO, solution in Carius
tubes at 240°C for 48 hrs. After cooling, Os was removed and purified from the solution by
solvent extraction and micro-distillation.

Following Os removal, the remaining solution was prepared for anion exchange
chromatography to purify the Re fraction. To reduce Cr®* to Cr’*, necessary to avoid
complications during chromatography (Selby and Creaser, 2003), 1 ml of the remaining
solution was removed and reduced drop by drop (due to the violent exothermic reaction)
using 3 ml of ethanol (gradual addition of ethanol to the sample solution is advised to avoid
loss of sample during the reduction reaction). Once reduced, the solution was evaporated to
dryness on a hotplate at ~80°C.

The dried Re fraction was taken up in a 10 ml 0.5 N HCl loading solution, before being
purified by a two-stage HCl - HNOs anion chromatography procedure. The purified Re and Os
was loaded onto Ni and Pt filaments, respectively, and the Re and Os isotope ratios were
measured using NTIMS (Creaser et al., 1991; Volkening et al., 1991) using Faraday collectors
and the SEM, respectively. The initial Os isotope composition (18705/18805(”) was calculated
using an independently assumed sample age of ~189.6 Ma (Gradstein et al., 2004) and A **’Re
= 1.666 x 10™ a™ (Smoliar et al., 1996). During this study total procedural blanks were 14.1 +
0.2 pg and 3.56 + 0.52 pg (1o S.D., n = 2) for Re and Os, respectively, with an average
8705/"880s value of 0.19 + 0.005 (n = 2). Uncertainties presented in Table 2.1 include full error
propagation of uncertainties in Re and Os mass spectrometer measurements, blank
abundances and isotopic compositions, spike calibrations and reproducibility of standard Re

and Os isotopic values.
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2.4 Results

2.4.1 Rhenium and osmium abundance

All Re-Os abundance and isotope data for the Sinemurian-Pliensbachian boundary is
presented in Table 2.1. The Re and Os abundances define a large range of values, from ~1.5 —
117 and ~0.12 — 1.9 ppb, respectively (Table 2.1). These values are much greater than those of
average continental crust: 0.39 ppb (Re) and 0.05 ppb (Os) (Sun et al., 2003 and references
therein). Both Re and Os abundances show an overall increase up-section that become more

pronounced following the Sinemurian-Pliensbachian boundary.

2.4.2 Re-Os geochronology

In order to conduct Re-Os geochronology, the targeted samples should fulfil three
criteria. Each sample must possess a similar initial Os isotope composition (**’0s/***0s;)
together with variable **’Re/**®0s ratios, and have experienced no disturbance to the isotope
system since the time of formation (Cohen et al., 1999). The Robin Hood’s Bay section shows
no evidence of post-depositional disturbance, eg. no veining is evident and the section is
thermally immature. Additionally, similar Jurassic sections have been utilised for Re-Os
geochronology (Cohen et al., 1999).

1805 ratios

For the Robin Hood’s Bay section, the 187Re/*®0s and present-day 1870s/
vary from ~25 — 443 and ~0.3 — 1.6, respectively (Table 2.1; Fig. 2.5). Both *’Re/***0s and
870s/*%80s ratios decrease between 2.8 to 0.9 m below the Sinemurian-Pliensbachian
boundary (**’Re/*®0s, ~195 — 20; *’0s/**®0s, ~1 — 0.3; Fig. 2.5), before systematically
increasing across the boundary into the lowermost Pliensbachian. Although all of the

87Re/™0s and ¥’0s/*®0s ratios are positively correlated (R* = 0.95), the Re-Os data vield a

model 3 age of 179 + 16 Ma (20, n = 32, MSWD = 473; Fig. 2.6a). Although within uncertainty
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of the calculated age for the Sinemurian-Pliensbachian boundary (189.6 + 1.5 Ma; Gradstein et
al., 2004), the uncertainty is large (~9 %) and is accompanied by an extremely large MSWD,
indicating significant scatter of the data about the isochron that relates to more than analytical
uncertainties. We suggest that this scatter relates to the sample set possessing variable initial
¥705/"*%0s values (Fig. 2.6b). The calculated initial **’0s/**®*0s (**’0s/**0s, at 189.6 Ma;
Gradstein et al., 2004) values for this Sinemurian-Pliensbachian section are variable, but
consistently unradiogenic for all samples, ranging from ~0.20 — 0.48 (Fig. 2.5). Overall, with
exceptions at 1.1 m below the boundary and at the boundary itself (sample SP22-09,
¥705/"%%0s, = ~0.48 and SP17-09 = ~0.44, respectively; Fig. 2.5; 2.6b), the **’0s/**®*0sy; values
become progressively less radiogenic up-section (Fig. 2.5).

If we consider samples with similar 18705/18805(1) values (~0.20 — 0.30) regression of the
Re-Os data produces a model 3 age of 183.4 + 3.3 Ma (20, n = 17, MSWD = 20; Fig. 2.6c). This
age is outside of uncertainty of that given by Gradstein et al. (2004). Regression of Re-Os data
for the top four organic-rich samples in the stratigraphic section (SP34-09, SP35-09, SP36-09
and SP37-09) provides a model 1 age of 194 + 4.8 Ma (20, n = 4, MSWD = 0.04; Fig. 2.6d).
These samples are ideally suited to Re-Os geochronology because they possess extremely
similar initial **’0s/"*®0s compositions (~0.20 — 0.22) and variable **’Re/**®0s ratios (~268 —
443). As such, the model age is within uncertainty of that given by Gradstein et al. (2004).
Although the Robin Hood’s Bay section is not ideally suited for Re-Os geochronology, the
positive correlation of *’Re/™*20s with *®’0s/**0s that yields dates in agreement with the
Geological Time Scale 2004 (Gradstein et al., 2004), suggests that the Re-Os systematics have
not been disturbed and that the calculated initial *’0s/**0s values can be used to discuss

Early Jurassic ocean chemistry.
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2.5 Discussion

The Jurassic was a dynamic period that witnessed major geological events of Earth’s
history; notably the full-scale tectonic plate reorganisation associated with the break-up of
Pangea. Ocean chemistry was therefore subject to fluctuations as the balance of inputs
changed, and as such the seawater Os isotope composition was highly variable. In order to
look critically at the data herein and to determine the potential source of the Os isotope signal
observed across the Sinemurian-Pliensbachian boundary, there needs to be an understanding
of the background seawater Os isotope composition at this time. However, currently no
studies conclusively document background seawater Os for the Early Jurassic. The first
estimation of stable, steady-state 870s/*%80s values for the Sinemurian is given as ~ 0.47
(Kuroda et al., 2010). The sampled section (Triassic-Jurassic chert succession from Kurusu,
Japan; Kuroda et al., 2010) was positioned to the east of the separating supercontinent, in an
intra-ocean setting. The recorded Os isotope composition would therefore not have been
directly affected by nearby continental flux, and would have been a good representation of
open ocean chemistry at this time. For this investigation, we will assume that this value
represents the best estimation of background seawater Os isotope composition at the

Sinemurian-Pliensbachian transition.

2.5.1 Origin of the Sinemurian-Pliensbachian seawater Os isotope composition

The Os data from Robin Hood’s Bay shows that the calculated seawater initial
870s5/'%80s value becomes progressively more unradiogenic from the latest Sinemurian into
the Pliensbachian. Although there is some fluctuation, this trend to unradiogenic values can be
broadly separated into three groups, with average 18705/18805(1) values of ~0.38, 0.28 and 0.21

(Fig. 2.5). These results indicate that there was a marked and progressive increase of

Page | 25



Chapter 2: Osmium isotopes at the Sinemurian-Pliensbachian boundary

unradiogenic Os input into the global ocean during the transition from the Sinemurian to the
Pliensbachian.

A peak towards a relatively radiogenic **’0s/***0s, value of 0.48 is coincident with the
boundary (Fig. 2.5). This is also matched by an increase in the '*’Re/***0s ratio (from ~31 to
100) and a decrease in *’Os (from ~208 to 102 ppb). Assuming a background seawater Os
isotope composition of ~0.47 (Kuroda et al., 2010), this peak may reflect a period of hiatus in
the input of unradiogenic Os to the oceans.

The Os isotope composition (**’0s/**®0s) of seawater can be directly controlled by
three major inputs: (1) radiogenic input from weathering of continental crust; (2) unradiogenic
contribution from meteorites; (3) an unradiogenic signal from igneous and hydrothermal
activity (eg. Peucker-Ehrenbrink and Ravizza, 2000). The effects that these inputs can have on
the Os isotope composition of seawater are discussed below. In addition, they are compared
to the observed 18705/18805(1) signal across the Sinemurian-Pliensbachian boundary in order to

evaluate its origin.

2.5.1.1 Why is the signal not induced by continental weathering?

The gradual trend towards unradiogenic Os isotope values observed in this study
indicates that continental weathering is unlikely to be the cause of the Os isotopic signal
shown over the Sinemurian-Pliensbachian boundary. Belemnite oxygen stable isotope data
displays a marked increase of ~1 %o over 10 m across the boundary (Hesselbo et al., 2000; Fig.
2.5). This 1 %o increase is equivalent to a substantial temperature decrease of ~5°C (Hesselbo
et al., 2000; Meister et al., 2006). Such considerable lowering of temperature, coupled with
evidence for low mean land relief and absence of ice sheets during the Early Jurassic (Golonka

et al., 1994), would favour reduced rates of continental weathering.
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The Os isotope signal resulting from continental weathering is also significantly more
radiogenic (**’0s/*®0s = ~1.4; Peucker-Ehrenbrink and Jahn, 2001) than that observed in this
study. This indicates that the seawater Os isotope composition was dominated by an
unradiogenic source that outweighed the input of radiogenic Os from continental weathering.
It is extremely difficult to constrain the exact continental **’0s/**®0s input to the oceans during
the Early Jurassic. However, following Cohen et al. (1999), we can attempt to quantify the
approximate contribution of crustal Os into the ocean. Assuming an average “*’0s/"*®0s value
of ~1.4 for weathering of ancient continental crust (Peucker-Ehrenbrink and Jahn, 2001), and a
¥70s/'%%0s value of ~0.13 for an unradiogenic mantle-derived source (Allegre and Luck, 1980;
Esser and Turekian, 1993; Sharma et al.,, 1997; Levasseur et al., 1998), an input of crustal-
sourced Os of just 5 — 22 % is required to obtain seawater 18705 /™80s ratios of ~0.44 — 0.20,
respectively. In contrast, the present-day radiogenic contribution to the oceans from the
continental crust is between ~ 70 and 80 % (Peucker-Ehrenbrink, 1996; Sharma et al. 1997).
Given the geographical location of Robin Hood’s Bay in close-proximity to continental
landmasses (Fig. 2.3 and 2.7), and the absence of ice sheets, there would almost certainly be
radiogenic continental input regardless of land-relief and climate. Further, although
challenging to quantify, the epicontinental setting would mean increased sensitivity to
continental input. There is no evidence for the weathering of unradiogenic lithologies, e.g.,
mafic and ultramafic units, thus the decrease in seawater *’0s/**®0s composition during the
earliest Pliensbachian indicates that input of Os into the ocean at this time was dominated by

an unradiogenic source, not accounted for by the continental weathering flux.

2.5.1.2 Why is the unradiogenic Os not from an extraterrestrial source?
Extraterrestrial and mantle-derived influxes are the dominant unradiogenic sources of

Os to the global oceans. The calculated 18705/18805(1) values of these sources (~0.13) are
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indistinguishable (Allegre and Luck, 1980; Esser and Turekian, 1993; Sharma et al., 1997,
Levasseur et al.,, 1998). It is therefore necessary to examine the structure of the Os isotope
profiles from each source to determine which was responsible for the unradiogenic Os signal
across the Sinemurian-Pliensbachian boundary.

Although the extraterrestrial flux to Earth during the Jurassic is poorly constrained, the
possibility of meteorite impact at the Sinemurian-Pliensbachian boundary does not reconcile
the gradual decline in ®’0s/*®0s ratios. Following an impact, the Os isotope system should
recover quickly due to the relatively short seawater residence time of Os (Peucker-Ehrenbrink
and Ravizza, 2000). Further, studies of the Os isotope excursion due to meteorite impact
across the K-T boundary (Ravizza and Peucker-Ehrenbrink, 2003), show relatively rapid
recovery of the Os isotope system to a steady state following impact (**’0s/***0s value
increases from ~0.16 to 0.40 in a maximum of ~200 Ka; Pegram and Turekian, 1999; Peucker-
Ehrenbrink and Ravizza, 2000; Ravizza and Peucker-Ehrenbrink, 2003). Therefore, although
impacts have been documented ~5 — 20 Ma prior to the Triassic — Jurassic boundary (Hallam
and Wignall, 1997), the unradiogenic Os signal from the Sinemurian into the Pliensbachian is

unlikely to be meteoritic in origin.

2.5.1.3 Unradiogenic Os from a mantle-derived source

The unradiogenic 18705/18805(1) values are therefore most likely to be mantle-derived.
Unlike the other potential sources of oceanic Os discussed above, increased input from a
mantle source at the time of the Sinemurian-Pliensbachian boundary can explain the observed
isotope profiles.

Rifting of the Pangean Supercontinent began during the latest Triassic (Marzoli et al.,
1999; Hames et al., 2000). The initial stages of continental break-up were focused along the

6000 km lineament that would eventually form the continental margins of the Central North
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Atlantic Ocean (Hames et al., 2000). Consequently there is evidence for substantial magmatism
during the Late Triassic — Early Jurassic (Marzoli et al., 1999; Hames et al., 2000), defined by
extensive continental basalts in North America, Europe, Africa and South America (Wilson,
1997; Marzoli et al., 1999). This formed what is termed as the Central Atlantic Magmatic
Province (CAMP). The scale of the CAMP has been postulated to exceed that of the Karoo-
Ferrar, the Deccan Traps and the Siberian continental flood basalt provinces (Hames et al.,
2000), with a total areal extent and volume of at least 7 x 10° Km” and 2 x 10° km®, respectively
(Marzoli et al., 1999; Hames et al., 2000).

High-precision “°Ar/**Ar geochronology of the oldest CAMP volcanic rocks indicates
that emplacement occurred during the transition from the Late Triassic to Early Jurassic (ca.
200 Ma) with a brief duration of ~ <2 Ma (Marzoli et al., 1999; Hames et al., 2000). A volcanic
event of this magnitude, considering both its sizeable magmatic and hydrothermal outputs,
would have had a considerable impact on ocean chemistry regardless of its exceptionally brief
duration (Ravizza and Peucker-Ehrenbrink, 2003). This has been documented by several Os
isotope studies of seawater at the Triassic-Jurassic boundary and during the Hettangian (Cohen
et al.,, 1999; Cohen and Coe, 2002; Cohen, 2004). Prior to and immediately following the
Triassic-Jurassic boundary, there was a significant unradiogenic contribution of Os to the
oceans that persisted into the Hettangian (Cohen et al., 1999; Cohen and Coe, 2002; Cohen,
2004). This has been attributed to seawater interaction and alteration of recently emplaced
CAMP lavas, together with enhanced hydrothermal activity (Cohen et al., 1999; Cohen and
Coe, 2002; Cohen, 2004). High chemical weathering rates of juvenile basalts (Louvat and
Allegre, 1997) characteristically promote relatively rapid release of unradiogenic Os, which can
be seen in the Triassic-Jurassic and Hettangian sample suites (Cohen et al., 1999; Cohen and
Coe, 2002; Cohen, 2004). The seawater Os isotopic composition then becomes increasingly

unradiogenic across the Sinemurian-Pliensbachian boundary (**’0s/**0s ratios of ~0.20). Using
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estimates for Early Jurassic stage durations from Gradstein et al. (2004), this boundary
occurred ~ 10 Ma after the Triassic-Jurassic boundary and at least ~8 Ma after emplacement of
CAMP. Further, the total duration of weathering of CAMP basalts is estimated at ~3.5 Ma
(Cohen and Coe, 2007), producing a seawater **’0s/**0s value of ~0.30. It is therefore difficult
to reconcile the observed Sinemurian-Pliensbachian seawater Os isotope composition with the
CAMP emplacement event (ca. 200 Ma) or weathering of the continental flood basalts, given a
date for the Sinemurian-Pliensbachian stage boundary of 189.6 + 1.5 Ma (Gradstein et al,,
2004).

However, when considering paleogeographic and biogeographic evidence, it is possible
to determine a mantle-derived origin for the unradiogenic seawater Os isotope composition
that does not rely on emplacement of CAMP lavas. Hydrothermal activity would have been
prevalent in this tectonic setting, and low temperature hydrothermal fluids have a
characteristically unradiogenic Os isotope composition of ~0.12 (Cohen et al., 1999; Sharma et
al., 2000). The possibility of a hydrothermally-induced Os isotope signal at the Sinemurian-
Pliensbachian boundary is discussed below, together with the implications of this on Early

Jurassic paleogeography.

2.5.2 Osmium isotope evidence for oceanic connectivity via the ‘Hispanic Corridor’ during the
Early Pliensbachian

The separation of Pangea and onset of a global sea level rise established a number of
epeiric seaways, including the Hispanic Corridor (Aberhan, 2001). This initially epicontinental,
but later fully oceanic seaway was established along the Central Atlantic rift zone between the
areas of North America, South America and Africa (Smith and Tipper, 1986), eventually
connecting the western Tethyan and eastern Pacific oceans (eg. Smith and Tipper, 1986; Smith

et al., 1990; Riccardi, 1991; Aberhan, 2001; Fig. 2.7). No connectivity existed between these
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oceans during the Hettangian or Sinemurian, providing an effective barrier to oceanic
circulation and thus to faunal exchange (eg. Smith and Tipper, 1986; Riccardi, 1991; Aberhan,
2001). Further, biogeographic and sedimentological evidence indicates that a fully marine
corridor did not develop before the Middle Jurassic (Aberhan, 2001). However, substantial
evidence for sudden low levels of faunal exchange between the eastern Pacific and western
Tethyan oceans exists in the earliest Pliensbachian (Damborenea and Mancefiido, 1979; Smith
and Tipper, 1986; Smith et al., 1990), suggesting that the Hispanic Corridor was established as
a shallow but continuous seaway by the beginning of this stage. Schootbrugge et al. (2005)
also suggest that short bursts in the diversification of dinoflagellates during the latest
Sinemurian are consistent with the opening of this seaway. The decline of seawater **’0Os/**0s
ratios and the rise in sea level evident across the Sinemurian-Pliensbachian boundary section
at Robin Hood’s Bay, are therefore coincident with the onset of flooding of the Hispanic
Corridor. Further, this study suggests that the isotopic signals observed at the boundary reflect
increasing hydrothermal activity associated with the opening of the Hispanic Corridor.

The Hispanic Corridor developed across rifting continental crust (Smith et al., 1994),
with significant crustal stretching and attenuation occurring before creation of the oceanic
strait (Hallam and Wignall, 1997). Growing evidence also indicates that substantial off-axis
hydrothermal venting may occur in cooler crustal regions away from the immediate rift zone,
driven by exothermic reactions between seawater and mantle-derived rocks (Kelley et al,
2001). This is evident at the Mid-Atlantic and Juan de Fuca ridges, respectively (Kelley et al.,
2001; Sharma et al., 2000),. Off-axis fluids are typically cool (~¥40 — 75°C) with high Os
concentrations (~500 femtomol/kg) and unradiogenic **’0s/**0s ratios of ~0.12 (Sharma et
al., 2000). Seawater-rock interaction via fissures and deeply-penetrating faults associated with
rifting would have ensued following the initial flooding event, driving extensive low-

temperature hydrothermal fluid circulation (eg. Kelley et al., 2001). This would have therefore
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promoted an increase in the release of unradiogenic Os into the seawater (Sharma et al., 2000)
across the Sinemurian-Pliensbachian transition.

However, whilst the formation of the Hispanic Corridor would have certainly
contributed to the global ocean Os isotope signal, it is also important to consider that
additional widespread tectonism associated with Pangean rifting may have had an effect on
ocean chemistry during this time. Whilst the Os isotope tool can be used to identify the 3
predominant sources of Os (mantle, meteorite and continental), it alone cannot be used to
differentiate between multiple examples of the same source (a number of global spreading
centres, for example). Additional geological and geochemical tools must therefore be used in
conjunction with Os isotopes to attempt to achieve this.

Herein, the data combined from biostratigraphical, sedimentological (sea-level studies)
and geochemical investigations (Os isotopes; this study), demonstrate that opening of the
Hispanic Corridor is likely to have had an effect on seawater chemistry at this time, by
providing a significant contribution of unradiogenic Os to the ocean. However, a limitation of
the current dataset is that a contribution of unradiogenic Os from additional sources

associated with Pangean separation cannot be ruled out.

2.6 Conclusions

The Sinemurian-Pliensbachian boundary GSSP at Robin Hood’s Bay, UK, has the
potential to provide a significantly increased understanding of seawater chemistry during the
Early Jurassic. Further, understanding changes in ocean chemistry during this time has the

potential to yield valuable insight into ocean connectivity during Pangean separation.
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Seawater during the Sinemurian-Pliensbachian transition became dominated by an
unradiogenic **’0s/*®0s signal that is not resolvable by influxes from continental weathering
or meteorite impact. The break-up of Pangea was of fundamental importance to this observed
isotopic trend, and a mantle-derived source favours the constructed Os isotope profile.

The Triassic-Jurassic boundary marks the onset of volcanism in the Central Atlantic
Magmatic Province, directly associated with Pangean fragmentation. Following this there is
strong taxonomic evidence for sudden, albeit restricted levels, of faunal exchange between the
western Tethyan and eastern Pacific oceans in the latest Sinemurian and the start of the
Pliensbachian, via the Hispanic Corridor (defining the rift zone between North America, South
America and Africa). The initial flooding event of this trans-Pangean corridor therefore
occurred close to the stage boundary. Seawater inundation would have initiated seawater
interaction with, and circulation into, deep crustal fissures associated with rifting in this region,
thus driving extensive low-temperature hydrothermal activity. Such low-temperature
hydrothermal fluids are characterised by unradiogenic *®’0s/**®0s ratios of ~0.12 (Sharma et
al., 2000; Kelley et al., 2001).

The global separation of Pangea during this time initiated a number of rift zones in
addition to the Hispanic Corridor. Whilst evidence from biogeography and Os isotopes (this
study) suggest that formation of the Hispanic Corridor contributed significantly to the
870s/*%80s trend observed across the Sinemurian-Pliensbachian boundary, the contribution of
unradiogenic Os from other regions in close proximity to Robin Hood’s Bay at this time (eg.,

Tethys), cannot be ruled out.
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Figure 2.1: Maps of the UK (inset) and Robin Hood’s Bay, showing the location of the
Sinemurian-Pliensbachian boundary GSSP sampling site at Wine Haven.
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wave-cut platforms at the base and laterally continuous nodular beds (looking NNW); c) the
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Figure 2.3: Map showing the European epicontinental sea and the geographical relationship
between the Hispanic Corridor, Tethyan Ocean and Robin Hood’s Bay. Modified after Dera et
al. (2009).
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Figure 2.6: a) Re-Os isochron for all Robin Hood’s Bay samples (n = 32); b) Histogram showing

the variability of the initial *®*’0s/**0s ratio in the Robin Hood’s Bay sediments.
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Figure 2.7: Global reconstruction of Pangea in the Early Jurassic. Map shows the relative
locations of the Central Atlantic Magmatic Province (CAMP), the Hispanic Corridor, the
Tethyan and Pacific oceans and Robin Hood’s Bay. Modified after www.scotese.com.

Page | 46



Osmium isotopes at the Sinemurian-Pliensbachian boundary

Chapter 2

BIAl 9'68T 18 pa1e|na|ed opes adoyos| sO

_.:n:.o— 499 =8y, ¥ ay3 Buisn paie|na|ed sady

ss1/ %0

L8T

lenturayl

(086T ‘S1mpn) UCLE|3JI02 JOLID PAJBIJOSSE YY) S1 oYY .

*Ajuie3oun Jo |99 07 0} pajuasald s3nsay

LE°0 LE90 0ZTO'0 ¥ 0960 98'T F ¥6'¥8T 76'95 86'0 ¥ 06'ZST 00 ¥ 675 69 e 60-TTdS
9¢'0 8E9'0 ¢CT00 ¥ 0860 S6'T + LS'V6T 81'SS L6'0 ¥ TE6VT ¢0'0 * €V'S 69 8¢ 60-0TdS
8€'0 9€9'0 STTO0 ¥ €260 TLT ¥ TS0LT BE'T9 vO'T ¥ CT'P9T ¢00 ¥ 9¢'S 69 9'¢ 60-6dS
€€°0 290 €400'0 ¥ S85°0 080 ¥ v8'8L 66'VL 80'T ¥ 6¥'C6T 100 ¥ L6'C 69 € 60-8dS
8¢0 6090 0L00°0 ¥ 0950 090 ¥ 184S 96'69 00T ¥ 00°6LT 100 * £0¢C LL Te 60-¢TdS
SE0 €090 €900°0 ¥ 6050 ¢S50 ¥ 1208 8T'vL €0'T ¥ ¥9'88T T00 # L8'T 1L 6'1- 60-€ETdS
o S65°0 18000 ¥ T¥9'0 SL'0 ¥ 889 9L'SP 69°0 ¥ 8T'8TT T00 ¥ 89T L2 LT 60-¥TdS
o ST9°0 8000 ¥ 6990 780 ¥ 0€£'8L £V 0S LLO F LLOET T00 ¥ 86T L. S'T- 60-STdS
ST0 1090 0¥00'0 # BZE'O 97’0 ¥ ££'S¢C 9L'€E9T 00'¢ ¥ LOLOV 100 # 60C 1L €T 60-9TdS
vi'o 6290 TOTO00 * ¥6L°0 LT'T ¥ ¥8°0TT 89'0F 99’0 ¥ 60°£0T 100 # L2C L2 TT- 60-£LTdS
hAl] S65°0 LE£00'0 ¥ SOE'0 120 F LZ'0C 00'9LT IT'C + 8T 9tV T00 ¥+ 6L'T 12 6'0- 60-81dS
L0 S09°0 LY00'0 F ¥8E0 LEO F ELSE LLSTT LY'T F 08°68C 100 ¥ 80°C (2 L0 60-61dS
SC0 0650 8€000 ¥ OT€E0 T¢0 F 890¢ 657¢9T 96'T ¥ vCeov T00 # 89T 1L 50 60-02dS
ST0 8090 0000 ¥ TCEO €T0 F cete TO'S6T LET ¥ CEVBY T00 F6TC [44 o 60-6€dS
T€0 8190 85000 ¥ 0L¥'0 ¢S50 ¥ 0E'T1S 00'60T 9t'T ¥ €8'SLT T00 ¥ 18C (44 €0 60-TZdS
ST0 SEv0 €EY00'0 ¥ 9vE°0 v'0 ¥ 8E'TE ¢0'80¢ LSC ¥ STBIS 00 ¥ 8CE <L T0 60-8€dS
810 6290 66000 + TO8'0 66'0 + 95°00T S9'20T 9T ¥ LV'OLE ¢00 ¥ 6T°S Kiepunog d-g 00 60-22dS
cE0 T€9°0 90100 ¥ 8580 L9'T ¥ 15°0LT Tevet €0'CT ¥ T86CE SO0 ¥ S9°0T qEL 0 60-€¢dS
veo 690 04000 ¥ 9950 00T ¥ s0coT CELTT LO'E F 097955 SO0 ¥ ST'TT qeL ) 60-¥2dS
920 6290 €4000 ¥ €650 ¢0'T ¥ S8°v0T £4720C T6'CT ¥ 66°0CS SO0 ¥ 69°0T qeL 90 60-52dS
S0 8790 €900°0 ¥ SIS0 T80 ¥ 678 [4r4) €TT ¥ 99°CT¥ €00 ¥ 149 SL 80 60-92dS
S0 6290 #8000 ¥ ¥89°0 SE'T ¥ 0T8ET S0°'S¥e 89'€ ¥ S9°9€9 800 ¥ TO'LT SL 01 60-£TdS
cE0 8790 8C¢T00 * EVO'T €T'T F v¥'8TC 02'099 09'TT + €ET'06LT vE'0 ¥ 18'GL St 1 60-82dS
€20 6290 8/00'0 ¥ £€9°0 vCT F €0°LET 00'€ZE EL'Y ¥ 96'EE8 600 ¥ ¢9°0¢ St 1 60-62dS
[44ls) 879°0 98000 ¥ T0£0 VT F9TIST 0€'0PE ST'S ¥ £6'588 1’0 F 98'Se SL 91 60-0€dS
0€°0 690 62100 ¥ TSO0'T 0€'C ¥ 98'SETC 81'E6Y TL'8 F v7'6EET 97’0 ¥ 19°8S SL 81 60-TEdS
ST0 0€9°0 90100 * 980 06T ¥ 69761 99'86T vTE F EVLLTS 600 ¥ v¥'6T SL 0t 60-ZEdS
T€0 0€9°0 SZT00 * vI0'T 9T'C ¥ LETTTC rEPYOL 9Z'CT + TV'E06T SE0 ¥ 8E'8L SL fars 60-EEdS
o] 6290 OETO'0 ¥ 8SO'T €9'C ¥ 8¥'69¢ 9E'19Y 91’8 ¥ ST'ESCT 8C'0 ¥ S¥'C9 St e 60-¥EdS
120 6290 0E€TO'0 * 8S0'T €9'C ¥ £€9'89¢ SE'99Y ST'8 ¥ 69'99¢T 8C'0 ¥ L6'C9 St 9t 60-SEdS
[aa) 0€9°0 66T0°0 ¥ €291 CEV F CEEVY ¥9'9¢S 9¢'TT * 8¥'¥eST ¢S50 ¥ 9€°LTT St 8'C 60-9€dS
[4als) 0£9°0 #8100 ¥ 20S'T 96'E F £6'SO¥ ety €6'8 F 95°L€CT 6€'0 ¥ 0¥'88 SL 0'€ 60-L€dS

nemowﬁ\mozﬂ - OUY mn.ﬁzz\mo;H mowa\mxha (3dd) (1dd) so (qdd) @24 lagquinu (w) a|dwes
SO pog Adepunoq d-§

6T

woJy ueisigq

NN ‘dSSO Alepunoq uelydeqsual|d-uelnwauls ayj 4o} exep adolosi SO pue ay :T°z 3|qeL

Page | 47



Chapter 3: Chemical separation of Ni isotopes at Durham University

Developing a new geochemical analytical protocol for
the separation of nickel from organic-rich sedimentary
matrices, Durham University, UK.
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3.1 Introduction

The transition metals and their stable isotope systems have attracted increasing
scientific interest in studies of both geological and biological processes. Nickel, a first row
transition metal, has five stable isotopes, *®Ni, ®Ni, ®*Ni, ®*Ni and ®Ni, with abundances of
68.0769 %, 26.2231 %, 1.1399 %, 3.6345 % and 0.9256 %, respectively (Gramlich et al., 1989).
Nickel is incorporated in both sulphide and silicate minerals within the Earth’s crust, and its
presence in most geological reservoirs has recently been used to evaluate the potential of Ni
as a geological tracer (eg. Cameron et al., 2011).

Previous Ni isotope fractionation studies have focused predominantly on
extraterrestrial materials such as chondrites and iron meteorites. Discovery of isotopic
anomalies in meteorites has been fundamental in contributing to our understanding of the
isotopic composition of the early Solar System (eg. Birck and Lugmair, 1988). Further, due to
improvement in mass spectrometry techniques, stable isotope systems such as Ni are able to
provide a new perspective on nebular and planetary processes (Moynier et al.,, 2007).
Meteoritic Ni is present as a result of equilibrium processes and as such is highly dependent on
parameters such as temperature, density and neutron enrichment (Morand and Allegre, 1983).
Nickel isotope fractionation can occur during processes such as diffusion or evaporation (Davis
and Brownlee, 1993; Herzog et al., 1994; Engrand et al., 2005), and thus quantifying this
fractionation has significant potential to provide key information regarding early events and
processes in the Solar System (eg. Quitté and Oberli, 2006).

Investigations have also focused on radiogenic ®*Ni anomalies in the quest for evidence
of the extinct parent radionuclide ®°Fe (eg. Kohman and Robison, 1980; Morand and Allegre,
1983; Shimamura and Lugmair, 1983; Birck and Lugmair, 1988; Shukolyukov and Lugmair,

1993; Tachibana and Huss, 2003; Mostefaoui et al., 2004; Quitté et al., 2006; Moynier et al.,
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2007). The ®°Fe-*°Ni chronometer is of particular interest as it could be used to precisely date
planetary accretion and evolution (Quitté and Oberli, 2006). However, so far ®*Ni anomalies
have remained elusive (eg. Birck, 2004), indicating that ®°Fe was either not present in
measureable proportions or most of this nuclide decayed away during Solar System formation
(Moynier et al., 2007) due to its short half-life (~1.49 Myr; Kutschera, 1984).

Nickel also plays a significant role as a bioessential trace metal (eg. Frausto da Silva and
Williams, 2001; Cameron et al., 2007; 2009), being a key component in enzymes necessary for
methanogenesis in predominantly prokaryotic microorganisms (Cameron et al., 2007) that
evolved in a much different Archean environment (Bapteste et al., 2005; Frausto da Silva and
Williams, 2001; Tice and Lowe, 2006). As such, the potential for Ni stable isotopes to identify
primitive methanogenesis and ancient metabolisms that existed on the early Earth before the
appearance of oxygen (Frausto da Silva and Williams, 2001) has recently been recognised
(Cameron et al.,, 2007; 2009; 2011). Nickel stable isotopes are therefore becoming an
increasingly powerful biological tool for studies of early life on Earth (Cameron et al., 2009;
2011).

In addition to studies of cosmochemistry and biochemistry, analyses of organic-rich
materials such as petroleum source rocks and crude oils (eg. Lewan and Maynard, 1982;
Lewan, 1984, Dewaker et al., 2000), have demonstrated that Ni isotopes also have significant
potential to be a powerful geological tracer in these environments. Currently, only one study
exists that explores Ni isotope fractionation to evaluate the potential use of Ni isotopes as an
oil-source correlation tool (Dewaker et al., 2000). Previous investigations had focused on Ni
distribution rather than isotopic analysis for correlation purposes (eg. Ellrich et al., 1985;
Manning et al., 1991; Alberdi and Lafargue, 1993; Lopez et al., 1995).

No studies exist that have documented Ni isotope analysis of organic-rich materials,

partly due to the lack of a well-established analytical protocol for the separation and
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purification of Ni from such a geological sample matrix. Whilst studies do document separation
of Ni from other geological matrices (eg. Victor, 1986), there is a need for both improvement
to yield consistency and for increased precision (eg. Chen et al., 2009). Difficulties in removing
and destroying the organic components can have a profound impact during mass spectrometry
as discussed by Chen et al. (2009). It is therefore critical, especially when dealing with organic-
rich samples, to develop a separation method that eliminates this problem. In addition, it is
only in recent studies (eg. Chen and Papanastossiou, 2006; Tanimizu and Hirata, 2006;
Cameron et al., 2009; Gall et al.,2012) that high precision measurements of mass-dependent
Ni isotope variations have been obtained, enabled by the use of a multi-collector inductively
coupled mass spectrometer (MC-ICPMS).

This paper outlines our progress in developing a new procedure for the separation of
Ni from organic-rich sample matrices. We also discuss our progress in being able to conduct

isotopic analyses of Ni isotope variations by MC-ICPMS at NCEIT, Durham University, UK.

3.2 Scientific background: Ni in organic-rich sediments

Early investigations noted enriched concentrations of Ni in organic-rich materials,
including crude oils (eg. Hodgson, 1954; Bonham, 1956; Witherspoon and Nagashima, 1957;
Ball and Wenger, 1960), asphalts (Erickson et al., 1954) and black shales (Krauskopf, 1955;
Turekian and Wedepohl, 1961; Vine and Tourtelot, 1970). Nickel in organic-rich sediments is
most likely to occur in tetrapyrrole complexes (Lewan and Maynard, 1982). Tetrapyrroles are
metallo-organic complexes with four pyrrole-nitrogen atoms (organic N) bound to the central
Ni atom. Tetrapyrroles have a strong affinity for both Ni and V (eg. Lewan, 1984; Lewan and

Maynard, 1982) and as such vanadyl and nickelous cations are, almost exclusively, the only
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metals found in naturally occurring tetrapyrrole complexes (Hodgson et al., 1968; Filby, 1975).
This affinity is partly attributed to the small ionic radii of the metals in these cations giving
them a physical advantage over the other cations (Lewan and Maynard, 1982).

In organic-rich sediments tetrapyrrole complexes are likely to originate from
chlorophyll (predominant in plants; Mg) and heme (most significant in animals; Fe) pigments
found in living materials (Hodgson et al., 1960; Blumer and Snyder, 1967; Yen, 1975). However,
although Shiobara and Taguchi (1975) report heme pigments from some sediments,
chlorophyll pigment is the most common precursor to tetrapyrrole complexes (Corwin, 1959)
due to its wider distribution and greater abundance in the biosphere. Metallation of the
tetrapyrrole complexes (ie, conversion of the chlorophyll pigment via replacement of Mg by
Ni) occurs during burial of the unconsolidated sediments (Orr et al., 1958; Baker and Smith,
1973; Yen, 1975; Lewan, 1984) prior to lithification (eg. Lewan and Maynard, 1982), indicated
primarily by the absence of metallo-organic complexes of Ni in recent surface sediments
(Louda and Baker, 1981).

These metallo-organic complexes have a high thermal stability (Hodgson and Baker,
1957) and are resistant to microbial degradation and weathering (Davis and Gibbs, 1975),
ensuring that they will remain intact during lithification (Lewan, 1984; Lewan and Maynard,
1982) and will not cleave under diagenetic conditions (Constantinides et al., 1959; Lewan,
1984; Lewan and Maynard, 1982). Further, their high thermal stability suggests that the
generation, migration and entrapment of crude oil are unlikely to affect the metallo-organic
bonds (Lewan, 1984).

There are two predominant sources of Ni that supply organic-rich sediments: Ni that is
endemic to the living material from which the organic accumulation is derived (Manskaya and
Drozdova, 1968; Yen, 1975), and dissolved Ni in the interstitial sediment pore-waters with

which the organic matter is deposited (Lewan and Maynard, 1982). Endemic Ni concentrations,
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whilst variable for different types of organisms (Martin and Knauer, 1973), will generally not
exceed levels of ~45 ppm (eg. Lewan and Maynard, 1982). Therefore, organic-rich sediments
that contain enriched concentrations of Ni (> 45 ppm) require an additional source (Lewan and
Maynard, 1982). For a closed sediment system, one that no longer has access to the overlying
water column, Ni is limited to concentrations within the order of the 10’s of ppb level (Lewan
and Maynard, 1982) and therefore is not able to provide enriched concentrations of Ni to the
sediments. However, an open sediment system enables the overlying water column to supply
Ni to the accumulating sediment, replacing the Ni that is removed from the interstitial pore-
waters by metallation of tetrapyrroles (Lewan and Maynard, 1982). This is therefore a more
effective source (Lewan, 1984; Lewan and Maynard, 1982) and will remain effective if the open
sediment system persists, and if sedimentation rates do not increase (Lewan and Maynard,
1982).

An additional factor controlling the amount of Ni in organic-rich sedimentary rocks
relates to the preservation of the tetrapyrrole complexes (Lewan, 1984; Lewan and Maynard,
1982). The degree of preservation is directly controlled by both the source of the organic
matter and the water column conditions (Lewan and Maynard, 1982). Tetrapyrroles, and the
organic matter accompanying them, are preferentially preserved under anaerobic conditions
during sediment accumulation (Zobell, 1946; Brongersma-Sanders, 1951; Gorhan and Sanger,
1967; Koyama and Tomino, 1967; Drozdova and Gorskiy, 1972; Drozdova, 1975; Didyk et al.,
1978; Lewan and Maynard, 1982). Therefore, organic matter that has settled through an
aerobic water column or has had prolonged exposure to aerobic conditions, for example at the
sediment-water interface, will have a low tetrapyrrole content and is unlikely to be enriched in
Ni (Lewan and Maynard, 1982). In contrast, enrichment in Ni (due to the higher tetrapyrrole

content of the organic matter) will occur where the organic matter has been rapidly buried
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under anaerobic conditions, or where it has interacted with anaerobic waters (Lewan and
Maynard, 1982).

In natural samples Ni is predominantly present as Ni**, although it can occupy a range
of oxidation states (0 to 4+). This indicates that Ni is unresponsive to changes in redox
reactions. However, in organic-rich sediments, where the stability of the metallo-organic
complexes is reliant on the redox conditions during deposition, redox can directly influence the

degree of enrichment of Ni in the sediments (eg. Lewan, 1984; Lewan and Maynard, 1982).

3.3 Scientific background: Ni separation

The ability to separate metals from geological samples by cation exchange
chromatography was first recognised by a number of early studies (eg. Strelow, 1960; Mann
and Swanson, 1961; Fritz and Pierzyk, 1961; Wilkins and Smith, 1961; Fritz and Rettig, 1962;
Korkisch and Ahluwalia, 1966; Peterson et al., 1969; Wahlgren et al., 1970; Strelow et al., 1971;
Morand and Allegre, 1983; Victor, 1986). Briefly, chromatography in geochemistry is a
technique used for separating elemental components of a sample by taking advantage of the
different adsorption rates and distribution coefficients of these components. In
chromatography, the distribution coefficient refers to the ratio of the concentration of the
solute in the stationary phase to that in the mobile phase.

In order to separate Ni from other elements, these workers utilised a liquid-liquid
separation technique involving hydrochloric acid (HCl) and an organic solvent (acetone) media
combined with dimethylglyoxime (DMG) [(CH3CHNO),], a Ni complex-forming agent. This

procedure has formed the basis for more recent developments of ion exchange separation
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procedures for Ni (eg. Chen and Papanastossiou, 2006; Quitté and Oberli, 2006; Tanimizu and
Hirata, 2006).

The affinity of Ni for DMG was utilised by workers in the early stages of Ni separation
experiments (eg. Wahlgren et al., 1970; Morand and Allegre, 1983; Victor, 1986). The use of
DMG enables effective separation of Ni from metal ions which are co-adsorbed with Ni in the
acetone:HCI eluants in previous stages of the exchange process (Wahlgren et al., 1970). As
such, DMG has become a key component in the Ni extraction procedure.

Studies of the distribution coefficients for the partitioning of metals and the cation
exchange behaviour of elements in HCl-acetone and HCl-ethanol media (Strelow, 1960; Mann
and Swanson, 1961; Pierzyk, 1961; Strelow et al., 1971), demonstrate that acetone provides
conditions favourable for separations at considerably lower HCl concentrations due to
promotion of chloride complex formation (Strelow et al., 1971). It is critical for the metal ions
(other than Ni) to form chloro-complexes as these are held less strongly to the resin (Fritz and
Rettig, 1962) than the Ni-DMG complex, allowing elution from the column and in turn
purification of the Ni fraction.

Acetone is critical to enhancing the differences in distribution coefficients of many
metal ions (Fritz and Rettig, 1962); the basis for separation procedures. In addition, Strelow et
al. (1971) state that cation exchange separation of Ni**, the only oxidation state of Ni present
in natural samples, is exceptionally difficult using HCl-ethanol solutions. The low viscosities of
HCl-acetone mixtures also benefit flow rates (Strelow et al., 1971).

The concentrations of acetone and HCI have considerable influence on the distribution
coefficients for Ni**, emphasising the importance of acid concentration with regard to
complexation (Fritz and Rettig, 1962; Strelow et al, 1971; Victor, 1986). With increased
percentage of acetone at low concentrations (0.5 N) of HCI, the distribution coefficients of

many metal ions, with the exception of Ni*, drop considerably (Fritz and Rettig, 1962);
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attributed to the other elements readily forming chloro-complexes (Fritz and Rettig, 1962;
Victor, 1986).

Following thorough analysis and determination of distribution coefficients by these
early studies, Victor (1986) developed a Ni separation procedure that relies on the formation
of chloro-complex ions using 0.5 N HCI/93 % acetone solutions. Nickel is then eluted using a
0.5 N HCI/95 % acetone solution containing DMG. This forms the basis of the cation exchange

procedure discussed in this paper.

3.4 Nickel separation from organic-rich sample matrices at Durham University, UK

3.4.1 Standards

3.4.1.1 National Institute of Standards and Technology, Standard Reference Material 986 (NIST
986 SRM)

Absolute values obtained for the isotopic abundance ratios of NIST 986 SRM (by
Thermal lonisation Mass Spectrometry) are defined by Gramlich et al. (1989) as: *®Ni/*°Ni =
2.596061 + 0.000728; ®*Ni/*Ni = 0.043469 + 0.000015; **Ni/*Ni = 0.138600 + 0.000045; and
*Ni/**Ni = 0.035295 + 0.000024 (20 uncertainties). These in turn yield absolute atomic
abundances of: **Ni = 68.076886 + 0.005919; *Ni = 26.223146 + 0.005144; *'Ni = 1.139894 +
0.000433; *Ni = 3.634528 + 0.001142; and *'Ni = 0.925546 + 0.000599 (Gramlich et al., 1989).

This synthetic standard was calibrated and gravimetrically prepared from chemically
and isotopically pure Ni metal at the Northern Centre for Elemental and Isotopic Tracing

(NCEIT) Durham University, UK.
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3.4.1.2 USGS SDO-1 SRM

U. S. Geological Survey reference sample SDO-1 is a brownish-black, brittle shale
collected from the Huron Member of the Late Devonian Ohio Shale, western Rowan County,
Kentucky (Kane et al, 1990). It is organic-rich with abundant microfossils and contains
flattened pyrite nodules (Kane et al., 1990), in addition to being relatively radioactive (2 to 4

times background level; Provo et al., 1978).

3.4.2 Analytical protocol
In order to use nickel (Ni) as a geological tracer, it is critical to have the ability to fully
isolate Ni from geological materials. Successful separation of Ni from organic-rich samples
must involve optimal recovery (yield) and the removal of both elemental and organic
interferences. A successful analytical technique should:
1. Reduce the potential for interference during mass spectrometry, by removing elemental
interferences and organic components.
2. Isolate and purify Ni (with >90 % recovery) from a variety of geological sample matrices.
3. Permit detection of low per mil variations (20.5 %) in Ni isotopes within samples, which is
critical for the development of Ni as a geological tracer.

4. Produce blanks that are insignificant or/and reliably correctable.

3.4.2.1 Sample preparation and digestion

Sample powders (~100 mg) are loaded into a Carius Tube with a reverse aqua-regia
solution (4 ml HNOs + 2 ml HCl), digesting in an oven at ~220 °C for ~48 hrs. This digestion
technique ensures complete breakdown of the organic component of the sample (Cohen et al.,
1999; Selby and Creaser, 2003), therefore allowing the complete liberation of Ni from the

organics.
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Once cooled and prior to column chromatography, the solution is transferred to 15 ml
centrifuge tubes and centrifuged for ~3 minutes removing the silicate fraction and any non-
organic particulates that did not readily dissolve in the digestion stage. The supernatant
solution is then transferred to 10 ml teflon vials and evaporated to near dryness at ~80 °C for
~48 hrs. In preparation for column chemistry (based upon HCl solutions), 3 ml 6N HCl is added
to the sample and evaporated to dryness at ~80 °C, before 200 ul 9 N HCl is added to re-

dissolve the Ni.

3.4.2.2 Nickel separation using column chromatography
To ensure separation and purification of Ni, the analytical protocol involves a two-

stage column procedure, outlined below.

Stage 1: The first-stage column procedure is outlined in Figure 3.1. It consists of a disposable
column made from a 1 ml graduated pipette with a quartz wool frit, filled to the base of the
pipette reservoir with 1 ml AG-1-X (anion) resin. Iron, specifically *®Fe, represents the most
significant isobaric interference on **Ni during mass spectrometry. Due to the high Fe content
of organic-rich sediments, usually in the weight percent level (> 10,000 ppm) (eg. Turekian and
Wedepohl, 1961) and the fact that it is not possible to resolve **Fe from *®Ni during mass
spectrometry, it is critical that the chemistry eliminates the potential for this interference or
reduces it to a level that allows algebraic correction using >’Fe as a monitor. For this reason, a
rapid anion exchange chromatography procedure using 9 N HCl elutions (modified from
Strelow, 1980 and Herzog pers. comms.) is utilised as the first stage in our two-stage Ni

purification and separation protocol.
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Stage 2: The second-stage column procedure is detailed in Figure 3.2. It consists of a
disposable column made from a 2 ml fine-tipped pipette with a quartz wool frit, and filled to
the base of the pipette reservoir with AG50W-X4 (cation) resin. This column is designed to

separate and purify the Ni fraction from the sample (modified from Victor, 1986).

Removal of residual organic components: It is critical to fully destroy any organic components

originating from the column procedure (eg. from the acetone, DMG, column resin) prior to
mass spectrometry, to reduce the potential for molecular interferences. In particular, acetone
has the tendency to polymerize in acid solution, forming non-volatile organic matter (Strelow
et al., 1971). Following stage 2 step 17, the sample does not evaporate to complete dryness
and instead forms a dark brown “sludge” that smells distinctly of DMG, a clear indication of the
presence of organic residues in the Ni separate. To fully destroy these remaining organics, 1 ml
16 N HNOs is added to the sample, which is placed back on the hotplate (closed-cap) overnight
at ~120 °C. Following this, the sample is evaporated to dryness (at ~100 °C) before the addition
of 0.5 ml 30 % H,0, (placed back on the hot plate, closed-cap, for 30 mins at ~140 °C). The
sample is then evaporated to dryness at ~90 °C.

In preparation for mass spectrometry, 1 ml 3 % HNOs is added to the dried sample. To
ensure that all of the sample is taken up into solution, it is placed on the hotplate (closed-cap)
for 30 mins at ~50 °C. Finally, the sample is transferred to a micro-centrifuge and centrifuged

for 3 mins to remove any particulates that may cause complications during analysis.

3.4.2.3 Column calibration using NIST 986 SRM
The column calibration plot for NIST 986 SRM after processing through the full column
procedure (collection from the stage 2 column following prior collection from the stage 1

column) is presented in Figure 3.3. Also shown are the percentage yields of Ni at each stage of
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the Ni elution phase (steps 10 — 17). The total yield of Ni from NIST 986 SRM for the full
procedure is ~ 90 %. Of this 90 %, the greatest proportion of Ni is eluted from the column
during steps 11 and 12 (~32 and 60 %, respectively). Following this, the elution peak drops
dramatically to ~3 % yield at step 13.

As mentioned previously, the elements that present the greatest interferences on Ni
are Fe and Zn (*®Fe on *®Ni and ®Zn on ®Ni), and it is therefore critical that we are able to
successfully isolate Ni from these elements. As our isotope measurement procedure involves
doping with an internal Cu reference solution, isolation of Ni from Cu is also required. Figure
3.4 shows a calibration plot, as above, but also including Fe, Zn and Cu. A significant
contribution of Cu is observed at the start of the Ni elution peak (45,000 cps; step 10) and
continues to elute, although to a lesser degree (<10,000 cps) throughout steps 11 — 17 (Ni
collection steps; Fig. 3.4). Similarly, the largest contribution of Zn is seen at step 10 (~7000 cps;
Fig. 3.4), followed by elution intensities of <2000 cps between steps 11 — 17. The majority of Fe
is eluted from the sample during the early stages of the first column procedure. Following this,
there are two small Fe peaks during Ni collection on the second-stage column (steps 11 and

15, <5000 cps; Fig. 3.4).

3.4.2.4 Column calibration using USGS SDO-1 SRM

Although column calibrations based on NIST 986 SRM were instructive it is
nevertheless a clean matrix and perhaps not entirely indicative of the behaviour of a complex
rock matrix on the columns. For this reason calibrations were also based on the USGS SDO-1
SRM and are presented in Figure 3.5. The calibrations were conducted on separate days,
although each calibration used ~100 mg of USGS SDO-1 powder.

It is immediately apparent that the maximum intensity in counts per second (cps) for

the Ni elution peaks for the two replicate calibrations were different at ~2.7*10” and ~1.4*10°

Page | 60



Chapter 3: Chemical separation of Ni isotopes at Durham University

cps on plots a) and b), respectively (Fig. 3.5). Initially this indicates inconsistency between the
Ni yields obtained during each calibration. There are several potential explanations for this,
including:

1. Sample heterogeneity

2. Inconsistent yield from sample dissolution

3. Variations in instrument sensitivity

4. Inconsistent yield induced by the column chemistry, either during column 1 or

column 2

USGS SDO-1 SRM is understood to be homogenous so Ni heterogeneity in the order of
a factor of 20 is regarded as unlikely. Although the same weight of sample powder (~100 mg)
was used for both calibrations and as such sample dissolution should be reproducible, the
addition of only 200 pl of loading solution prior to the stage 1 column (Fig. 3.1) might induce
inconsistent recovery if not all of the Ni is taken back up into solution. As the analyses were
conducted on different days, instrument sensitivity could have contributed to the different
intensities observed at the maximum Ni peaks. However, this does not account for the
variations observed between the two peak shapes (Fig. 3.5). Specifically, there are
inconsistencies between step 10 on the upward limb of the elution peaks, and step 12 on the
downward limb of the elution peaks (Fig. 3.5). At step 10, the first stage of Ni elution, the
amount of Ni eluted from the column in plot a) is equivalent to ~25 % (~7.0*¥10° cps) of the
maximum peak (~2.7*10’ cps; Fig. 3.5). However, this percentage at step 10 is far lower on
plot b) and is ~5 % (~8.0*10" cps) of the maximum peak of ~1.4*10° cps. Similarly, at step 12,
the Ni elution intensity is equivalent to ~60 % of the maximum peak on plot a), but is much
lower, at ~14 %, on plot b) (Fig. 3.5).

The variations in proportionality between the individual Ni elutions across the entire

elution peak indicate that there are inconsistencies in Ni yield from USGS SDO-1 SRM. Further,
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this demonstrates that significant variation in yield for a sample matrix more complex than
that of NIST 986 SRM, is induced by the column chemistry. This has also been demonstrated by
other workers, who note that differences in the Ni to matrix ratio of samples can induce
significant variation in the final yields of Ni from the separation procedure (Cameron et al.,,

2009; Gall et al., 2012).

3.5 Nickel stable isotope analysis at Durham University, UK

3.5.1 Mass spectrometry

Ni isotopes are measured in solution-mode on the Neptune MC-ICPMS at Durham
University using a static collection routine and medium resolution (MR>7000) to avoid
polyatomic interferences. The potential interference from *®Fe on *®Ni is corrected for
algebraically using °’Fe as the monitor. Samples (in this case NIST 986 SRM that has been run
through the columns) and standards are doped with an internal Cu reference solution to allow
correction of Ni mass bias using the ®*Cu/®*Cu ratio and an exponential law. The value of the

3Cu/%Cu ratio is determined daily relative to the certified NIST 986 ®2Ni/*°Nj ratio of 0.1386.

3.5.2 Analysis of pure NIST 986 SRM

Preliminary measurements of *®Ni/*Ni on pure NIST 986 SRM deviate by ~0.06 %o
from the certified NIST 986 SRM value (Gramlich et al., 1989), and show excellent
reproducibility (£ 118 ppm, 2SD; n=20). Our preliminary data are more accurate than that
reported by Tanimizu and Hirata (2006; 2.5 %o offset from accepted value). The good

reproducibility of our data on NIST 986 SRM suggests that we should be able to resolve and
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quantify Ni isotope variations in samples in the low per mil range (= 0.5 %o), which is essential
for the development of Ni a geological tracer.

The next step is to analyse NIST 986 SRM that has been processed through our column
procedure (detailed above; Figs. 3.1 and 3.2) to ensure that no Ni fractionation is induced by
the column chemistry. This includes analysis of the entire Ni collection for each separate
column, as well as incremental elutions collected at each step of the Ni collection phase (ie.
collection following each addition of acid during Ni elution). Whilst there should not be any
measured Ni fractionation if the entire Ni elution is collected, attempting to collect the whole
elution peak (including the tails of the peak) will result in collection of tails from other
elemental peaks. This may promote interferences during mass spectrometry. As such, the total
column collections analysed in section 3.5.3.1 collect Ni from the main body of the Ni elution

peak (Fig. 3.3).

3.5.3 Analysis of NIST 986 SRM processed through column chemistry

3.5.3.1 Analysis of total column collections

Initial measurements of **Ni/®*Ni on 5 pure and 5 Fe-doped NIST 986 SRM (run at the
start of the analytical session to show instrument performance) show good reproducibility (+
125 ppm; 2 SD; n = 20; Fig. 3.6) and reproducibility per atomic mass unit (amu) for *Ni/*Ni
and ®Ni/**Ni on pure and Fe-doped NIST 986 SRM is approximately similar (60 and 75 ppm,
respectively; Fig. 3.6). The slightly improved reproducibility on **Ni/**Ni is expected, as these
are the most abundant isotopes and beam intensity is therefore greater.

Some shift is observed in *®Ni/*°Ni and ®Ni/*°Ni ratios for NIST 986 SRM processed
through the column procedure (stage 2 and the full procedure; Fig. 3.6), although, with the

exception of the INi/*Ni ratio on run number 12, all are within error of the average for the
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non-processed NIST 986 SRMs analysed in that session. Standards run through the column
chemistry may have a slightly more complex matrix than pure NIST 986 SRM due to possible
incomplete breakdown of organic components, which may account for some of the variation.
There is an observed increase in the degree of Ni and Cu instrumental mass bias
throughout the analytical session with several notable jumps (Fig. 3.7a). These jumps in mass
bias are seen to correspond with changes in the analyte matrix (Fig. 3.7b); for example, with
the addition of Fe to pure NIST 986 SRM (runs 6 — 10; shift of 0.000260 units; Fig. 3.7b)
followed by analysis of NIST 986 SRM run through the stage 2 column (runs 11 — 14; shift of
0.000365 units). Pure and column-processed NIST 986 SRMs are doped with Cu, to the same
Cu/Ni ratio, immediately prior to mass spectrometry such that, for Cu at least, if mass bias was
constant the ®*Cu/®°Cu ratio should be consistent for both pure and column-treated NIST 986
SRM. In other words, by doping after column processing we can eliminate column-induced
fractionation as the cause for the drift in measured ®Cu/®>Cu. The variations seen in the
measured Ni and Cu ratios are therefore most likely to reflect a gradual change in degree of
instrumental mass bias throughout this particular analytical session. This is further supported
by a lack of correlation between the measured ®>Cu/*°Cu ratio and Cu beam intensity (Fig. 3.9).
There are two important observations that can be drawn from Figures 3.7a and 3.7b.
Figure 3.7a demonstrates that it is possible to induce sudden, albeit slight, changes in mass
bias behaviour by subtle changes to the matrix, for example adding Fe or processing the
sample through columns which may add other matrix. This is most likely to occur on days
where there is a greater shift in mass bias throughout the analytical session (see section
3.5.3.2 and Fig. 3.11, where no systematic jump in mass bias is observed with Fe doping). If the
mass bias behaviour for Ni and Cu are the same, the difference in measured *®Ni/*°Ni and

$3Cu/*Cu should remain constant despite the change in degree of mass bias, which Figure 3.7b
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clearly shows was not the case during this analytical session. These observations highlight the
drawbacks of using Cu-doping to correct for mass bias during stable Ni isotope analysis.
Despite these observations, the *®Ni/®Ni and °®'Ni/®Ni ratios for replicate total
collections of NIST 986 SRM processed through the stage 2 column and the full column
procedure (stages 1 and 2) indicate that, if fractionation does occur during column chemistry,
it is not resolvable with the current analytical protocol when the entire Ni elution is collected.
The next step is to determine whether isotopic fractionation of Ni occurs during Ni elution, by

analysing incremental steps of the Ni collection phase.

3.5.3.2 Analysis of incremental column collections

Analysis of incremental collections of Ni off the columns is important to ascertain
whether Ni is fractionated during the early and/or late stage of the elution and therefore
whether incomplete recovery of Ni will result in column-induced fractionation. Such an effect
has been clearly illustrated for Sr on Eichrom Sr resin by Charlier et al (in press). One obvious
difficulty with such measurements is the fact the amount of Ni recovered at the very start and
end of the elution is small and therefore the precision, and accuracy, of the measurements are
compromised simply by the lack of analyte. Analysis of the incremental fractions were carried
out during a separate analytical session during which measurements of *Ni/*Ni and ®*Ni/*°Ni
on pure and Fe-doped NIST 986 SRM show excellent reproducibility (+ 60 and + 34 ppm,
respectively; 2 SD; n = 18; Fig. 3.10).

A summary of the run numbers and their associated elution steps from the two
columns is presented in Table 3.1. Unlike the total collections of NIST 986 SRM from the
columns, the incremental elutions of NIST 986 SRM collected from the stage 1 and stage 2
columns (individually) show significant variation from the pure standards (Fig. 3.10). These

include run numbers 13, 18 and 19, which correspond to the final elution of stage 1 Ni
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collection, and the second and fourth steps of collection from the stage 2 column, respectively.
Further, these show substantial deviations on *®Ni/*°Ni from pure NIST 986 SRM, of ~0.3, 2.0
and 33.9 %o, respectively.

There is little variation in mass bias behaviour at the start of the analytical session
even with the addition of Fe to the pure NIST 986 SRM, as illustrated by the measured *®Ni/*°Ni
and ®Cu/®Cu ratios (Fig. 3.11), although a systematic drift in mass bias between the pure and
Fe-doped NIST 986 SRM standards can be seen towards the end of the session. This illustrates
that when the Neptune is stable, mass bias is less sensitive to additions of other matrices. For
the initial elutions of NIST 986 SRM from the stage 1 column (run numbers 9 — 11), there is also
no obvious change in the absolute degree of mass bias relative to the pure and Fe-doped NIST
986 SRM at the start of the session (Fig. 3.11). However, significant variation in the difference
between the measured *®Ni/*°Ni and *Cu/*>Cu ratios is observed for the final steps of stage 1
collection (run numbers 12 and 13) and the second and fourth steps of stage 2 collection (run
numbers 18 and 19; Fig. 3.11). As alteration of the analyte matrix initially had no effect on the
mass bias behaviour (Fig. 3.11), these variations may at least partially reflect the effects of
column-induced isotope fractionation.

Figure 3.12 shows the mass bias corrected #cu/%Cu ratio (using 82Ni/*Ni) for the
analytical period. As discussed previously, no Cu fractionation should be measured as samples
and standards were doped following chemical separation and prior to mass spectrometry. The
substantial uncertainty on run number 19 can be partially attributed to the exceptionally low
Ni beam intensity for this sample (*°Ni = ~0.1 volts), due to its position on the tail end of the Ni
elution peak. Although there is no clear overall relationship between measured **Cu/**Cu and
Ni beam intensity (Fig. 3.13) the measured %*Cu/®*Cu value for run number 19 (~2.141) does
not vary significantly from that of the pure and Fe-doped NIST 986 SRM standards (not

processed through columns). This suggests that the relatively high ®Cu/®Cu ratio after
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correction for mass bias using the ®*Ni/*°Ni ratio (Fig. 3.12) reflects the fractionated nature of
the Ni in that column fraction rather than odd Cu or mass bias behaviour. It is clear that there
is a significant contribution of Fe from the stage 2 column (steps 11 and 13; Fig. 3.15). This was
not previously observed on the calibration plot in Figure 3.4, possibly due to the analyses being
conducted during different and separate sessions and limitations of lower resolution analysis
used for the calibrations. When the measured ®Cu/®>Cu and *®Ni/*°Ni ratios are plotted against
one another, two outliers are apparent (Fig. 3.16). These correspond to the two analytes that
contain the greatest proportion of Fe (run numbers 18 and 19; *’Fe = 0.034384 and 0.032642
volts, respectively). Similarly, these samples also have exceptionally low, and therefore less
reliable, Ni beam intensities (*°Ni = 5.918210 and 0.128580, respectively). As mentioned
previously, the correction for Fe is done algebraically using *’Fe. However, the unfavourable Ni
to Fe ratio in these samples does not allow for effective correction of Fe. As such, these
samples (run numbers 18 and 19) are positioned below the scale shown on the mass bias
corrected *®Ni/®*Ni plot shown in Figure 3.10a (see arrow on figure), due to over-correcting
using >’Fe. Whilst the mass bias corrected ®*Ni/®Ni ratio is not affected by the Fe correction,
the large error present on run number 19 (Fig. 3.10b) reflects the limitations in accuracy and
precision resulting from small Ni beam intensity. This emphasises the importance of fully
isolating Ni from Fe, as well as the necessity of eliminating the effects of column-induced
isotope fractionation.

Analysis of the incremental elution of the Ni collection indicates that, despite much
greater uncertainties during the analysis attributed to very low beam intensity, Ni fractionation
does occur during collection of the stage 2 column, when collecting the tails of the elution

peak, and possibly during the final phase of collection of the stage 1 column.
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3.6 Conclusions

Although column-induced Ni isotope fractionation for NIST 986 SRM is not resolvable
when the entire Ni elution is collected, it is clear from analysis of the incremental column
collections that Ni fractionation does occur during the final stages of collection. Further, using
the current analytical technique at Durham, detailed in this chapter, chemical separation of Ni
from more complex, organic-rich matrices, such as that of USGS SDO-1 SRM, provides
incomplete and inconsistent Ni yields, and we therefore directly capture the effect of column-
induced fractionation. Given the variability and inconsistency of yields using a standard that is
of a similar matrix to the organic-rich samples that this method was originally intended for, our
approach needs to be re-evaluated in order to account for this fractionation.

As stated previously, our technique currently involves doping pure standards and
standards processed through the columns (samples) with an internal Cu reference solution
prior to mass spectrometry, in order to correct for mass discrimination. There are 2 alternative

methods that can be used to achieve this, and all 3 methods are outlined briefly below:

1. Doping with another element. This involves doping the sample with an aliquot of
an element of similar mass to the element of interest (eg. Maréchal et al., 1999;
Archer and Vance, 2004). This technique requires that the mass bias behaviour of
the analyte and dopant elements is similar (eg. Archer and Vance, 2004).

2. Standard-sample bracketing (SSB). The isotope ratio of the analyte element is
measured in standard solutions run between the samples (eg. Beard et al., 2003;
Bermin et al., 2006; Peel et al., 2008). This is potentially the simplest method of
performing mass discrimination corrections in MC-ICPMS data (eg. Beard et al.,

2003; Bermin et al., 2006), although this approach is potentially compromised by
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differences in the matrices of pure standards and real samples (Bermin et al.,
2006), as it requires that the mass bias behaviour of the standards and samples is
the same (Archer and Vance, 2004).

Double-spiking. This utilises the addition of a tracer of the analyte element with
known ‘exotic’ isotopic composition (eg. Dodson, 1963; Johnson and Beard, 1999;
Thirlwall, 2002; Cameron et al., 2009; Gall et al., 2012). This approach can be used
for any element that has a minimum of four naturally occurring isotopes. There are
a number of advantages to using the double-spike technique. Firstly, there are no
issues arising from differences in the behaviour of samples and standards (SSB), or
samples and dopants. Secondly, if added to the sample prior to chemical
separation, difficulties arising from potential column-induced fractionation
resulting from incomplete and inconsistent yields, are removed (eg. Johnson and
Beard, 1999; Cameron et al., 2009; Gall et al., 2012). However, the double-spike
technique cannot solve potential problems relating to polyatomic interferences
during mass spectrometry and therefore a clean separation procedure that results

in a pure Ni separate is still necessary.

Recent studies investigating the chemical separation of Ni and analysis of Ni isotopes

in varying geological matrices, have advocated use of the double spike approach (eg. Cameron

et al., 2009; Gall et al., 2012), particularly as it eliminates problems regarding fractionation

induced by chemical separation. From our work at Durham, it is clear that this approach is

necessary in order to successfully analyse the Ni isotope composition of organic-rich sample

matrices using our chemical separation procedure.

However, calibration of the spike is time consuming and data reduction using this

technique is algebraically extremely complex. Therefore, due to time constraints, although this
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is undoubtedly the next step for Ni isotope analysis at Durham, we were unable to implement

this during the duration of the PhD research presented herein.
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Stage 1

Sample preparation

1. Add loading solution of 200 pl 9N HCI

2. Heat gently on hotplate (closed-cap) at 45°C for 30 minutes
3. Transfer sample from teflon vial to 1 ml micro-centrifuge tube
4. Centrifuge for 3 minutes

Column procedure

Column preparation:
1.4 ml 0.2N HNO;
2.4 ml 4N HNO;
3.4 ml0.2N HNO;
4.4 ml 9N HCI

Column procedure:

5. Load sample (200 pl) onto column

6-8. COLLECTION: 3* 250 pl 9N HCI (total collection of 750 pl)
9. Evaporate to dryness on hotplate overnight at ~80°C

Figure 3.1: Outline of the stage 1 column procedure. This column is designed to remove a large
proportion of the Fe from the sample.

Page | 77



Chapter 3: Chemical separation of Ni isotopes at Durham University

Stage 2

Sample preparation

1. Dissolve sample (from Stage 1, step 7) in 100 pl 6N HCI
2. Evaporate to near dryness at ~70°C
3. Add loading solution of 100 ul acetone:6N HCI (9:1)

Column procedure

Column preparation:

1.5 ml 6N HCl

2. 5 ml MQ (high-purity water)
3.5 ml 6N HCl

4.5 mlMQ

Column procedure:

5-6. 2* 5 ml acetone:6N HCI (9:1)

7. Load sample

8-9. 2* 1 ml acetone:6N HCI (9:1)

10. 6 ml acetone:6N HCI (9:1)

11-14. 4* 5 ml acetone:12N HCI (9.5:0.5)

15. 1 ml acetone:12N HCI (9.5:0.5) + dimethylglyoxime (DMG) (11mg/ml DMG)
16-22. COLLECTION: 7* 1 ml acetone:12N HCI (9.5:0.5) + DMG (11mg/ml)

23. Evaporate to near dryness on hotplate overnight at ~80°C

Figure 3.2: Outline of the stage 2 column procedure. By utilising DMG, this column is designed

to separate and purify Ni from the sample.
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NIST 886 SRM
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Figure 3.3: Nickel calibration plot for the full-stage column procedure using NIST 986 SRM. Plot
shows elutions from the stage 2 column, following prior processing through the stage 1
column. Red dashed line marks the start of the Ni elution phase. Percentages presented in red
correspond to the Ni yield. The unit ‘Counts per second (cps)’ corresponds to the measured
counts of total Ni.
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NIST 986 SRM

Elution key

1-4: Column preparation

5-6: Column conditioning

7: Load sample

8-14: Column washing

15-22: Sample elution and collection

——Fe
= Ni
——Cu

- In

Figure 3.4: Calibration plot for the full-stage column procedure using NIST 986 SRM. Plot shows

calibration lines for Fe (blue), Cu (purple) and Zn (yellow) in addition to Ni (red). Black dashed

line marks the start of the Ni elution phase.
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USGS SDO-1 SRM
3.0E+07

Elution key [ a)

1-4: Column preparation

2.5E+07 4 5-6: Column conditioning

7: Load sample

8-14: Column washing

15-22: Sample elution and collection
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Figure 3.5: Nickel calibration plots for the full-stage column procedure using USGS SDO-1 SRM
(shale standard). Plots a) and b) represent the same calibration process using near identical
amounts of SDO-1 SRM powder (~100 mg) analysed on the same ICP-MS, but conducted
during separate analytical sessions. Black dashed line marks the start of the Ni elution phase.
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Figure 3.6: Plots of mass bias corrected **Ni/®Ni (a) and ®*Ni/*°Ni (b) for pure and Fe-doped
NIST 986 SRM run at the start and end of the analytical session to monitor instrument
performance, as well as NIST 986 SRM processed through the column chemistry. Yellow boxes
mark the standards run through the columns: Box A, 3 replicates of total Ni collection from the
stage 2 column only; Box B, 3 replicates of total Ni collection from the full column procedure.
The red lines indicate reproducibility for pure and Fe-doped NIST 986 SRM for the analytical
session. The certified value for NIST 986 is from Gramlich et al. (1989).
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Figure 3.7: Plots of: a) measured *8Ni/%°Ni and %3Cu/**Cu ratios vs. run number; and b) the
difference between the measured *®Ni/*°Ni and %*Cu/®*Cu ratios, indicating instrumental mass
bias behaviour during the analytical session. The observed drift in measured ratios is indicative
of drift in mass bias behaviour throughout the day. Yellow boxes mark the standards run
through the columns: Box A, 3 replicates of total Ni collection from the stage 2 column only;
Box B, 3 replicates of total Ni collection from the full column procedure.
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Figure 3.8: Plot of mass bias corrected ®>Cu/®*Cu (corrected using *Ni/*°Ni) for pure and Fe-
doped NIST 986 SRM (used to monitor instrument performance) and NIST 986 SRM subjected
to column chemistry (stage 2 column and the full column procedure). Yellow boxes mark the
standards run through the columns: Box A (red diamonds), 3 replicates of total Ni collection
from the stage 2 column only; Box B (black diamonds), 3 replicates of total Ni collection from

the full column procedure.
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53Cu beam intensity (V)

19.00

Figure 3.9: Measured ®*Cu/®*Cu vs. ®*Cu beam intensity (V) for pure and Fe-doped NIST 986
SRM (analysed to monitor instrument performance), and for full collections of NIST 986 SRM

from the stage 2 column and the full-column procedure.
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Figure 3.10: Plots of
mass bias corrected
*Ni/*°Ni (a) and *"Ni/®Ni
(b) for pure and Fe-
doped NIST 986 SRM, as
well as NIST 986 SRM
run through the column
chemistry. Yellow boxes
mark the standards run
through the columns:
Box A, incremental
collections of Ni from
the Ni elution phase of
the stage 1 column; Box
B, incremental
collections of Ni from
part of the Ni elution
phase of the stage 2
column. The red lines
indicate reproducibility
for pure and Fe-doped
NIST 986 SRM for the
analytical session. The
certified value for NIST
986 is from Gramlich et
al. (1989).

Page | 86



Chapter 3: Chemical separation of Ni isotopes at Durham University

2.470 @ Stepped column collections a) 2.142
& Stage 1 + 2 full collection . @
2.468 - &> Pure NIST + Cu ‘ i
@ Pure NIST + Cu + Fe L i 4 2.140
[ J©)
2.466 <O Measured Cu o
& Measured Ni B O - 2.138
NIST 986 collected @) % o
2.464 - from columns O o @
A Coe L 2,136
£ ¢ ¢ 8
=5 2.462 - PP . 2
£ L 4 L 3 ® o
< 80000..0 *® ® L 2134
Z 2460 { ©0O© e b4 g
® 8 - 2.132
2.458 A
- 2.130
2.456 -
2.454 A ‘ - 2.128
2.452 T Ll 1 T T 2.126
0 5 10 15 20 25 30

Run number

0.3295
2 B b))
] 0.3290 - °
- °
] -
< 0.3285 ) oOOO

£

5 3 03280 - ® %
& 8 o 000, %
25 03275 - ° ©
2° o
u 0.3270 ®
c
o
o 0.3265 - )
£ o

0.3260 . : ; : ;

0 5 10 15 20 25 30

Run number

Figure 3.11: Plots of: a) measured *8Ni/*°Ni and ®*Cu/®°Cu ratios vs. run number; and b) the
difference between the measured *®Ni/*°Ni and %*Cu/®*Cu ratios, indicating instrumental mass
bias behaviour during the analytical session. Yellow boxes mark the standards run through the
columns: Box A, incremental collections of Ni from the Ni elution phase of the stage 1 column;
Box B, incremental collections of Ni from part of the Ni elution phase of the stage 2 column.
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Figure 3.12: Plot of mass bias corrected ®*Cu/*Cu (corrected using ®*Ni/*°Ni) for pure and Fe-
doped NIST 986 SRM (analysed to monitor instrument performance throughout the analytical
session) and NIST 986 SRM subjected to column chemistry (stage 1 column and stage 2
column). Yellow boxes mark the standards run through the columns: Box A, incremental
collections of Ni from the Ni elution phase of the stage 1 column; Box B, incremental
collections of Ni from part of the Ni elution phase of the stage 2 column.
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Figure 3.13: Plot showing the relationship between measured **Cu/®*Cu vs. ®Ni beam intensity
(V) for pure and Fe-doped NIST 986 SRM (measured to monitor instrument performance), and
for incremental collections of NIST 986 SRM from the stage 1 (filled red diamonds) and stage 2

(hollow red diamonds) columns.
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Figure 3.14: Measured *Cu/®Cu vs. ®*Cu beam intensity (V) for pure and Fe-doped NIST 986
SRM, and for incremental collections of NIST 986 SRM from the stage 1 (filled red diamonds)
and stage 2 (hollow red diamonds) columns.
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Figure 3.15: Plot of *’Fe intensity (V) for pure and Fe-doped NIST 986 SRM, and incremental
collections of NIST 986 SRM from the stage 1 (Box A) and stage 2 (Box B) columns.
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Figure 3.16: Plot showing the relationship between the measured ®*Cu/®Cu vs. measured
*8Ni/*°Ni ratios for pure and Fe-doped NIST 986 SRM and NIST 986 SRM collected incrementally
from the stage 1 (solid red diamonds) and stage 2 (hollow red diamonds) columns. For the

meaning of the Run # notation, see text and Table 3.1.
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Table 3.1: Table showing the run numbers and their corresponding positions on the Ni elution
peaks for the stage 1 and stage 2 columns, and the proportion of the Ni elution peak analysed.

Number of
Total increments
collection collection split Elution volume Position of elution on
Run number volume (ml) into analysed (ml) elution peak L2
Stage 1
9 0.1 3o0f7
10 0.1 40f7
11 0.75 7 0.1 50f7
12 0.1 6of 7
13 0.15 70f7
Stage 2
17 1 30f8
18 8 8 1 20f8
19 1 40f8

! Refer to outline of stage 1 and 2 column procedures in figures 3.1 and 3.2, respectively

? For stage 2 refer to full procedure calibration plot for NIST 986 SRM in figure 3.3
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Geochemical characterisation of the Sinemurian-
Pliensbachian GSSP: Application of Ni isotopes to
organic-rich sediments
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4.1 Introduction

For several decades previous investigations of Ni isotopes have focused predominantly
on characterising isotopic fractionation in extraterrestrial materials, with a view to enhancing
our understanding of planetary processes and the isotopic composition of the early Solar
System (eg. Kohman and Robison, 1980; Morand and Allegre, 1983; Shimamura and Lugmair,
1983; Birck and Lugmair, 1988; Herzog et al., 1994; Xue et al., 1995; Quitté et al., 2006; Cook et
al., 2007; Moynier et al., 2007; Chen et al,. 2009; outlined by this thesis, Chapter 3). In
addition, the role of Ni as a bioessential trace metal (eg. Frausto da Silva and Williams, 2001;
Cameron et al., 2007; 2009) has led to the recognition that Ni isotopes have the potential to be
utilised as a powerful biological tool for studies of early life on Earth (Cameron et al., 2009;
2011).

However, as well as through cosmochemical and biochemical investigations, the
potential of Ni to significantly enhance our understanding of organic-rich sedimentary
environments and to provide a powerful geological tracer in the petroleum realm has been
recognised, following pioneering work by Lewan and Maynard (1982) and Lewan (1984) (eg.
Ellrich et al., 1985; Manning et al., 1991; Alberdi and Lafargue, 1993; Lépez et al.,1995; as
outlined in Chapter 3). Although these studies focused on the elemental distribution of Ni
rather than isotopic fractionation, one study does exist that demonstrates the potential to use
Ni isotopes as an oil-source correlation tool (Dewaker et al., 2000).

Although there is enormous potential for Ni to be used as an oil-source correlation
tool (Dewaker et al., 2000), no previous study exists that characterises the behaviour of Ni
isotopes in organic-rich sediments or indeed within a stratigraphic profile. This can be mostly
attributed to the difficulty associated with separating Ni from such complex sample matrices

(as discussed in Chapter 3). Before an oil-source correlation tool can be developed, it is crucial
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that we have an understanding of the behaviour of Ni isotope systematics in such samples, and
of how Ni isotope fractionation may vary stratigraphically. This is of paramount importance
when trying to accurately evaluate any isotopic trends whilst attempting to conduct
correlation studies.

Herein we present the first attempt at creating a Ni isotope stratigraphic profile for an
organic-rich sedimentary succession. The marine section across the Sinemurian-Pliensbachian
GSSP, Robin Hood’s Bay, UK, is ideally suited to the present study, as it well understood
biostratigraphically (Hesselbo et al., 2000; Meister et al., 2006) and has been previously
characterised using other isotope stratigraphy techniques, including strontium isotopes
(®’Sr/%%sr; Jones et al., 1994; Hesselbo et al., 2000), oxygen (6'°0) and carbon isotopes (6'°C)
(Hesselbo et al., 2000), and Os isotopes (this thesis, Chapter 2). The section is also consistently
thermally immature thereby eliminating any potential effects of thermal maturation on the Ni
isotope signature.

To accurately assess and interpret any stratigraphic variation of Ni isotopes in the
Robin Hood’s Bay section, it is critical to determine whether any fluctuations in paleoredox
conditions occur. Nickel only occupies one oxidation state in the natural environment (Ni**),
suggesting that it is not redox sensitive. However, its preferential association with redox-
sensitive metallo-organic complexes in organic-rich sediments (this thesis, Chapter 3) indicates
that certainly within these sample matrices, redox conditions at the time of sediment
deposition directly impact the degree of enrichment or depletion of Ni. No previous study
applies Ni isotopes to an organic-rich sedimentary profile and as such, our understanding of
the behaviour of Ni isotope systematics in this setting is limited. Herein, paleoredox conditions
have been established for the Sinemurian-Pliensbachian GSSP section, Robin Hood’s Bay, UK.

The distributions of certain trace elements in organic-rich marine sediments can allow

us to determine the redox conditions at the time of sediment deposition (eg. Jones and
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Manning, 1994; Hatch and Leventhal, 1992; Calvert and Pederson, 1993; Crusius et al., 1996;
Schovsbo, 2001; Rimmer, 2004). Being able to accurately evaluate such conditions is critical in
enabling us to enhance our understanding of the environment in which organic-rich sediments
were formed. Further, understanding the depositional paleoredox conditions can vyield
valuable insight into controls on the chemical composition of organic-rich sediments.

In this study we focus on utilising the trace elements that are well known for yielding
accurate information about redox conditions at the time of sediment deposition. The V/Cr and
Ni/Co ratios are recommended as the most consistent and reliable of the redox indices (eg.
Jones and Manning, 1994; Rimmer, 2004), providing valid paleo-oxygenation information for
the time of sediment deposition. A number of previous studies have successfully utilised V/Cr
(eg. Ernst, 1970; Krecji-Graf, 1975; Dill, 1986; Rimmer, 2004; Selby et al., 2009) and Ni/Co
(Dypvik, 1984; Dill, 1986; Rimmer, 2004; Selby et al., 2009) to accurately determine the redox
conditions of the depositional environment. As such, these ratios will be employed by this
study. The (Cu+Mo)/Zn ratio (Hallberg, 1976, 1982) conveys little information about
paleoredox conditions (Jones and Manning, 1994), and therefore will not be considered by this
study.

The V/(V+Ni) ratio is also interpreted by some workers to provide a measure of relative
redox potential (eg. Lewan and Maynard, 1982; Hatch and Leventhal, 1992; Schovsbo, 2001).
Development of this ratio as a redox index by Hatch and Leventhal (1992) resulted from
preliminary work by Lewan and Maynard (1982), who determined that the wide range of
V/(V+Ni) values that they observed in petroleum source rocks and oils was primarily controlled
by redox potential. However, this ratio has also been found to yield apparent redox
information that is inconsistent with the V/Cr and Ni/Co ratios (eg. Rimmer, 2004; Selby et al.,
2009). As a result, Rimmer (2004) suggests that the strict thresholds for the different redox

parameters, and particularly those developed for specific geological formations (eg. V/(V+Ni)

Page | 97



Chapter 4: Ni isotope stratigraphy of the Sinemurian-Pliensbachian boundary GSSP

developed by Hatch and Leventhal (1992) for the Pennsylvanian Stark Shale Member), should
be used cautiously. In this study we will therefore also evaluate the suitability of the V/(V+Ni)

index when applied to Robin Hood’s Bay sediments.

4.2 Geological setting

This chapter focuses on the same marine sediments from the Sinemurian-
Pliensbachian GSSP, Robin Hood’s Bay, as Chapter 2 (Fig. 4.1). The geological setting of this
section is detailed previously in Chapter 2.

The Sinemurian-Pliensbachian boundary, established from the succession’s complete
and well preserved ammonite assemblages (Spath, 1923; Dean et al., 1961; Hesselbo et al.,
2000; Meister et al., 2006), occurs in the Pyritous Shales of the Redcar Mudstone Formation
within the Lias Group (Powell, 1984). At this point in the Early Jurassic Robin Hood’s Bay was
positioned on the margins of a shallow epicontinental sea (eg. Dera et al., 2009) that covered
most of Northern Europe, including Britain, during the Mesozoic (Sellwood and Jenkyns, 1975).
The facies changes across the boundary, from pale siliceous to finer, more organic-rich
mudstones, indicate an overall relative increase in sea level of at least regional extent (eg.

Hesselbo et al., 2000; Meister et al., 2006).
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4.3 Sampling

The same set of 32 samples (SP7-09 to SP39-09) from the Sinemurian-Pliensbachian
boundary at Robin Hood’s Bay analysed in Chapter 2 (Fig. 4.2), were also used in this study.
Samples spanned a 6 m vertical section across the boundary and were taken from the Pyritous
Shales Member of the Redcar Mudstone Formation. A sampling interval of ~20 cm was used
consistently within Beds 69 — 75, except within Bed 72, where the sampling interval was ~15

cm.

4.4 Analytical protocol

Prior to geochemical analyses the samples were cut and polished before being

powdered in a Zr disc mill.

4.4.1 Trace element abundance

Samples were prepared for trace element analysis at the Northern Centre for Isotopic
and Elemental Tracing (NCIET) following the method of Ottley et al., (2003). Sample powders
(~100 mg) were digested in a 4:1 solution of 29 N HF (4 ml) and 16 N HNO; (1 ml) on a hotplate
at ~150 °C for 48 hrs. Samples were then evaporated to near rather than total dryness, to
avoid stabilisation of insoluble fluorides (Ottley et al., 2003). Evaporation was followed by the
addition of 1 ml 16 N HNO; and evaporation to near dryness. The previous stage was repeated
before the addition of 2.5 ml 16 N HNO3; and ~10 ml MQ (high purity water) to create a ~4 N

HNO; solution. Sample beakers were capped and heated on the hotplate overnight at ~100 °C.
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Once cooled, 1 ml of 1 ppm internal Re and Rh spike was added to the samples (to yield 20 ppb
Re and Rh in the final analyte solution) before then being diluted up to 50 ml using MQ,
yielding a ~0.5 N HNO; solution. The use of the Rh and Re internal spike improves data
precision by compensating for calibration drift during analysis due to changes in the
instrument’s sensitivity, matrix suppression and dilution errors associated with sample
preparation (as the sample-spike ratio is constant) (Ottley et al, 2003). Prior to analysis,
samples were diluted 10-fold by taking 1 ml from the 50 ml solution and diluting it to 10 ml
using 0.5 N HNOs. Samples were then analysed using the X-Series Inductively Coupled Plasma
Mass Spectrometer (ICP-MS).

Replicate analyses of International Reference Materials (RMs) AGV-1, BHVO-1 and W-2
and synthetic standards solutions for Mo (10, 20 and 30 ppb solutions) were conducted for

calibration per sample set.

4.4.2 Total Organic Carbon (TOC) and 6**C,,

Carbon stable-isotope measurements were performed at Durham University using a
Costech Elemental Analyser (ECS 4010) coupled to a ThermoFinnigan Delta V Advantage.
Carbon-isotope ratios are corrected for 'O contribution and reported in standard delta ( §)
notation in per mil (%o) relative to the Vienna PeeDee Belemnite scale. Data accuracy is
monitored through routine analyses of in-house standards, which are stringently calibrated
against international standards (e.g., USGS 40, USGS 24, IAEA 600, IAEA CH6): this provides a
linear range in & *C between +2 %o and —47 %o. Analytical uncertainty for (513C0rg is typically
10.1 %o for replicate analyses of the international standards and typically <0.2 %o on replicate
sample analysis. Total organic carbon was obtained as part of the isotopic analysis using an

internal standard (i.e., Glutamic Acid, 40.82 % C).
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4.4.3 Rhenium and osmium

Rhenium and osmium analyses of Robin Hood’s Bay whole-rock powders were
conducted at the Japan Agency for Marine-Earth Science and Technology (JAMSTEC) as part of
the JSPS Summer Fellowship Program 2010, following the CrO3;-H,SO, procedure of Selby and
Creaser (2003), outlined in detail in Chapter 2. Sample powders were digested in Carius tubes
with a measured amount of **Re and *°Os spike solution in 8 ml of CrOs-H,SO, solution at
~240 °C for 48 hrs. Once cooled, Os was removed by solvent extraction and microdistillation,
and the remaining solution was prepared for Re purification by reducing Cr® to Cr** using
ethanol. Once reduced, the sample solution was evaporated to dryness and the Re fraction
was then purified using a two-stage anion exchange chromatography procedure. The purified
Re and Os fractions were loaded onto Ni and Pt filaments, respectively, and the Re and Os
isotope ratios were measured using the Triton NTIMS (Creaser et al., 1991; Volkening et al.,
1991) using Faraday collectors (Re) and the SEM (Os) (A **'Re = 1.666 x 10™ a™*; Smoliar et al.,
1996). Total procedural blanks were 14.1 + 0.2 pg and 3.56 + 0.52 pg (10 S.D., n = 2) for Re and
Os, respectively, with an average ¥70s/'®0s value of 0.19 + 0.005 (n = 2). Uncertainties
presented in Table 4.1 include full error propagation of uncertainties in Re and Os mass
spectrometer measurements, blank abundances and isotopic compositions, spike calibrations

and reproducibility of standard Re and Os isotopic values.

4.4.4 Nickel stable isotopes

All Ni isotope analyses were conducted at the University of Bristol, by Dr Vyllinniskii
Cameron. Chemical separation and purification of Ni was achieved using a double-isotope
dilution protocol (double-spike) coupled with a 2-stage ion exchange procedure outlined by
Cameron et al., (2009) and modified from Quitté and Oberli (2006). The double-spike protocol

permits correction for instrumental mass discrimination (discussed in Chapter 3). The spike is
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composed of a 1:1 mixture of ’Ni and ®Ni (Cameron et al., 2009). Samples were first treated
multiple times with concentrated HNO; (15.3 N) to destroy any organic components (Cameron
et al., 2009). Following this, samples were digested in closed beakers in a mixture of
concentrated HNO; + HF (0.5 ml + 2 ml, respectively) at 140 °C for 48 hours.

Prior to the first-stage column, the sample was dissolved in 2 ml 1 N HCI before the
addition of 0.4 ml ammonium citrate [(NH,),CsHsO;]. In preparation for loading onto the
column, the pH of the sample was adjusted to 8 — 9 using NH;OH (ammonium hydroxide). This
stage of the procedure utilises teflon columns (made in-house) filled with Ni specific resin,
which allows the complexation of Ni with DMG (previously discussed in Chapter 3). Matrix
elements are eluted with the addition of 6 ml 2.8 N ammonium citrate and Ni is collected using
3 ml 3 N HNO; (Cameron et al., 2009).

The second-stage column is designed to ensure complete removal of the major atomic
interferences on Ni (Fe and Zn) (Cameron et al., 2009) and utilises macroporous anion resin
(AG MP-1 M; Bio-Rad). Removal of Fe and Zn using this resin is also outlined by Maréchal et al.
(1999) and Archer and Vance (2004). Sample residues from the first column were treated
several times with 0.3 ml HCI + H,0, (hydrogen peroxide), before being loaded and eluted from
the second column in 7 N HCl + H,0, (Cameron et al., 2009). Using HCl concentrations with
normality >2 enables elution of Ni from the column, whilst Fe and Zn are retained on the resin
(Cameron et al., 2009). In preparation for mass spectrometry, the purified Ni fractions were
evaporated to dryness, treated with 15.3 N HNOs, evaporated, and finally dissolved in 2 %
HNOQs. Typical procedural blanks were =2 ng (Cameron et al., 2009).

All analyses were conducted using a ThermoFinnigan Neptune multi-collector (MC)
ICPMS coupled to an Aridus desolvating nebuliser system (CETAC) fitted with a PFA nebuliser
and spray chamber (CPI). All isotopes were measured simultaneously in static mode using a

multiple Faraday collector array. Blank contributions generally accounted for <0.02 % (for *®Ni)
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of the ion beams, and the internal error on the *°Ni/*®Ni ratio was 0.001 — 0.002 % (2 o)
(Cameron et al., 2009). All Ni data are reported relative to NIST SRM 986, in the standard delta

notation (see below) with all uncertainties reported to the 2 o level.

Bl:'Ni/ssNisample
860N = -1 | x 1000
GONi/SBNisnmgse

4.5 Results

4.5.1 Trace elements
In this study only the trace elements necessary to accurately evaluate the redox
conditions at the time of sediment deposition have been used. These are as follows: Ni, V, Cr

and Co.

4.5.1.1 Abundance

The Ni, Co, V and Cr abundances for the Robin Hood’s Bay organic-rich sediments are
given in Table 4.2, and their respective profiles across the Sinemurian-Pliensbachian boundary
are presented in Figure 4.3.

The minimum abundances for all four elements occur ~2.2 m above the Sinemurian-
Pliensbachian boundary (sample SP33-09; Ni = ~18.4 ppm, Co = ~12.9 ppm, V = ~152.9 ppm
and Cr = ~107.5 ppm). Similarly, the maximum abundances for V (~332.6 ppm) and Cr (~276.8
ppm) both occur at the Sinemurian-Pliensbachian boundary level (sample SP22-09). However,

the maximum abundances for Ni (~190.5 ppm) and Co (~34.4 ppm) are slightly staggered, and
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occur at ~1.4 m (sample SP29-09) and ~1.2 m (sample SP28-09) above the boundary,
respectively.

All four element profiles (Fig. 4.3) show variation across the boundary section, and no
discernible trend of increasing or decreasing abundance can be seen in any plot. However, it

can be noted that the Ni and Co profiles are similar, as are those for V and Cr.

4.5.1.2 Enrichment

The enrichment factor (EF) defines the degree to which an element is enriched in a
shale or an organic-rich sediment relative to a standard shale composition (eg. Calvert and
Pederson, 1993). The hydrogenous fraction may be estimated by normalising the whole-rock
trace element concentrations to an index of the detrital component (Al) (eg. Piper and Calvert,
2009). This approach has been advocated by a number of workers and has been used to
determine trace element enrichments in both modern and ancient sediments (eg. Calvert and

Pederson, 1993). The enrichment factor can be calculated as follows:

EF = (element/Al)sampie/(element/Al)shale

In this equation, the numerator includes the ratio for the shale under investigation,
and the denominator defines the ratio for a “typical shale”, using data from Wedepohl (1971).

The Al-normalised trace element values and enrichment factors for all 32 samples are
presented in Table 4.3. The approximate order of trace element enrichment in the Robin
Hood’s Bay sediments (average value, n = 32) relative to average shale (Wedepohl, 1971) is as
follows: V >Cr >Co>Ni (EF = 1.4, 1.2, 0.9 and 0.8, respectively; Tables 4.3 and 4.4, Fig. 4.4). All
samples (n = 32) show enrichment in V and Cr relative to average shale (Fig. 4.4). However,

although both Ni and Co are predominantly depleted (n = 22; 69 % of samples and n = 26; 81 %
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of samples, respectively), both trace elements fluctuate from relative enrichment to depletion

throughout the entire boundary section (Fig. 4.4).

4.5.1.3 Redox indices

The trace element ratios Ni/Co, V/Cr and V/(V+Ni) have been utilised by previous
studies to evaluate paleoredox conditions at the time of deposition (eg. Hatch and Leventhal,
1992; Jones and Manning, 1994; Schovsbo, 2001). The published values of these indices and
their corresponding redox conditions are summarised in Table 4.5.

The trace element ratios for the Robin Hood’s Bay Sinemurian-Pliensbachian
sediments and their inferred redox conditions are given in Table 4.2. The Ni/Co index indicates
that oxic conditions were prevalent at the Sinemurian-Pliensbachian boundary (n = 29) with
values of ~1.43 — 9.24 (Fig. 4.5a). Two samples, SP36-09 (Ni/Co = ~6.07) and SP11-09 (Ni/Co =
~5.19) suggest dysoxic conditions, and one sample, SP29-09 (Ni/Co = ~9.24; 1.4 m above the
boundary) indicates suboxic to anoxic conditions (Fig. 4.5a). The V/Cr values range from ~1.13
— 2.30, also indicating predominantly oxic conditions (n = 29; Fig. 4.5b). Three samples, SP36-
09 (~2.8 m above the boundary), SP34-09 (~2.4 m above) and SP13-09 (~1.9 m below the
boundary), indicate dysoxic conditions with V/Cr values of ~2.18, 2.30 and 2.02, respectively
(Fig. 4.5b).

Good agreement is observed between both the Ni/Co and V/Cr indices which show
that 91 % of the samples were deposited under oxic conditions (Fig. 4.6a). However, there is
significant disagreement between these ratios and the V/(V+Ni) index (Fig. 4.6b,c). Values for
V/(V+Ni) range from ~0.51 — 0.89 and indicate that anoxic conditions prevailed across the
Sinemurian-Pliensbachian boundary (n = 26; Fig. 4.5c). Further, six samples suggest that
bottom-water circulation ceased and that conditions became euxinic intermittently between

~2.6 m above the boundary and ~1.9 m below it (Fig. 4.5c).
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4.5.2 Total Organic Carbon (TOC) and 6*C,,,

Measured TOC and 613COrg for the Robin Hood’s Bay samples are shown in Table 4.2
and Figure 4.3. Total Organic Carbon is generally low, varying from ~0.53 — 2.46 wt. %. It shows
only slight variation prior to the Sinemurian-Pliensbachian boundary (~0.57 — 0.86 wt. %; Fig.
4.3), but an overall gradual increase above the boundary (from ~0.58 — 2.46 wt. %; Fig. 4.3).
The <‘313Corg values range from ~-25.3 - -28.9 %o, progressively becoming isotopically lighter

moving up-section and across the boundary (Fig. 4.3).

4.5.3 Rhenium and osmium

The measured rhenium and osmium abundances and isotopic compositions for the 32
samples taken across the Sinemurian-Pliensbachian boundary are summarised in Table 4.1 and
Figure 4.7. Rhenium values range from ~1.5 — 117 ppb and in a similar manner to TOC, show
relative consistency and little variation prior to the boundary (~1.6 — 5.3 ppb; n = 17; Fig. 4.7).
However, in the earliest Pliensbachian a significant increase and variation in Re is observed
(~6.7 — 117 ppb; n = 15; Fig. 4.7). Osmium values range from ~107 — 1790 ppt, and follow a
similar pattern to Re both above and below the boundary (Fig. 4.7).

The *®’Re/*®*0s and present-day 18705 /*80s ratios vary from ~25 — 443 and ~0.3 - 1.6,
respectively. Both ratios decrease between ~2.8 to 0.9 m below the Sinemurian-Pliensbachian
boundary (**’Re/*™0s , ~195 — 20; ®’0s/**®0s, ~1 — 0.3) , before systematically increasing

across the boundary into the lowermost Pliensbachian (Fig. 4.7).

4.5.4 Covariation plots
Covariation plots (Figs. 4.8 — 4.13) illustrate the relationships between trace element
abundance (Ni, V, Cr and Co), Re and Os abundance, TOC and 613Corg across the Sinemurian-

Pliensbachian boundary. The strongest positive correlation is observed between Re and TOC
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(R? = 0.89; Fig. 4.8a). However, such a strong correlation is only present above the boundary
(R® = 0.83; Fig. 4.8b) and no correlation exists between Re and TOC in samples of latest
Sinemurian age (R® = 0.13; Fig. 4.8c). A noticeable negative correlation (R* = 0.77) is shown by
Re vs. cS“CC,rg (Fig. 4.9a). Similarly, the greatest correlation is exhibited above the boundary (R?
=0.71; Fig. 4.9b) and the weakest below (R* = 0.15; Fig. 4.9c¢).

Osmium has a strong positive correlation with TOC (R* = 0.80; Fig. 4.10a) and shows a
similar trend to Re, with the strongest Os vs. TOC correlation occurring above the Sinemurian-
Pliensbachian boundary (R® = 0.79; Fig. 4.10b), and the weakest correlation occurring below
the boundary (R*> = 0.34; Fig. 4.10c). Similarly, a noticeable trend is observed between
¥7Re/™0s vs. TOC (R® = 0.72; Fig. 4.11a), with the strongest relationship being present above
the boundary (R* = 0.70; Fig. 4.11b).

No correlations exist between Ni vs. TOC or V vs. TOC, with R? values in both cases
being significantly less than 0.1 (Fig. 4.12). Additionally, no trend is observed between Cr vs.

TOC (R® = 0.18; Fig. 4.13a) or Co vs. TOC (R” = 0.04; Fig. 4.13b).

4.5.5 Nickel stable isotopes

New Ni stable isotope data for a select suite of the organic-rich sediments at Robin
Hood’s Bay is presented in Table 4.6. From the base of Bed 71 the sampling interval for Ni
isotope analysis is ~40 cm (Fig. 4.14). A profile of 6®Ni values for the section is shown
alongside Ni concentration for comparison, together with TOC and 613Corg for correlation
purposes, in Figure 4.14.

The Ni isotope composition (6°°Ni) of these samples is extremely variable, ranging
from 0.28 + 0.05 — 1.60 * 0.05 %o (Fig. 4.14; Table 4.6). Two noticeable peaks in §°°Ni values

are observed 0.8 m above and 2.1 m below the Sinemurian-Pliensbachian boundary (1.26 +
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0.05 %o and 1.60 * 0.05 %o, respectively) that approximately correlate with the tops of beds 70
and 74.

The greatest range in 8%Ni values occurs below the boundary (~1.32 %o), compared to
a range of ~0.97 %o above the boundary (Fig. 4.14). However, with the exception of the peak
2.1 m below the boundary, the structure of the §°°Ni profile closely resembles that of the trace
element profiles seen in Figure 4.3, with relatively consistent §Ni values in the latest
Sinemurian (0 to -1.7 m; ~0.21 %o variation) and a greater range in 8Ni values in the earliest
Pliensbachian (~0.97 %o). Further, an overall trend to heavier 6®Ni values is observed up-
stratigraphy (Fig. 4.14).

Crossplots of 6°°Ni vs. TOC, Ni, Re and Os are presented in Figure 4.15a-d. No trends
are observed between §®Ni vs. TOC (Fig. 4.15a) or 6°°Ni vs. Ni (Fig. 4.15b) either above or
below the Sinemurian-Pliensbachian boundary. However, if the outlying peak at 0.8 m is
excluded (sample SP26-09), a positive correlation is exhibited between §°°Ni and TOC above
the boundary (R*> = 0.74); in accord with trends previously noted between Re, Os and
187Re/*80s vs. TOC (Figs. 4.8, 4.10 and 4.11). No correlations are observed between 8N vs.
Re or 6%Ni vs. Os in either part of the section, with R* values ranging from 0 to 0.14 (Fig. 4.15¢c-
d).

There is little to no correlation between 8°°Ni vs. VV in samples either above or below
the boundary (Fig. 4.16a). The samples exhibit a weak positive correlation between §Ni vs. Co
(R? = 0.48; Fig. 4.16¢). However, no trend exists between §°Ni vs. Cr below the boundary (R* =
0.27; Fig. 4.16b), or between V, Cr, and Co vs. 5Ni above the boundary (R2 = 0.04, 0.16 and
0.03, respectively).

Plots of 8°Ni vs. Al-normalised trace element values (Ni, V, Cr and Co) are presented in
Figure 4.17a-d. In a similar manner to the trace element concentrations discussed above, few

correlations are observed in this dataset. Above the boundary, no relationship exists between
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Ni, V or Co vs. 8°°Ni (with R? values ranging from 0 to 0.1; Fig. 4.17a,b,d) and only a very weak
negative correlation is seen between §°°Ni vs. Cr (R* = 0.34; Fig. 4.17c). Similarly, there are no
distinct trends below the boundary for Ni, Cr or Co vs. TOC (R” values between 0.02 and 0.17)

and only a weak positive correlation between V vs. §°°Ni (R* = 0.42).

4.6 Discussion

4.6.1 Variations of Re, Os, TOC and &4 Corg across the Sinemurian-Pliensbachian boundary
Peaks in Re, Os, TOC and 513Corg are observed ~1.2 m above the boundary (sample
SP28-09; Fig. 4.7). This level lies ~0.2 m above the lithological transition from paler siliceous
mudstones to darker, relatively organic-rich mudstones (SP27-09), marking a time of relative
sea level rise (eg. Sellwood, 1971; Hesselbo and Jenkyns, 1995; Hesselbo et al., 2000; Meister
et al., 2006; this study). At this transition there is a notable increase in Re, Os and TOC (~154 %,
54 % and 83 %, respectively). The pronounced peak ~0.2 m above this (SP28-09) displays more
substantial increases for Re and Os (~345 % and 181 %, respectively), with a significantly
smaller increase of TOC (~56 %). As a strong positive correlation is observed between Re and
Os vs. TOC (R* = 0.89 and 0.80, respectively), it would be expected that an increase in TOC
would be accompanied by a similar response in Re and Os. From 1 m above the boundary, Re,
Os, TOC and 61‘°’C0rg follow very similar profiles, with fluctuations correlating up-section. These
fluctuations may partially reflect interbedding of the siliceous mudstone within the darker

mudstone unit.
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4.6.2 Correlation of Re and Os abundance with TOC and redox

The relationship between Re and Os abundance and TOC has been the subject of a
number of studies (eg. Colodner et al., 1993; Crusius et al., 1996; Cohen et al., 1999; Kendall et
al., 2004; Yamashita et al.,, 2007; Selby et al., 2009; Rooney et al., 2010). Although a clear
relationship between Re, Os and "®’Re/**®0s vs. TOC is observed for Early Jurassic samples in
this study (Figs. 4.8, 4.10 and 4.11), Cohen et al. (1999) demonstrate that no such trend exists
for other organic-rich samples (with higher TOC levels) from the Jurassic. Further, other
workers have demonstrated that a direct link between TOC and Re and Os abundance is
unlikely for all organic-rich sediments, as samples with low or high TOC content can have
elevated Re/Os ratios and Re-Os abundances (eg. Kendall et al.,2004; Selby et al., 2009;
Rooney et al., 2010). This indicates that the relationship between Re and Os with TOC is
distinct for differing organic-rich sediments and further illustrates that sequestration by
organic matter is not the sole control on Re and Os uptake.

Additional processes that control the uptake of Re and Os, assuming other physical
factors remain stable, such as the salinity of the water column, depth of oxygen penetration
into the sediment, and porosity, include the rate of sedimentation (Lewan and Maynard, 1982;
Crusius and Thomson, 2000), recharge of Re and Os into the water column (Turgeon et al.,
2007) and post-depositional effects (Crusius and Thomson, 2000; Kendall et al,. 2004).

The redox conditions at the time of deposition have also been postulated to control Re
and Os uptake into organic-rich sediments (Crusius et al., 1996; Yamashita et al., 2007), with
several workers documenting uptake from seawater to organic-rich sediments in a suboxic-
anoxic water column (Colodner et al., 1993; Crusius et al.,1996; Morford and Emerson, 1999;
Crusius and Thomson, 2000, 2003). Trace element data from the Sinemurian-Pliensbachian
GSSP indicates that these sediments were deposited under predominantly oxic conditions

(Figs. 4.5 and 4.6). Although the redox conditions remain constant throughout the section,
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abundances of Re and Os are highly variable (~¥1.5 — 117 ppb and ~107 — 1903 ppt,
respectively). If redox conditions are a primary control on the uptake of Re and Os, then little
variation in Re and Os abundance would be expected in samples deposited under similar redox
conditions. Further, the Robin Hood’s Bay dataset presented in this study suggests that
enrichment of Re and Os is not solely dependent on sediment deposition occurring under
suboxic-anoxic conditions.

Rhenium-osmium data from previous studies show that organic-rich sediments
deposited from a suboxic-anoxic water column will yield high **’Re/**®0s values, > 300 (Ravizza
and Turekian, 1989; Cohen et al., 1999; Selby and Creaser, 2003; Kendall et al., 2004, 2006;
Selby, 2007), and suggest that this ratio should show little variation when redox conditions
remain constant if redox directly and primarily controls Re and Os. The **’Re/**®0s values for
the Sinemurian-Pliensbachian boundary, which was deposited under almost entirely oxic
conditions, are significantly variable (~20 — 443 units; Fig. 4.7). In a similar manner to Re and
Os enrichment, such variability in *’Re/*®®0s values would not be expected in samples
deposited under consistent redox conditions if redox was the only direct control on the uptake

of Re and Os (Selby et al., 2009).

4.6.3 Evaluating Re-Os systematics as a proxy for distinguishing between marine and land-
proximal depositional environments

To accurately interpret geochemical records for global seawater from organic-rich
sediments, it is necessary to distinguish whether the sediments are from a fully marine or land-
proximal (terrestrially-influenced) depositional environment (Baioumy et al.,, 2011). Baioumy
et al. (2011) show that a suite of fully marine organic-rich sediments from the Late Cretaceous
contain high Re and Os concentrations and *’Re/**®0s values, that correlate strongly with

organic carbon (Fig. 4.18a-c). This suggests primary association of Re and Os with organic
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matter in these samples (Baioumy et al., 2011; Fig. 4.18). Conversely, their suite of Jurassic
non-marine, land-proximal shales contain Re and Os concentrations similar to continental crust
(~0.2 — 2 ppb and ~30 — 50 ppt, respectively; Esser and Turekian, 1993; Peucker-Ehrenbrink
and Jahn, 2001) and generally do not show correlations of Re and Os with TOC (Baioumy et al.,
2011; Fig. 4.18). This is attributed to a preferential occurrence of Re and Os in the detrital
fraction (Baioumy et al., 2011).

The change in lithology across the Sinemurian-Pliensbachian boundary at Robin Hood'’s
Bay reflects an overall sea-level rise (Sellwood, 1971; Hesselbo and Jenkyns, 1995; Hesselbo et
al., 2000; Meister et al., 2006; this study), marking a progression from land-proximal siliceous
shales to finer shales with a greater organic component. As this transition to a deeper marine
depositional environment occurs, it is mirrored by significant increases in Re and Os
abundance and the '®’Re/*®0s ratio (Fig. 4.7) to levels far greater than that of average
continental crust, together with increased correlation of these factors with TOC. Plots of Re, Os
and '®’Re/*®0s for marine and non-marine shales from Baioumy et al. (2011) and Robin
Hood’s Bay (Fig. 4.18) demonstrate that significant similarities in Re-Os isotope systematics
exist between these two studies. This in turn suggests that these systematics may be used as a
parameter to distinguish between marine and land-proximal organic-rich sediments at Robin
Hood’s Bay.

However, as with any proxy newly developed to yield information about the
depositional environment, caution must be taken when utilising it as the sample suite
originally used may not be representative of all organic-rich sediments. Further, variations in
local and global factors and their influence on Re-Os systematics within organic-rich sediments
have not been taken into account. Such variations that can be significant to the composition of

organic-rich sediments include: changes in paleogeography and climate which affect oceanic
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circulation and the level of contribution from the continental crust through time, the rate of

sedimentation, and the type of organic matter present.

4.6.4 Evaluating the relationships between Ni and V abundance with TOC and redox

Unlike Re, no correlation exists between either Ni vs. TOC or V vs. TOC (R* = 0.02 and
R® = 0.01, respectively; Fig. 4.12a,d). In addition, and again unlike Re vs. TOC, no trend is
observed between these parameters either above or below the Sinemurian-Pliensbachian
boundary (R> between ~ 0.01 and 0.38; Fig. 4.12b,c,e,f). This can be further visualised by
comparing the stratigraphic profiles of Ni, V, Re and TOC in Figures 4.3 and 4.7. Whilst Re and
TOC remain largely constant prior to the Sinemurian-Pliensbachian boundary, Ni and V show a
greater degree of fluctuation. Similarly, Re and TOC trend towards higher concentrations in the
earliest Pliensbachian, but V and Ni show no such increase and instead continue to fluctuate.
Although there is no correlation between Ni and V with TOC, the greatest variation in the
concentrations of these metals occurs when the stratigraphy changes from pale siliceous to
darker mudrocks with greater TOC content (Fig. 4.3). These observations indicate that the
abundance of Ni and V in the marine sediments across the Sinemurian-Pliensbachian boundary
was not solely dependent on the concentration of organic matter in the water column at the
time of deposition.

As discussed previously in Chapter 3, Ni and V in organic-rich sediments are typically
bound in highly stable tetrapyrrole complexes (Lewan and Maynard, 1982; Lewan, 1984) and
as a result of these strong bonds, the proportionality of these two metals should record the
environmental conditions at the time of deposition (Lewan, 1984). These tetrapyrrole
complexes are preferentially preserved under anoxic conditions (Lewan and Maynard, 1982).
As such, organic matter that has been exposed to aerobic conditions should have a low

tetrapyrrole content, resulting in low, largely endemic, concentrations of Ni and V (<10 ppm;
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Lewan and Maynard, 1982). Conversely, elevated concentrations of Ni and V (~10 — 1000 ppm;
Lewan and Maynard, 1982) in sediments are observed in those deposited under anoxic
conditions (eg. Lewan and Maynard, 1982; Lewan, 1984; Shaw et al., 1990; Emerson and
Huested, 1991; Jones and Manning, 1994).

Despite being predominantly deposited in an oxic environment, the Robin Hood’s Bay
sediments contain elevated levels of V (~¥180 — 330 ppm; Table 4.2) and all samples are
significantly more enriched in V relative to average shale (Fig. 4.4; Table 4.3). This suggests that
V enrichment in the sediments here is not controlled by redox.

Although lower, the concentrations of Ni are also slightly elevated (~18 — 190 ppm).
However, the majority of samples (n = 23, ~72 %) are depleted in Ni relative to average shale,
with only nine being enriched (Fig. 4.4). Nickel enrichment in organic-rich sediments has been
attributed to deposition in a suboxic-anoxic environment (eg. Lewan and Maynard, 1982;
Lewan, 1984; Shaw et al., 1990; Emerson and Huested, 1991; Jones and Manning, 1994). The
relative depletion of Ni compared to average shale in the oxic sediments from Robin Hood'’s
Bay is therefore consistent with these past observations.

At a glance, the constant variability of Ni abundance and enrichment across the
Sinemurian-Pliensbachian section (Figs. 4.3 and 4.4) would suggest that redox has no effect on
the concentration of Ni in the sediments. However, a closer look at the nine samples that are
enriched in Ni relative to average shale disputes this (Fig. 4.19). The results provided by the
trace element ratios V/Cr and Ni/Co indicate that this sedimentary succession was deposited
under primarily oxic conditions, with intermittent periods that either approached or surpassed
the oxic-dysoxic transition (Fig. 4.5). Of the nine samples that are enriched in Ni relative to
average shale, “67 % (n = 6; SP36-09, SP27-09, SP38-09, SP39-09, SP9-09, SP11-09) are
representative of these intermittent periods (Fig. 4.19). Sample SP34-09, where both redox

indices indicate redox conditions at or close to the oxic-dysoxic transition, has a (Ni/Al)*10*
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value of ~7.35, only 0.35 units lower than the average shale value of ~7.7. Additionally, the
(Ni/Al)*10” value for sample SP29-09 (~17.2) shows the greatest level of Ni enrichment within
this dataset, although there is significant disagreement between the two redox proxies for this
sample. In summary, Figure 4.19 demonstrates that at Robin Hood’s Bay, Ni enrichment is at
least partially controlled by the depositional redox conditions.

With regard to organic matter accumulation, assuming the sediment composition has
not been significantly altered by post-depositional and diagenetic changes (no field evidence
for this), a strong correlation between the redox ratios and TOC should be observed if redox
conditions were the only primary factor controlling this (Rimmer, 2004). However, this is not
the case at Robin Hood’s Bay (Fig. 4.20), suggesting that organic matter accumulation was
influenced by conditions other than redox.

It is clear from this study that TOC content and redox conditions are not the sole
controls on Ni and particularly V uptake in the Robin Hood’s Bay sediments. Additional factors
that may influence the metal contents of these sediments include type and classification of the
organic matter, biogeochemical cycling of the elements in the ocean, partitioning of individual
elements between solid and solution phases, as well as sediment accumulation rates (eg. Boyle
et al., 1976; 1977; 1981; Calvert and Pederson, 1993; Jones and Manning, 1994; Crusius et
al.,1996; Rimmer, 2004).

The sedimentation rate throughout this section is postulated to be exceptionally slow
(Chapter 2). As discussed previously in Chapter 3, interstitial pore waters in an open sediment
system allow the overlying water body to provide a significant contribution of V and Ni to the
sediments (Lewan and Maynard, 1982). This source is only effective if the sediment system
remains open, and is most efficient when sedimentation rates are slowest (Lewan and

Maynard, 1982). As such, the slow rates of sediment accumulation at Robin Hood’s Bay may
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have been a contributing factor to the elevated abundances of V and Ni seen in the sediments

here.

4.6.5 Evaluating the suitability of V/(V+Ni) as a redox proxy: How applicable is it?

The Ni/Co and V/Cr redox indices are recommended by a number of workers as the
most reliable of the paleo-environmental proxies (eg. Jones and Manning, 1994; Rimmer,
2004), and have been used by several studies to provide accurate and consistent evaluations
of paleoredox conditions at the time of sediment deposition (eg. Rimmer, 2004; Selby et al.,
2009; this study). However, this study finds that there is significant disagreement between
these indices and the V/(V+Ni) index (Fig. 4.6). For Robin Hood’s Bay, the latter index suggests
that the sediments were deposited in predominantly suboxic-anoxic bottom-waters, with
intermittent euxinic periods. However, both the V/Cr and Ni/Co ratios indicate that the Robin
Hood’s Bay samples were deposited under largely oxic conditions (Fig. 4.5a,b). Such disparity
between the redox indices is also noted by both Rimmer (2004) and Selby et al. (2009), who
observe that the V/(V+Ni) index suggests suboxic-anoxic conditions for sediments otherwise
indicated to have been deposited under oxic conditions by the V/Cr and Ni/Co ratios.

Preliminary work by Lewan and Maynard (1982) and Lewan (1984) suggested that
redox potential was a dominant control on the wide range of V/(V+Ni) values observed in
petroleum source rocks and oils. Following this, Hatch and Leventhal (1992) were the first to
develop and utilise the V/(V+Ni) index as a measure of relative redox potential in organic-rich
sediments. Their study focused on applying this index specifically to marine black shales in the
Pennsylvanian Stark Shale Member of the Dennis Limestone, Wabaunsee County, Kansas, USA
(Hatch and Leventhal, 1992). Therefore, the ranges they defined for the V/(V+Ni) ratio and the
associated redox conditions (summarised in Table 4.5), are applicable to this specific geological

basin and are sensitive to localised geochemical variations therein.
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This can be observed by comparing aspects of the Robin Hood’s Bay (herein) and
Pennsylvanian Stark Shale Member (Hatch and Leventhal, 1992) datasets (Fig. 4.21). Hatch and
Leventhal (1992) show that for the Stark Shale Member, with the exception of two outliers,
low TOC values (<2.5 wt. %) correspond to V/(V+Ni) values <0.75, and samples containing
greater TOC (>7.5 wt. %) have corresponding higher V/(V+Ni) values (0.75; Fig. 4.21). However,
no such relationship is observed in the Robin Hood’s Bay sediments (highlighted by the inset of
Fig. 4.21), with samples containing low TOC (<2.5 wt. %) providing a range in V/(V+Ni) data
from ~0.51 — 0.89. This immediately indicates that the two geological sites have differing
geochemical frameworks. This may be due to differences in both geological age and
stratigraphy, with the Stark Shale Member (Late Carboniferous) being a darker grey, non-sandy
shale with higher TOC content (Hatch and Leventhal, 1992). As such, this comparison proves
that the redox index V/(V+Ni), originally developed for a specific geological basin, may not be
applicable to other geological sites, particularly those that possess differing geological and
geochemical characteristics. Factors that may have a profound effect upon the applicability of
such a threshold from one study to another include: differences in the influx of nutrients and
trace elements, type and relative amounts of organic matter, and degrees of oceanic mixing
(eg. Rimmer, 2004). In agreement with Rimmer (2004), this chapter therefore suggests that
caution should be taken when applying redox indices established by other studies for specific

geological sites.

4.6.6 Nickel isotope profiling across the Sinemurian-Pliensbachian boundary: what causes Ni
isotope fractionation in marine sediments?

The Ni stable isotope data in Table 4.6 is the first to be obtained for a suite of organic-
rich marine sediments. The vertical profile of Ni stable isotope data in Figure 4.14 indicates

that significant Ni isotope fractionation occurs across the Sinemurian-Pliensbachian boundary
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at Robin Hood’s Bay (~1.32 %o). Apart from two prominent peaks that coincide with the tops of
beds 70 and 74, and taking the lower sample resolution of the Ni isotope profile into account,
the 8°°Ni profile follows a similar trend to that of Ni concentration (Fig. 4.14). However, no
correlation is observed between 6°°Ni and Ni abundance (Fig. 4.15), indicating that the level of
Ni isotope fractionation in the marine sediments here is not controlled by the degree of Ni
enrichment.

Similarly, no relationship exists between §%®Ni and redox (Fig. 4.22), suggesting that
the level of isotopic fractionation is not dictated by the paleoredox conditions at the time of
sediment deposition. However, the samples used for Ni isotope analysis were deposited in
predominantly oxic conditions (using the Ni/Co and V/Cr ratios; Fig. 4.5). The tetrapyrrole
complexes known to hold the majority of the Ni in organic matter are poorly preserved under
these conditions (Lewan and Maynard, 1982). As such, assuming break down of these
complexes is heterogeneous, and that it does not result in the preferential loss of a particular
isotope of Ni, this lack of preservation may partially account for the observed range in §°°Ni
values.

In a similar manner to Re, Os and **’Re/**0s, and disregarding data from SP26-09 and
SP12-09, the most distinct positive correlation is observed between §%°Ni and TOC in samples
above the Sinemurian-Pliensbachian boundary (R®> = 0.74; Fig. 4.15). This indicates that the
degree of Ni isotope fractionation in these marine sediments (above the boundary) could at
least partially be controlled by the TOC content. Further, this potential correlation suggests
that increasing TOC content above the boundary may have resulted in the preferential uptake
of ®°Ni into the sediments. However, the weaker correlation between TOC and 6°°Ni below the
boundary suggests that for these samples, TOC had little control on Ni isotope fractionation. A
preliminary hypothesis from this dataset could be that TOC concentration in marine sediments

can partially control Ni isotope fractionation by promoting the preferential uptake of ®Ni, but
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only when TOC levels are above a certain threshold. In support of this, the outliers removed
have low TOC contents of 0.5 wt. % (SP26-09) and 0.8 wt. % (SP12-09), and the majority of
samples above the boundary have TOC > 1 wt. %. Further, a plot of TOC vs. §%Ni for the upper
5 samples with TOC concentrations >1 wt. %, yields an R® value of ~0.7.

Another possible cause of the degree of Ni isotope fractionation seen in the Robin
Hood’s Bay samples could be related to the lithology, and therefore the depositional
environment. Unlike the Ni concentration profile, the 5N profile shows a similar level of
fluctuation above and below the boundary level. However, it is difficult to determine whether
this is due to a lack of correlation with Ni, or whether it is a relic of a lower sampling
resolution.

Although the mudrocks become gradually less sand-silt rich and contain greater
concentrations of clay and TOC up-section, the TOC content is low throughout (< 2 wt. %) and
there is no drastic change in lithology. Further, the degree of Ni isotope fractionation seen in
the suite of samples from Robin Hood’s Bay is not distinct for either the sand-silt-rich or darker
clay-rich sediments. This may suggest that the range of 6°°Ni values seen here is characteristic
of these types of low TOC mudrocks. However, it is impossible to draw a definitive conclusion

from this, as there is currently no other dataset for comparison.

4.6.7 Fractionation of nickel isotopes in marine organic-rich sediments vs. abiotic terrestrial
and extraterrestrial samples

The marine organic-rich sediments at Robin Hood’s Bay contain a substantial range in
8°°Ni values of ~1.32 %o (Fig. 4.14), indicating that significant Ni isotope fractionation occurs
across the Sinemurian-Pliensbachian boundary. Figure 4.23 compares this fractionation with
that of abiotic terrestrial and extraterrestrial samples from a study by Cameron et al. (2009),

including meteorites (stone and iron), basalts and continental sediments (river and aeolian).
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The 8%Ni values defined by the meteorites, basalts and continental sediments are 0.19 + 0.05
t0 0.36 + 0.04 %o (range of ~0.17 %), -0.03 + 0.07 to 0.34 + 0.08 %o (range of ~0.37 %.), and -
0.04 + 0.02 to 0.23 + 0.08 %o (range of ~0.27 %o), respectively, with an overall average of 0.2
%o (Cameron et al., 2009; Fig. 4.23). It is immediately obvious therefore, that Ni isotope
fractionation occurs to a much greater degree in the marine sediments. However, despite the
much greater degree of fractionation in these marine sediments, there is minimal overlap
between their §8*Ni values and those of the abiotic terrestrial and extraterrestrial samples (Fig.
4.23). As such, the marine sediments define a realm on the §Ni plot that is mostly separate
from these samples. This study is the first to apply Ni isotopes to marine sediments, and
therefore there are no other similar datasets for comparison. However, Figure 4.23 may
demonstrate that marine sediments contain a Ni isotopic signature that is distinct to that of
meteorites, basalts and continental sediments.

The level of Ni isotope fractionation in marine sediments is certainly greater than that
of the abiotic terrestrial and extraterrestrial samples. The reasons for this are currently poorly
understood. However, there are a number of factors that can influence marine sediments that
do not apply to abiotic terrestrial samples. Overall, with the exception of an outlier (discussed
previously) there is a possible relationship between §°°Ni and TOC (Fig. 4.15), suggesting that
the organic matter in the sediments exerts some control on the Ni isotope composition, at
least at Robin Hood’s Bay. In addition, the type of organic matter may be a factor. Further, the
preservation of the tetrapyrrole complexes holding the Ni could influence the degree of
isotopic fractionation. The sediment-seawater system is extremely complex and it may be this
complexity that causes the greater level of Ni isotope fractionation observed in marine

sediments in comparison to the samples analysed by Cameron et al. (2009).
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4.7 Conclusions

This investigation provides an increased understanding of the Sinemurian-
Pliensbachian boundary GSSP at Robin Hood’s Bay, UK, by presenting a geochemical dataset
that builds upon one previously limited to TOC, oxygen, strontium and carbon isotopes.

Trace element data demonstrate that the sediments across the boundary were
deposited under predominantly oxic conditions. Although there is good agreement between
the Ni/Co and V/Cr proxies, disagreement between these and the V/(V+NI) ratio calls into
question the applicability of V/(V+Ni) as a redox proxy.

The Al-normalised trace element values demonstrate that V and Cr are enriched in the
Robin Hood’s Bay sediments relative to average shale. Conversely, Ni and Co are depleted for
most of the section. Whilst Ni enrichment may partly be controlled by redox conditions
transitioning between oxic and dysoxic conditions, no such relationship exists for V
enrichment. Similarly, TOC content does not exert control over Ni and V enrichment in these
sediments. It is likely that factors in addition to TOC and redox, including the type of the
organic matter, sediment accumulation rates, and biogeochemical cycling of the elements in
the ocean, impacted the uptake of these metals into the sediments (eg. Boyle et al., 1976;
1977; 1981; Calvert and Pederson, 1993; Jones and Manning, 1994; Crusius et al.,1996;
Rimmer, 2004).

A clear relationship between Re, Os, 187Re/*80s and TOC is observed in the
Pliensbachian sediments, but not below the boundary. This indicates that above the boundary
TOC levels strongly influenced the uptake of Re and Os into the sediments. Additional factors
that can control uptake of Re and Os, and that possibly prevailed below the boundary, include

the rate of sedimentation (Lewan and Maynard, 1982; Crusius and Thomson, 2000), recharge
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of Re and Os into the water column (Turgeon et al., 2007) and post-depositional effects
(Crusius and Thomson, 2000; Kendall et al., 2004).

This is the first study to present Ni stable isotope data for marine organic-rich
sediments. Nickel fractionation occurs to a far greater level in these marine sediments than in
abiotic terrestrial and extraterrestrial samples analysed by Cameron et al. (2009). Further, the
8%Ni values defined by the marine sediments are distinct to those of the samples presented by
Cameron et al. (2009). With no other dataset available for comparison it is difficult to constrain
whether the observed Ni isotope signature in these marine sediments is characteristic of low
TOC mudrocks, or if Ni fractionation is instead controlled by depositional and chemical
processes during accumulation.

In order to understand what causes Ni isotope fractionation in marine sediments it is
important to consider whether fractionation occurs as a result of the preferential uptake of
one or more isotopes into the sediment during deposition, or whether it relates to the loss of
one or more isotopes during the break down of the tetrapyrrole complexes prior to
lithification. Due to the lack of studies investigating Ni isotopes in marine sediments, this is
currently poorly understood.

In the marine sediments herein there is a possible relationship between §°°Ni and TOC
when TOC levels are at their highest above the Sinemurian-Pliensbachian boundary (>1 wt. %).
This implies that Ni isotope fractionation in these marine sediments may be partly controlled
by the organic matter concentration in the sediment, but only when this concentration
reaches and exceeds a necessary threshold.

No relationship exists between paleoredox conditions at the time of sediment
deposition and Ni isotope fractionation. However, the tetrapyrrole complexes known to
contain the Ni associated with the organic matter are poorly preserved under oxic conditions

(Lewan and Maynard, 1982). It is possible that the 8°°Ni values may also reflect, at least in
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part, the break-down of these complexes post-deposition and prior to lithification. In this case,
the assumptions that break-down is heterogeneous and therefore does not result in the
preferential loss of one particular Ni isotope, have to be made.

In the same way that the Ni concentration in organic-rich sediments may be
influenced by factors such as the type and classification of organic matter in the sediment,
sedimentation rate, recharge of Ni into the water column, preservation of tetrapyrrole
complexes (Lewan and Maynard, 1982) and partitioning of Ni between solid and solution
phases, these factors may also have a significant influence on the Ni isotope composition. As
such and with limited datasets for comparison, it is not possible to deduce at this stage
whether fractionation of Ni isotopes in these marine sediments occurred during sediment

accumulation or prior to lithification, or indeed during both scenarios.
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Figure 4.1: Map and photograph illustrating the location of the Sinemurian-Pliensbachian
boundary GSSP at Robin Hood’s Bay, UK.
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Bay section being studied; b) above the Sinemurian-Pliensbachian boundary (solid diamonds);

and c) below the boundary (hollow diamonds).
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and c) below the boundary (hollow diamonds).
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Figure 4.12: Plots showing the relationships between Ni vs. TOC (a — c; blue) and V vs. TOC (d —
f; red). Boxes b) and e) show these relationships above the Sinemurian-Pliensbachian boundary
(solid diamonds), and boxes c) and f) indicate these relationships below the boundary (hollow

diamonds).

Page | 142



Chapter 4: Ni isotope stratigraphy of the Sinemurian-Pliensbachian boundary GSSP

3.0

a)
2 5 N O o
2.0 -
% 0%
215 ¢
< &°
1.0 <>(> &
0.5 4 K 4
0.0 . r
0 100 200 300
Cr (ppm)
3.0
b)
2 5 N 0 0
<201 o
% &
215 4 ¢
: 3
1.0 4
°Q
0.5 - o«
0.0 T T T
0 10 20 30 40
Co (ppm)

Figure 4.13: Plots showing the relationship between: a) Cr vs. TOC (green); and b) Co vs. TOC
(purple). Solid diamonds indicate samples that lie above the Sinemurian-Pliensbachian
boundary, and hollow diamonds represent those that lie below the boundary.
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Figure 4.15: Plots showing the relationships between §°°Ni and: a) TOC; b) Ni; c) Re; and d) Os.
Hollow diamonds represent samples that lie below the Sinemurian-Pliensbachian boundary,

and solid diamonds indicate those that lie above the boundary.
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Figure 4.16: Crossplots showing the
relationships between: a) 8%Ni vs. V;
b) 6%Ni vs. Cr; and c) 8°Ni vs. Co.
Solid diamonds indicate samples
above the Sinemurian-Pliensbachian

and hollow diamonds

represent samples that lie below the
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Figure 4.17: Plots showing the relationships between §®Ni and Al-normalised trace element
values: a) Ni/Al; b) V/AI ; c) Cr/Al; and d) Co/Al. Hollow diamonds represent samples that lie
below the Sinemurian-Pliensbachian boundary, and solid diamonds indicate those that lie

above the boundary.
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Figure 4.18: Logarithmic plot of TOC vs. a) Re; b) Os; and c) *®’Re/*®0s. Data for Cretaceous
marine shales (solid black squares) and Jurassic non-marine shales (hollow black squares) has
been plotted from Baioumy et al. (2011). Blue boxes represent average continental crustal
values for Re and Os (eg. Esser and Turekian, 1993; Peucker-Ehrenbrink and Jahn, 2001).
Abbreviation “RHB” refers to Robin Hood’s Bay data for above and below the Sinemurian-
Pliensbachian boundary (this study).
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Figure 4.19: Nickel enrichment profile for the Robin Hood’s Bay section relative to the

Sinemurian-Pliensbachian boundary, showing the relationship between paleoredox conditions

of the individual samples and enrichment. Red dashed line indicates the aluminium-normalised

Ni value, (Ni/Al)*10*, for average shale of ~7.7. Abbreviation “O-D” refers to oxic-dysoxic.
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Figure 4.20: Crossplots showing the
relationships between the paleoredox
proxies and TOC: a) Ni/Co vs. TOC; b)
V/Cr vs. TOC; and c) V/(V+Ni) vs. TOC.
Red dashed lines indicate the values at
which the paleoredox conditions
change (Hatch and Leventhal, 1992;
1994).
reflect each

Jones and Manning,
Abbreviations in red
paleoredox environment: O, oxic; D,
dysoxic; S — A, suboxic-anoxic; and E,

euxinic.
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Figure 4.21: Plot showing the relationship between TOC and V/(V+Ni) for the Pennsylvanian

Stark Shale Member samples (red squares) detailed in Hatch and Leventhal (1992) and for the

Robin Hood’s Bay sediments (blue diamonds; inset; this study). Grey box on main plot marks

the extent of the inset plot. Red dashed lines mark parameters discussed in Hatch and
Leventhal (1992), whereby values of > 2.5 wt. % TOC correspond to V/(V+Ni) values > 0.75 for

the Pennsylvanian Stark Shale Member (see text for discussion).

Page | 151



&50N (%o0)

550N (%o)

550N (%0)

1.8

Chapter 4: Ni isotope stratigraphy of the Sinemurian-Pliensbachian boundary GSSP

1.6 4
1.4 4
1.2 4
1.0 4
0.8 A
0.6 -
0.4 4

0.2 A

0.0

0.0

1.8

6.0 8.0

1.6 4
1.4 +
1.2 A
1.0 A
0.8 -
0.6 -
0.4 -
0.2 4

0.0

1.8

2.0 2.5

1.6 A
1.4 A
1.2 4
1.0 A
0.8 4
0.6 A
0.4 A

0.2 +

0.0

0.4

V/(V+Ni)

1.0

Figure 4.22: Crossplots showing the
relationships between the paleoredox
proxies and &°°Ni: a) Ni/Co vs. 6%Ni; b)
V/Cr vs. §®Ni; and c) V/(V+Ni) vs. §*Ni.
Red dashed lines indicate the values at

which the paleoredox conditions
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Jones and Manning, 1994).
Abbreviations in red reflect each
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Figure 4.23: Nickel stable isotope data for extraterrestrial (meteorites), abiotic terrestrial
(basalts and continental sediments) and marine organic-rich sediments. Continental sediments
include river and aeolian sediments. The yellow box represents the average of the Ni isotope
data for the meteorites, basalts and continental sediments (0.2 %o and 1 standard deviation
either side of this; Cameron et al., 2009). The purple box indicates the average of the Ni
isotope data for the Robin Hood’s Bay marine sediments (0.8 %0 and 1 standard deviation
either side of this; this study). Data for the extraterrestrial and abiotic terrestrial samples taken
from Cameron et al. (2009). Abbreviation ‘RHB’ refers to Robin Hood’s Bay (this study).
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Chapter 4: Ni isotope stratigraphy of the Sinemurian-Pliensbachian boundary GSSP

Table 4.4: Average enrichment factors (EF) for selected trace
elements in the Robin Hood’s Bay organic-rich sediments.

Average shale Average black Robin Hood's

Element b shale ° Bay (n=32)°
Co (ppm) 19 10 20.54
(Co/Al) * 10 2.1 1.4 1.8
EF 0.7 0.9
Cr (ppm) 90 100 141
(cr/Al) * 10° 10.2 14.3 12.7
EF 1.4 1.2
Ni (ppm) 68 50 71.9
(Ni/Al) * 10* 7.7 7.1 6.5
EF 0.9 0.8
V (ppm) 130 150 230.1
(v/Al) * 10 14.7 21.4 20.7
EF 1.5 1.4

Mean Al content for Robin Hood's Bay shales: 11.13 wt. %
? Average shale data from Wedepohl (1971)
® Mean Al content for ave rage shale: 8.84 wt. % (Wedepohl, 1971)

“Mean Al content for average black shale: 7.00 wt. %
(Vine and Tourtelot, 1970)

dA\.rerage black shale data from Vine and Tourtelot (1970)
® RHB enrichment factors calculated using average shale data
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Chapter 4: Ni isotope stratigraphy of the Sinemurian-Pliensbachian boundary GSSP

Table 4.5: Previously established values for the trace element ratios and their corresponding
depositional paleoredox conditions.

Oxic Dysoxic Suboxic-anoxic Euxinic
v/cr? <2.00 2.00-4.25 >4.25
Ni/Co*® <5.00 5.00-7.00 >7.00
V/(V+Ni) ° 0.46-0.60 0.54-0.82 >0.84

? Jones and Manning (1994)
® Hatch and Leventhal (1992); Schovsbo (2001)
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Table 4.6: Nickel stable isotope data for the Sinemurian-Pliensbachian boundary

Distance
Height up from S-P 8%Ni
section (m)  boundary (m) Sample ID (%eo) 20 Ni (ppm)
7.1 2.8 SP36-09 1.25 + 0.05 149.92
6.7 2.4 SP34-09 0.95 * 0.07 85.57
6.3 2 SP32-09 0.61 % 0.05 66.81
5.9 1.6 SP30-09 0.67 % 0.05 64.49
5.5 1.2 SP28-09 0.33 + 0.03 125.18
5.1 0.8 SP26-09 1.26 + 0.05 48.25
4.7 0.4 SP24-09 0.40 + 0.05 48.06
4.3 0 SP22-09 0.28 + 0.05 61.23
4.05 -0.25 SP21-09 0.55 + 0.05 62.86
3.8 -0.5 SP20-09 0.69 + 0.04 59.13
3.4 -0.9 SP18-09 0.57 + 0.04 48.40
3 -1.3 SP16-09 0.76 + 0.07 57.04
2.6 -1.7 SP14-09 0.58 + 0.05 57.69
2.2 2.1 SP12-09 1.60 * 0.05 66.18

All Ni isotope ratios expressed as per mil (%) deviation from NIST 986 SRM isotopic

Standard.
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Effects of thermal maturation on the Ni isotope
composition of source rocks: Implications for oil-source
correlation
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5.1 Introduction

The correlation of an oil to its source using geochemical techniques provides valuable
data that can be used to significantly improve our understanding of subsurface petroleum
systems. Determining how oil moves from its source rock to the reservoir has the potential to
provide insight into oil migration pathways, basin, reservoir and trap structure, and also the
ability to highlight possible new oils plays (eg. Curiale, 2008). As such, oil to source
fingerprinting is an exceptionally valuable tool in petroleum exploration.

Correlation of oils to known sources also has important environmental applications. Qil
spills have become a global problem, and studies have focused on oil tracing in order to settle
questions regarding environmental impact and damage assessment, and legal liability (eg.
Zafiriou et al., 1973; Wang et al., 1999). Further, changes in the chemical composition of
spilled oil have a profound effect on the oil’s toxicity and in turn the biological impact over
time (Wang et al, 1999). Therefore, being able to unambiguously trace spilled oils and
petroleum products back to their original sources is essential (Wang et al., 1999).

Oil to source rock correlation relies on utilising and identifying genetic parameters that
are internally consistent between an oil and its source rock (Curiale, 2008). For such
parameters to be useful they should be relatively insensitive to the effects of biodegradation
and differences in thermal maturity levels (eg. Curiale, 2008). Geochemical parameters have
been the most widely used since correlation studies began (eg. Hunt et al., 1954; Welte, 1966;
Williams, 1974; Dow, 1974; Alexander et al., 1981; Scotchman et al., 1998), as the molecular
and isotopic compositions of both sample types (oil and source rock) can be measured.
Traditional geochemical analyses for correlation studies focused on utilising sterane carbon
number distributions and stable carbon isotope compositions (eg. Williams, 1974; Stahl, 1978;

Alexander et al., 1981), and gas chromatography (eg. Welte, 1966; Alexander et al., 1981;
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Onyema and Manilla, 2010). The use of biomarkers, ubiquitous to source rocks and oils
(Moldowan et al., 1992; Peters and Moldowan, 1993), has also been essential (eg. Chen et al,,
1996; Killops et al.,1997). More recently, in the quest for stable parameters that remain
constant between oils and their source rocks, oil-source fingerprinting work has begun to focus
on the development and application of novel isotope techniques. This has been demonstrated
recently using the Re-Os isotope system (Finlay et al., 2011) following pioneering work
examining Re-Os geochronology of hydrocarbon deposits (Selby and Creaser, 2005; Selby et
al., 2005) and the Re and Os composition of oils (Selby et al., 2007).

This study aims to continue to explore the potential of using novel isotope techniques
by evaluating the application of the Ni stable isotope system to oil-source correlation studies.
Whilst it has been demonstrated that Ni distribution has the potential to significantly improve
our understanding of the genetic relationships between source rocks and oils (eg. Lewan and
Maynard, 1982; Lewan, 1984; Ellrich et al., 1985; Manning et al., 1991; Alberdi and Lafargue,
1993; Lopez et al., 1995), only one study currently exists that explores this relationship using Ni
isotopes (Dewaker et al., 2000). By analysing kerogens and bitumens from three geologically
and geographically distinct basins, it is suggested that Ni isotope variation is basin-specific and
dependent upon kerogen-type and the nature of the organic matter (Dewaker et al., 2000). On
a preliminary level, this suggests that Ni isotopes may be a useful oil-source correlation tool.

However, although Dewaker et al. (2000) present a pioneering study with regard to
the application of Ni isotopes in the investigation of organic-rich samples, it is clear that their
analytical protocol is oversimplified. It is known that a rigorous chemical separation technique
must be utilised in order to purify Ni from organic-rich samples, and to reduce the potential of
significant isobaric and sample-matrix interferences during mass spectrometry (Quitté and
Oberli, 2006; Cameron et al., 2009; Gall et al., 2012). However, Dewaker et al. (2000) employ a

whole-rock analytical technique and provide no mention of a chromatographic separation
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procedure. Similarly, no detail is given of the monitoring of isobaric interferences during mass
spectrometry. In the decade following this study there have been significant advances in Ni
separation and analytical procedures (Quitté and Oberli, 2006; Cameron et al., 2009; Gall et
al., 2012), allowing us to obtain precise and reproducible Ni isotope data for samples other
than those with a meteoritic origin. However, the Ni isotope composition of organic-rich
sediments still remains poorly understood.

Although the Ni isotope system has widespread potential to be applied to oil-source
correlation studies, the effects of post-depositional processes such as thermal maturation on
Ni isotope systematics remain poorly defined. Indeed, this factor is not discussed at any level
by Dewaker et al. (2000). It is critical that the effects of such processes are investigated before
Ni isotopes can be utilised as a petroleum tracing tool. Herein we present the first study that
determines whether thermal maturation of source rocks influences the behaviour of Ni isotope
systematics.

Enriched concentrations of Ni have been observed in some crude oils (eg. Hodgson,
1954; Bonham, 1965; Witherspoon and Nagashima, 1957; Ball et al.,, 1960) and asphalts
(Erickson et al., 1954) that are generated from organic-rich source rocks. This indicates that at
least some of the Ni migrates or is transferred from the organic-rich source rock to the
generated petroleum, and as such, the hydrocarbon maturation process may indeed have a
significant effect on Ni isotope systematics. However, the metallo-organic bonds formed
between Ni and the organic matter have high thermal stability (Constantinides et al., 1959;
discussed in greater detail in Chapter 3). As such, Lewan (1980) suggests that these bonds are
unlikely to be affected by generation, migration and entrapment of hydrocarbons, and as such,
the enrichment of Ni in the organic matter of the source rock may be reflected in its expelled
oil (Lewan and Maynard, 1982). Therefore, these processes may also prove to have little effect

on Ni isotope systematics.
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Vanadium is held in the same strong metallo-organic complexes in crude oils and
organic-rich sediments as Ni (eg. Corbett, 1967; Dwiggins et al., 1969; Filby, 1975; Lewan and
Maynard, 1982; Lewan, 1984). Investigating the proportionality and concentrations of these
two metals in crude oils has yielded significant information regarding the transfer of metals
from source to oil during the hydrocarbon maturation process (eg. Lewan, 1984; Ellrich et
al.,1985; Lopez et al., 1995). Studies have also demonstrated that the proportionality of V to Ni
has the potential to provide information about genetic relationships between crude oils, as
well as genesis, migration and classification of oils (eg. Hodgson, 1959; Ball et al., 1960; Tissot
and Welte, 1984; Ellrich et al., 1985). Further, through pyrolysis experiments, Lewan (1984)
reveals that although the concentrations of these two metals may change during thermal
maturation of the source, their proportionality is likely to remain constant in the expelled
crude oil. This may have significant implications for the Ni isotope system, depending on
whether any change in Ni concentration during thermal maturation (eg. Lewan, 1984) results
in preferential loss/uptake of the lighter/heavier isotopes of Ni.

Herein we show that thermal maturation of the Exshaw Formation shales did not
induce significant Ni isotope fractionation. Further, the results of this investigation
demonstrate that there is potential for Ni stable isotopes to be developed as an oil to source

correlation tool.

5.2 The Exshaw Formation, West Canada Sedimentary Basin (WCSB)

The West Canada Sedimentary Basin (WCSB) trends approximately NW-SE between
the Canadian Shield to the East and the Western Cordillera to the West (Piggott and Lines,

1992). It is a highly significant hydrocarbon reservoir, containing approximately 1.75 billion
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barrels of oil reserves (Piggott and Lines, 1992). Within the WCSB lies the Exshaw Formation, a
thin but laterally continuous unit (2-12 m thick; Leenheer, 1984; Creaney and Allan, 1991) that
exists in all three maturation zones (Fig. 5.1), and has thus been through the oil and gas
window (eg. Piggott and Lines, 1992). As such, it has been suggested to be a prolific
hydrocarbon source rock (Leenheer, 1984; Creaney and Allan, 1991).

The Exshaw Formation in south-west and western Alberta comprises a lower member
of organic-rich mudrocks and black shales which rest with minor disconformity upon Upper
Devonian carbonate strata (Richards et al., 1999), and are abruptly to gradationally overlain by
bioturbated shelf siltstones (eg. Macauley et al., 1964; Macqueen and Sandberg, 1970;
Richards et al., 1991; Caplan and Bustin, 1999; Creaser et al., 2002). The depositional interval
of the lower black shale unit is well constrained biostratigraphically; between the expansa and
duplicata zones of Late Famennian to Early Tournasian time (over a maximum time period of
~363 — 360 Ma; Caplan and Bustin, 1998). The Devonian-Mississippian boundary (Exshaw-type
section at Jura Creek, ~80 km west of Calgary, Alberta, Canada) represents the boundary
between the upper calcareous and lower non-calcareous black shale units (Richards and
Higgins, 1988). Selby and Creaser (2005) provide an absolute Model 1 Re-Os age for this
boundary, and thus the top of the lower black shale unit, of 361.3 + 2.4 Ma. In addition, U-Pb
monazite data from a tuff horizon close to the base of the lower black shale member
constrains an absolute depositional age for this unit of 363.4 £ 0.4 Ma (Richards et al., 2002).
Deposition at this time represents part of a continent-wide Famennian-Tournasian black shale
event, and in turn, a possible ocean anoxic event (Piggott and Lines, 1992).

The lower black shales are dark grey, bituminous, relatively thin (consistently between
3-5 m; Meijer et al., 1994) and widespread (Meijer et al., 1994). This member contains high
TOC levels (up to ~20 wt. %; Creaser et al., 2002), and enriched concentrations of Ni, V and

Mo; metals that are characteristically associated with black shales (Duke, 1983). This unit is
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believed to represent a euxinic shale deposit (Meijer et al., 1994) with fauna such as ostracods,
goniatites, languid brachiopods and Famennian conodonts of Lower expansa to praesulcata
zones (Meijer and Johnston, 1993) interpreted by Raasch (1956) to be characteristic of a
stagnant, shallow water coastal lagoon environment. However, the presence of goniatites and
conodonts from biofacies outlined by Sandberg (1976), suggest deposition occurred in an

offshore marine setting (Meijer et al., 1994).

5.3 Sampling

In total, 32 samples from the Lower member of the Exshaw Formation were collected
from the Alberta Energy and Utilities Board, Core Research Centre, Calgary. All samples are
fine-grained black shales containing very thin parallel and undulating laminations. To avoid any
potential effects of surface weathering, including loss of organic matter, as outlined by
Peucker-Ehrenbrink and Hannigan (2000), drill core samples were obtained. Further, edges of
the core were polished and where possible samples were taken from the central part of the
core.

Over a lateral scale of ~ 150 km multiple samples were taken from 8 wells at varying
depths (Fig. 5.2). This allowed analysis of a substantial depositional interval of the lower
Exshaw Formation. In addition, to evaluate the effects of source rock maturation on
geochemistry, the sample suite covered all three maturation zones (immature, mature and
overmature). Broadly, the three maturation zones are defined by the following depth intervals:
immature, ~1730-1756 m; mature, ~1756 — 2100 m; overmature, ~ 3567 — 3570 m (Fig. 5.2).
Table 5.1 summarises the core features and degree of thermal maturation for each of the

samples.
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5.4 Analytical Protocol

5.4.1 Total Organic Carbon (TOC)

Total organic carbon was obtained as part of the carbon stable isotope analysis using
an internal standard (i.e., Glutamic Acid, 40.82 % C), detailed in Chapter 4. Measurements
were performed at Durham University using a Costech Elemental Analyser (ECS 4010) coupled
to a ThermoFinnigan Delta V Advantage. Data accuracy is monitored through routine analyses
of in-house standards, which are stringently calibrated against international standards (eg.
USGS 40, USGS 24, IAEA 600, IAEA CH6): this provides a linear range in 5C between +2 %o and
—47 %o. Analytical uncertainty for 513Corg is typically £+0.1 %o for replicate analyses of the

international standards and typically <0.2 %o on replicate sample analysis.

5.4.2 Trace element abundance

Samples were prepared for trace element analysis at the Northern Centre for Isotopic
and Elemental Tracing (NCIET) following the method of Ottley et al., (2003) outlined in detail in
Chapter 4. Sample powders (~100 mg) were digested in a 4:1 solution of 29N HF (4 ml) and 16
N HNO; (1 ml) on a hotplate at ~150 °C for 48 hrs. Following evaporation to near dryness, 1 ml
16 N HNO3 was added to the samples. The samples were evaporated to near dryness again,
before repetition of this stage. Samples were re-dissolved in a 4 N HNOj; solution prior to the
addition of 1 ml of 1 ppm internal Re and Rh spike. Using MQ the samples were diluted to 50
ml, and further diluted 10-fold prior to analysis on the X-Series Inductively Coupled Plasma

Mass Spectrometer (ICP-MS).
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5.4.3 Nickel stable isotopes

All Ni isotope analyses were conducted at the University of Bristol, by Dr. Vyllinniskii
Cameron. Chemical separation and purification of Ni was achieved using a 2-stage ion
exchange procedure, outlined by Cameron et al., (2009), and modified from Quitté and Oberli
(2006). This procedure is described in detail in Chapter 4. Samples were treated multiple times
with concentrated HNOs (15.3 N) to destroy any organic components (Cameron et al., 2009)
prior to digestion in a mixture of concentrated HNO; + HF (0.5 ml + 2 ml, respectively) at 140 °C
for 48 hours.

The first-stage column is designed to separate Ni through complexation of Ni with
DMG, whilst eluting matrix elements. The chemistry utilises solutions of ammonium citrate
[(NH4),CsHeO7] and HNO; (Cameron et al., 2009). The second-stage column ensures complete
removal of the major atomic interferences on Ni (Fe and Zn) and purification of Ni, by utilising
HCI + H,0, solutions.

To correct for instrumental mass discrimination, the double spike approach (discussed
in Chapter 3) was used. The spike was composed of a mixture of °*Ni and ®’Ni, containing sub-
equal portions of the two isotopes (Cameron et al., 2009). All analyses were conducted using a
ThermoFinnigan Neptune multi-collector (MC) ICPMS coupled to an Aridus desolvating
nebuliser system (CETAC) fitted with a PFA nebuliser and spray chamber (CPI). All isotopes
were measured simultaneously in static mode using a multiple Faraday collector array. Blank
contributions generally accounted for <0.02 % (for **Ni) of the ion beams, and the internal
error on the ®Ni/*®Ni ratio was 0.001 — 0.002 % (2 o) (Cameron et al., 2009).

All Ni data are reported relative to NIST SRM 986, in the standard delta notation (see

below) with all uncertainties reported to the 2 o level.
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5.5 Results

5.5.1 Total Organic Carbon (TOC)

Measured TOC for the Exshaw Formation is detailed in Table 5.2. The TOC content is
highly variable ranging from ~1 — 22 wt. %. No correlations are observed between TOC and
sample depth, or between TOC and thermal maturity (Fig. 5.3a). Further, each depth interval
and therefore each maturation zone, shows a similarly broad range in TOC values (immature,
~1—22 wt. %; mature, ~1 — 17 wt. %; overmature, ~6 — 17 wt. %).

Covariation plots between TOC and the four trace elements used in this study (Ni, V, Cr
and Co; Fig. 5.3b-e), demonstrate that overall no correlation is present between these
elements and TOC. However, when the samples are ordered into maturation categories it is
possible to see some trends between these parameters. For example, for the immature
Exshaw samples there is a noticeable positive correlation between Ni and TOC (R* = ~0.69; Fig.
5.3b). However, little to no correlation can be seen between Cr, Co and V vs. TOC (R* = 0.29,
0.25 and 0.15, respectively; Fig. 5.3c-e). No trends are present between TOC and the trace
elements in the mature Exshaw samples (R? in all cases between ~0.02 — 0.13). In contrast, the
overmature Exshaw samples exhibit discernible positive correlations between TOC and V, Co
and Cr (R? = 0.66, 0.64 and 0.56, respectively; Fig. 5.3c-e), with a weaker positive correlation
between TOC vs. Ni (R® = 0.39; Fig. 5.3b).

Plotting TOC against the redox parameters (Fig.5.4a-c) does not show any overall
trends in the Exshaw Formation samples. Equally, when the samples are divided into their
corresponding maturation categories no correlations can be seen, with R values in all cases

being between ~0.00 — 0.33 (Fig. 5.4).
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5.5.2 Trace elements
In this study (and similarly to Chapter 4) only the trace elements necessary to
accurately evaluate the redox conditions at the time of sediment deposition have been used.

These are as follows: Ni, V, Cr and Co.

5.5.2.1 Abundance

The abundances of Ni, V, Co and Cr in the Exshaw Formation shales are presented in
Table 5.2. The minimum abundances for these metals all occur within a 1 m depth interval
(¥1753 — 1754 m) in the immature shale. Sample SP9-10 (~1753 m) contains the lowest
amount of V (~40.3 ppm) and Cr (~19.5 ppm), and sample SP8-10 (~1754 m) holds the
minimum concentration of Ni (~54.1 ppm). Both samples contain the equal lowest quantity of
Co (~3.8 ppm). The maximum abundances of V (~859.3 ppm) and Co (~16.5 ppm) occur in
mature shale at ~1756.4 m (sample SP62-10). Approximately 0.5 m below this at ~1756.8 m,
also within mature shale, sample SP63-10 shows the highest concentration of Ni (~¥252.9 m).
However, the maximum concentration of Cr (~121.6 ppm) is observed at far greater depths of
~3568.7 m, in overmature shale (sample SP26-10).

No correlation is observed between metal abundance vs. depth or thermal maturation
(Fig. 5.5). Similarly, covariation plots of abundances for the individual metals (Fig. 5.6) produce
only very weak positive correlations, with plots of Ni vs. V, Ni vs. Co, V vs. Cr, Co vs. Cr and Ni
vs. Cr having R? values of < 0.39 (Figs. 5.6a-€). A slightly stronger positive correlation exists

between V and Co (R = 0.55; Fig. 5.6f).

5.5.2.2 Enrichment
Calculating the enrichment factor for elements in organic-rich sediments is outlined

previously in Chapter 4. Determining the enrichment factor allows direct comparison of the
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unit of study with both average shale (values from Wedepohl, 1971) and average black shale
(values from Vine and Tourtelot, 1970).

Table 5.3 presents enrichment factors for all Exshaw Formation samples in this study.
Average Co, Cr, Ni and V values for average shales (Wedepohl, 1971) and average black shales
(Vine and Tourtelot, 1970), together with average metal values and associated enrichment
factors are also presented in Table 5.4.

The approximate order of enrichment of Ni, V, Cr and Co in the Exshaw Formation
organic-rich sediments (average value, n = 32) relative to average shale (Wedepohl, 1971) is as
follows: V>Ni>Cr>Co (EF = 6.1, 4.2, 1.5 and 1.0, respectively; Table 5.4, Fig. 5.7). The order of
enrichment relative to average black shale (Vine and Tourtelot, 1970) differs slightly and is as
follows: Ni>V>Co>Cr (EF = 4.5, 4.2, 1.5 and 1.0, respectively; Table 5.4, Fig. 5.7). All samples (n
= 32) are enriched in Ni relative to both average shale and average black shale (Fig. 5.7) with Ni
enrichment factors of ~¥1 — 10 and ~2 — 11, respectively (Table 5.4). Most samples (n = 29) are
also enriched in V relative to average shale (with (V/Al)*10* > 14.7), and ~88 % of samples (n =
28) have enrichment factors between ~1 — 11 relative to average black shale (Fig. 5.7; Table
5.4). The enrichment factors for Cr and Co show far less variation, and relative to both average
shale and black shale, values only fluctuate between the range of ~0.5 — 2.8 (Table 5.4). As
such, a greater proportion of samples are depleted in Cr and Co compared to the average
shales. For Cr, only one sample (SP32-10; (Cr/Al)*10* = ~9.6) is depleted in comparison to
average shale (EF = 0.94; Table 5.4), and 40 % of samples (n = 13) are depleted relative to
average black shale (Fig. 5.7). In contrast, only two samples (SP8-10 and SP32-10) are depleted
in Co relative to average black shale (with (Co/Al)*10* values of ~1.1 and ~1.3, and EF = 0.8 and
0.9, respectively), whereas 44 % of the samples (n = 14) are depleted relative to average shale
values. No correlations exist between either depth and degree of metal enrichment relative to

average shale and black shale, or between enrichment and thermal maturation (Fig. 5.7).
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Crossplots of Al-normalised trace metal values (eg. (element X/Al)*10*) demonstrate
that no discernible correlations (R* < 0.19) are present between Ni/Al vs. Cr/Al, V/Al vs. Cr/Al
or Co/Al vs. Cr/Al (Fig. 5.8a-c, respectively). Although showing higher R’ values, little
correlation can also be seen between Co/Al vs. V/AI (Fig. 5.8d; R* = ~0.34) and Ni/Al vs. V/Al
(Fig. 5.8e; R* = ~0.29). A stronger positive correlation (R* = ~0.63) is observed between Ni/Al vs.

Co/Al (Fig. 5.8f).

5.5.2.3 Redox indices

The trace element ratios for the Exshaw Formation shales and their inferred redox
conditions are presented in Table 5.2 and Figure 5.9, respectively. The published values for
these redox indices, used to determine the redox conditions at the time of deposition of the
shales in this study, are shown in Table 5.5.

The Ni/Co ratio ranges from ~8 — 32, with all samples falling within the suboxic-anoxic
parameter (Fig. 5.9). The V/Cr ratio (~1 — 14 units) suggests that a greater range of redox
conditions were present at the time of sediment deposition (Fig. 5.9), with four samples
indicating oxic conditions (V/Cr ratio of <2: SP32-10, ~1.4; SP48-10, ~1.0; SP49-10, ~1.3 and
SP27-10, ~1.2) and four samples suggesting dysoxic conditions (V/Cr ratio of ~2 — 4.25: SP8-10,
~2.0; SP9-10, ~2.1; SP67-10, ~3.3 and SP29-10, ~4.1). However, most of the samples (n = 24)
indicate that the depositional environment was suboxic-anoxic (Fig. 5.9). Similarly, the majority
of samples have V/(V+Ni) values of ~0.60 — 0.84 (n=24), indicating suboxic-anoxic depositional
conditions (Fig. 5.9), although V/(V+Ni) values of ~0.53 and ~0.59 for samples SP32-10 and
SP67-10, respectively, suggest dysoxic conditions (Fig. 5.9).

For the majority of the samples (n=24, ~75 %) there is good agreement between all
three of the redox indices, shown by the crossplots in Fig. 5.10 and the histograms in Fig.5.11,

indicating that the depositional environment during accumulation of the Exshaw Formation
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was predominantly suboxic-anoxic. This is in agreement with redox data obtained by Selby et
al. (2009) for Exshaw Formation samples from Jura Creek. However, both the V/Cr and
V/(V+Ni) ratios suggest that there were intermittent oxic and dysoxic periods during sediment
deposition (Figs. 5.10 and 5.11), and in the case of the V/(V+Ni) index, that euxinic conditions
may have been present (samples SP62-10, SP24-10 and SP25-10, at depths of 1756.4, 3567.7
and 3568.2 m, respectively; Figs. 5.10 and 5.11).

Figure 5.10 illustrates that there is no correlation between the values obtained for the

individual redox indices and depth or maturation.

5.5.3 Nickel stable isotopes

New Ni stable isotope data for the Exshaw Formation shales is presented in Table 5.6.
In total 8 samples were analysed for Ni stable isotopes, with representative samples from the
immature (SP8-10, SP9-10, SP10-10 and SP13-10) and thermally mature zones (SP31-10, SP32-
10, SP38-10 and SP39-10). The sampled cores and the relative positions of the samples therein
are shown in Fig. 5.12.

The Ni isotope compositions (§°°Ni) of these organic-rich shales are shown in Figure
5.13. The 6°°Ni values range from 0.46 + 0.04 to 2.50 + 0.04 %o (Table 5.6; Fig. 5.13a). Overall,
there is no correlation between §°Ni and sample depth (Fig. 5.13b). However, the greatest
spread in 8°°Ni values is observed within the immature shales (~2.04 %o), which span the full
range of 8®Ni seen for the entire sample set (0.46 + 0.04 to 2.50 + 0.04 %o; Fig. 5.13).
Conversely, the Ni isotope composition of the mature shales is relatively consistent, ranging
from 1.17 — 1.51 %o (a range of ~0.34 %o; Fig. 5.13). The §®Ni values for the mature samples
therefore fall well within the 6°°Ni range defined by the immature shales (Fig. 5.13).

The relationships between 8%°Ni vs. TOC and the trace elements (Ni, V, Cr and Co) are

presented in Fig. 5.14a-e. The most prominent positive correlation is observed between §%°Ni
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vs. TOC for the thermally mature samples (R” = 0.90; Fig. 5.14a). Whilst at a first glance there is
no correlation between the immature samples and TOC, if sample SP10-10 is disregarded,
these samples show a near-perfect positive correlation (R*> = 0.96). The trace element
concentrations of the immature samples show no correlation with 6°Ni (Fig. 5.14b-e). No
relationships exist between Ni, V and Cr vs. §°Ni for the mature samples (R* = 0.35, 0.03 and
0.20, respectively; Fig. 5.14b-d), but a stronger positive correlation is noted between §°°Ni and
Co (R* = 0.76; Fig. 5.14e).

Plots of §®Ni vs. Al-normalised trace element values are given in Figure 5.15a-d. No
trends are observed for any of the normalised values within either the immature or the mature
shales, with R® values ranging between 0 and ~0.14. In addition, Figure 5.16 demonstrates that
there is no relationship between 8%®Ni and the redox conditions at the time of sediment

deposition.

5.6 Discussion

5.6.1 Correlation of trace element abundance with TOC and redox

No correlation exists between trace element (Ni, V, Cr, Co) abundance and TOC for the
majority of the Exshaw Formation samples (Fig. 5.3), indicating that the degree of organic
matter accumulation was not a primary control on metal uptake during sediment deposition.
Although a trend between Ni vs. TOC is observed for immature samples (Fig. 5.3b), no such
trend is seen in the mature or overmature shales. A possibility is that maturation has caused
cleavage of the metallo-organic bonds formed by Ni, thus destroying any coupling of Ni with
TOC. However, V is held in the same type of stable metallo-organic complexes (eg. Lewan,

1984) and no such trend is observed with TOC. In addition, these complexes are known to be
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highly stable (Lewan and Maynard, 1982; Lewan, 1984). Instead, the lateral and vertical scale
over which sampling has occurred in this study could easily facilitate significant local variations
in the type of organic-matter, which may have a profound effect on the correlation of Ni with
TOC.

Variation in trace element abundance is not controlled by redox and in addition there
is no discernible relationship between TOC and redox conditions (Fig. 5.4). Preferential
preservation of metallo-organic complexes occurs under anoxic conditions (Lewan and
Maynard, 1982; Lewan, 1984), and as such, if the environmental redox conditions were the
single control on the enrichment of metals in organic-rich sediments, a clear trend would be
observed between these two parameters. The lack of such a trend (Fig. 5.4) suggests that the
redox conditions of the bottom-waters during sediment deposition were not the sole control
on metallation, and therefore did not solely control the enrichment or depletion trends
observed relative to average shale and black shale (Fig. 5.7).

Although the paleoredox conditions in this Exshaw Formation study are different to
those at Robin Hood’s Bay (presented in Chapter 4), a similarity is observed between these
two studies. The lack of strong relationships between metal abundance vs. TOC and redox in
these investigations, demonstrates that factors in addition to TOC concentration and bottom-
water redox conditions controlled the uptake and abundance of metals in the organic-rich
sediments discussed herein. Such factors could include the type of the organic matter present,

sediment accumulation rates and biogeochemical cycling of the elements in the ocean.

5.6.2 The suitability of V/(V+Ni) as a redox proxy
The suitability of V/(V+Ni) as a redox proxy was discussed previously in Chapter 4. Here
the applicability of this redox proxy is also discussed in relation to the Exshaw Formation

shales. In this study, and unlike for the Robin Hood’s Bay sediments, there is reasonable
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agreement between the Ni/Co, V/Cr and V/(V+Ni) redox proxies (Figs. 5.10 and 5.11). Although
intermittent oxic-dysoxic and euxinic periods are suggested by the V/Cr and V/(V+Ni) ratios, all
three of the indices indicate that the sediments examined in this study were deposited in a
predominantly suboxic-anoxic environment (Fig. 5.11). However, in the case of V/(V+Ni), three
samples have values lower than the minimum parameter established for this redox proxy
(0.46; lowermost boundary for dysoxic conditions), which once again calls into question the
validity of using this ratio as a redox proxy (see also discussion in Chapter 4).

As in Chapter 4, V/(V+Ni) vs. TOC data for the Exshaw Formation has been plotted
against corresponding data for Robin Hood’s Bay and the Pennsylvanian Stark Shale Member
(Fig. 5.17; data from Hatch and Leventhal, 1992). Although the Exshaw samples are more
similar lithologically to the Stark Shale Member samples than those from Robin Hood’s Bay,
once again it is observed that the relationship between TOC and V/(V+Ni) (Fig. 5.17) differs
distinctly from that described by Hatch and Leventhal (1992). This reinforces the conclusion
drawn in Chapter 4; that this redox index was developed for a specific geological basin, and
therefore may not be applicable to other geological samples regardless of lithological

similarities, particularly those with differing geochemical characteristics.

5.6.3 The effect of thermal maturation on source rock geochemistry: trace element
abundances and proportionality of V and Ni

Trace elements in petroleum and source rocks have been used as a diagnostic tool to
yield information about genetic relationships between oils and migration processes (eg.
Hodgson et al., 1959; Ball et al., 1960; Tissot and Welte, 1984; Ellrich et al.,1985; Lépez et al.,
1995). Of these trace elements the most abundant are V and Ni (Lépez et al., 1995), bound
predominantly in porphyrin structures (Lewan and Maynard, 1982; Lewan, 1984) which

themselves are well known as important biomarkers (eg. Triebs, 1934). The tenacious bonds
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formed by both Ni and V with the metallo-organic complexes are unlikely to de-metallate until
metamorphic conditions are encountered (Lewan, 1984).

As such, although thermal maturation, migration and reservoir alterations may change
the absolute concentrations of V and Ni in the oil relative to its source (Lewan, 1984), their
proportionality to one another should remain unchanged (Hunt, 1979; Lewan, 1984). As a
result, both Ni and V, and specifically the proportionality of V to Ni, have been recognised to
occupy an important role in the geochemical research of oil-source and oil-oil correlations (eg.
Lewan and Maynard, 1982; Lewan, 1984; Ellrich et al., 1985; Lopez et al., 1995), and in
investigations of paleo-environmental conditions of sedimentation (Hitchon and Filby, 1984;
Lewan, 1984; Manning et al., 1991; Hatch and Leventhal, 1992; Alberdi and Lafargue, 1993;
Schovsbo, 2001).

The primary focus of this study is to examine the effects of hydrocarbon maturation on
the Ni isotope composition of source rocks, with a view to establishing Ni stable isotopes as an
oil-source correlation tool. As a precursor to this, it is essential to also understand trace
element behaviour as a result of thermal maturation. Abundances of the trace elements Ni, V,
Cr and Co were determined from samples spanning a range of hydrocarbon maturity levels
from immature to overmature. From Figure 5.5 it can be observed that there is significant
variation in trace metal content of the shales within each depth interval (and therefore each
maturation level). Further, each different depth and maturation window shows a similar range
in trace element concentrations (Fig. 5.5). These plots of element concentration against depth
(and level of thermal maturation) demonstrate that the degree of hydrocarbon maturation
does not affect the abundance of these metals in the Exshaw Formation shales. Further, they
also indicate that thermal maturation did not cleave the metallo-organic bonds formed by

these metals in the organic-rich sediments.
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To examine this further, trace element concentrations have been plotted against T,
(°C) values for corresponding samples from Creaser et al. (2002) (Fig. 5.18). The T,..x parameter
determines sample hydrocarbon maturity level and represents the temperature of peak
hydrocarbon release by kerogen cracking via Rock-Eval pyrolysis (Hunt, 1979). Figure 5.18
clearly demonstrates that certainly for V and Cr, and indeed the proportionality of these
metals, there is little correlation between abundance and hydrocarbon maturation level (Tpe)-
In contrast, Ni and Co show a similar trend to one another, increasing in abundance with
elevated T,,,. Examination of Ni/V and V/(V+Ni) values for the four samples presented on Fig.
5.18 shows that proportionality of these metals is consistent (1 — 2 and ~0.67 — 0.69,
respectively) for the immature and mature samples (immature: SP8-10 and SP13-10; mature:
SP32-10). The overmature sample (SP24-10) exhibits greater V/Ni (~7.5) and V/(V+Ni) (~0.88)
values due to heightened enrichment of V (~620 ppm) for this sample relative to Ni, rather
than significant depletion of Ni. However, although T, data is not available for all samples
presented in this study, Table 5.2 and Figure 5.9 clearly show that V/(V+Ni) values are variable
both between and within each of the maturation zones for the Exshaw Formation. This
suggests that V and Ni proportionality in these source rocks is not affected by the degree of
hydrocarbon maturation, but instead relates to the initial abundance following metal uptake
into the organic-rich sediments. Given the substantial variability of V/(V+Ni) ratios in the
source rocks studied herein, this investigation also proposes that use of this ratio to extract
meaningful genetic information about source rocks may be limited.

In summary, these results indicate that hydrocarbon maturation is unlikely to be the
cause of the variation in trace element concentrations seen within the Exshaw Formation. As
such, this demonstrates that thermal maturation has not affected the strong metallo-organic
bonds formed by Ni and V, which is a positive start for the potential development of Ni

isotopes as an oil-source correlation tool. The variation in metal concentration is likely to be
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controlled during initial metallation of the organic-rich sediments (Lewan, 1984), and may
instead be caused by smaller-scale lateral and temporal compositional variability, particularly
with respect to organic matter (eg. Tyson, 1995; Curiale, 2008). Although no correlation is
observed between either metal abundance and TOC content (Fig. 5.3b-e), with the exception
of TOC vs. Ni for the immature samples (Fig. 5.3b), or TOC content vs. depth and maturation
(Fig. 5.3a), localised changes in the type of the organic matter accumulation, which often occur
on the centimetre scale (eg. Huc et al., 1992; Aplin et al.,, 1992; Curiale, 1994; Jones et al.,
1997; Barker et al., 2001), may be a factor (eg. Curiale, 2008). Additional factors that are likely
to influence but not solely control the concentration and proportionality of V and Ni, as well as
the abundance of other trace metals (eg. Cr and Co) in organic-rich sediments include,
sedimentation rate and the persistence of an open sediment system (Lewan and Maynard,
1982; Lewan, 1984), biogeochemical cycling of the elements in the ocean, redox conditions,
and the preservation of the tetrapyrrole complexes holding the metals (Lewan and Maynard,

1982; Lewan, 1984).

5.6.4 Nickel isotope fractionation in marine sediments: A comparison between the Exshaw
Formation and the Sinemurian-Pliensbachian GSSP

To enhance our understanding of Ni isotope systematics in marine sediments, and with
no other such datasets available for comparison external to this investigation, the similarities
and differences between the Ni isotope signatures of the organic-rich sediments from the
Exshaw Formation and the Sinemurian-Pliensbachian boundary (this thesis, Chapter 4), will be
discussed.

Figure 5.19 compares Ni stable isotope data for the Exshaw Formation, Sinemurian-
Pliensbachian sediments (Chapter 4), and extraterrestrial (iron and stone meteorites) and

abiotic terrestrial (continental sediments: riverine and aeolian) samples from Cameron et al.
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(2009). The meteorites, basalts and continental sediments are characterised by 6°°Ni values
averaging 0.2 %o (Cameron et al., 2009; yellow box, Fig. 5.19). Further, the degree of Ni isotope
fractionation for these extraterrestrial and abiotic terrestrial samples is indistinguishable. As
with the organic-rich sediments from Robin Hood’s Bay, the Exshaw Formation shales define a
realm of 6°°Ni values (0.46 + 0.04 to 2.50 + 0.04 %o) that are distinct from the sample groups
analysed by Cameron et al. (2009) (Fig. 5.19). This range of values also overlaps with, and is
comparable to, the §°°Ni data from the Sinemurian-Pliensbachian boundary (0.28 + 0.05 to
1.60 £ 0.05 %o). These datasets demonstrate that Ni isotope fractionation in marine sediments
occurs to a much greater extent than within extraterrestrial and abiotic terrestrial samples. In
agreement with the conclusion drawn in Chapter 4, Figure 5.19 may also indicate that the Ni
isotopic signature of marine sediments is distinct to that of meteorites, basalts and continental
sediments. However, the reasons for this distinction are poorly understood due to an
extremely limited database.

In addition, following examination of Ni isotope data from organic material
(microorganisms; 6°°Ni = ~ 0.0 — -1.6 %o) analysed by Cameron et al. (2009), it is noted that the
Ni isotope ratios in the organic-rich sediments herein appear to have been driven in the
opposite direction to those of the microorganisms. Whilst the causes of Ni isotope
fractionation in these sediments are poorly understood, it appears that there is a fractionation
effect associated with the Ni isotope system that may have parallels to the carbon isotope
system. Further, a comparison of the data herein and that from Cameron et al. (2009),
suggests that the microorganisms take up isotopically lighter Ni, leaving behind an isotopically
heavier Ni isotope signature in the sediments. However, to investigate the potential parallels
between the carbon and Ni isotope systems, additional datasets are required and further

investigation is needed.
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The complexity of the sediment-seawater system may be a factor that causes such
enhanced levels of Ni isotope fractionation in marine sediments relative to meteorites, basalts
and continental sediments. Therefore, in order to attempt to understand this, it is important
that the relationships between Ni isotope fractionation and factors ubiquitous to the marine
depositional system, such as bottom-water redox conditions and TOC content, are explored.

In order to critically assess the data herein, it is necessary to ascertain whether the
level of Ni isotope fractionation observed in the Exshaw Formation has resulted from
variations in the depositional environment, including TOC content and the redox conditions
during sedimentation, or from thermal maturation. Figure 5.13 presents §Ni data for the
Exshaw Formation and shows the range of 6°Ni values obtained from the Sinemurian-
Pliensbachian sediments for comparison.

No relationship exists between §Ni and total Ni abundance in the Exshaw Formation
(Fig. 5.14b), demonstrating that the level of Ni isotope fractionation in these marine sediments
(both immature and mature) is not dictated by the degree of Ni enrichment. This is further
supported by the lack of correlation between 6®Ni and the Al-normalised Ni values (Fig.
5.15a), which indicate that isotopic fractionation is unrelated to variations in the concentration
of hydrogenous Ni. This observation is also true for the organic-rich sediments across the
Sinemurian-Pliensbachian boundary (Chapter 4). Although currently limited to only two
datasets, these studies strongly suggest that Ni isotope fractionation in marine sediments is
not controlled by the degree of uptake or enrichment of Ni during sediment accumulation.

The amount of Ni fractionation in the Exshaw Formation does not correlate with the
paleoredox conditions at the time of sediment deposition (Fig. 5.16). Conversely to the
sediments from the Sinemurian-Pliensbachian boundary discussed previously (this thesis,
Chapter 4), the samples selected for Ni isotope analysis from the Exshaw Formation were

deposited under predominantly suboxic-anoxic conditions (Fig. 5.16). Both sample suites
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display significant variations in 5°Ni data (Sinemurian-Pliensbachian: ~1.32 %o, and Exshaw
Formation: ~2.04 %o) that do not correlate with the redox ratios, suggesting that the extent of
Ni isotope fractionation in marine sediments is not directly determined by the paleoredox
conditions during deposition. However, evidence from these datasets suggests that paleoredox
conditions have the potential to significantly influence the relationship between §°°Ni and TOC
in marine sediments.

Although the 8%Ni data and TOC contents of the Sinemurian-Pliensbachian and
Exshaw Formation sediments are not correlated with redox (Chapter 4, Fig. 4.20 and this
study, Fig. 5.4, respectively), the relationship between the amount of isotopic fractionation
and TOC appears to strengthen significantly with the transition from oxic to suboxic-anoxic
conditions. For example, the upper 5 samples from the Pliensbachian (deposited in oxic
conditions) have TOC concentrations >1 wt. % and correlation with §°Ni yields an R? value of
~0.7. Further, the mature Exshaw Formation samples (deposited under suboxic-anoxic
conditions) contain TOC levels of >6 wt. % (6.8 — 16.8 wt. %) and exhibit a stronger correlation
with 8°°Ni (R® = 0.90; Fig. 5.14a). Additionally, disregarding sample SP10-10 (TOC = 11 wt. %),
the immature samples, although characterised by lower TOC concentrations (1.2 — 2.9 wt. %),
show a near perfect positive correlation between §%Ni and TOC (R® = 0.96; Fig. 5.14a). It can
be observed that all samples contain TOC >1 wt. %. As discussed in Chapter 4, the Sinemurian
samples (oxic) which all contain 0.6 — 0.8 wt. % TOC, show a far weaker correlation with §*Ni.
These combined datasets therefore suggest, firstly, that TOC concentration in marine
sediments may exert control on Ni isotope fractionation when above a potential threshold of
~1 wt. %, possibly regardless of depositional redox conditions. Secondly, the data puts forward
an additional hypothesis: that correlation of 6°°Ni vs. TOC may be strongest in marine
sediments accumulated under suboxic-anoxic conditions. If this relationship is true, the, or one

of, the causal factor(s) may be related to the preferential preservation of the tetrapyrrole
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complexes (binding the Ni to the organic matter) under reducing conditions (eg. Lewan and
Maynard, 1982). Such preservation could significantly reduce the potential for heterogeneous
break-down of these complexes prior to lithification, therefore minimising the likelihood of any
associated isotopic fractionation. The observed degree of Ni isotope fractionation could
therefore correspond to the preferential uptake of ®Ni into sediments with elevated TOC
content. However, presently the reasons for this are poorly understood, and the current
dataset is limited by not including suboxic-anoxic samples containing <1 wt. % TOC. As such,
the causes of the 8 Ni vs. TOC relationship can only be hypothesised.

An additional complication to this relationship is noted when comparing the §“Ni vs.
TOC trends for only the Exshaw Formation (Fig. 5.14a). Although the immature and mature
samples both exhibit strong positive correlations between these parameters (still disregarding
sample SP10-10), the level of Ni isotope fractionation is most variable in the low TOC samples
(all immature, ~1.2 — 2.9 wt. % TOC, §%Ni of ~1.09 — 2.50 %o; Fig. 5.14a). Unlike the
Sinemurian-Pliensbachian boundary sediments, such variability cannot be potentially
accounted for by formation under oxic depositional conditions or the poor preservation of the
tetrapyrrole complexes (eg. Lewan and Maynard, 1982). Instead there must be a control that is
distinct for each group (immature and mature) of Exshaw Formation samples. Aside from the
degree of thermal maturation experienced by the rocks, the fundamental difference existing
between these two sample groups is lithological (Fig. 5.12), therefore relating to variations in
the depositional environment and type of sediment influx.

By examining the core photographs in Figure 5.12 it is immediately apparent that
there are clear lithological differences between the immature and mature samples. The
mature samples (Figs. 5.12c-e) all share the same characteristics, being dark brown/black,
exceptionally fine-grained and containing multiple fine horizontal laminations on the

millimetre scale. The immature samples (Figs. 5.12a,b) however, are far more varied. Sample
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SP8-10 (Fig. 5.12a) has the closest resemblance to the mature samples, being near-black and
with a very fine-grained matrix. However, samples SP9-10 (Fig. 5.12a), SP10-10 and SP13-10
(Fig. 5.12b) vary from pale to mid-grey in colour with a coarser matrix and a greater silt
concentration. These paler shales more closely resemble those from the Sinemurian-
Pliensbachian boundary (Chapter 4).

The mature samples (showing little compositional variability) define a relatively
restricted range of 6°°Ni values (~1.17 — 1.51 %o). The immature sample that is lithologically
very similar to the mature samples (SP8-10, ~1.09 + 0.04 %o) lies just outside of uncertainty
(~0.03 %o) of the average §°°Ni value for the mature shales (including 1 standard deviation
from this average value, marked by the red box in Fig. 5.13a). Conversely, the immature
samples that differ compositionally from these and bear a closer resemblance to the
Sinemurian-Pliensbachian sediments, display a much greater range of §®Ni values (~0.46 —
2.50 %o; Fig. 5.13a). Although the current dataset is limited to only 8 samples, the §°Ni values
presented for the Exshaw Formation demonstrate that the sample lithology of marine
sediments may exert a control on the degree of Ni isotope fractionation observed. Our present
understanding of what may cause such a relationship is incomplete. However, differences
between the type of sediment influx, amount and type of organic matter and sedimentation
rate (possibly slower for the finely laminated black shales) may contribute to this relationship.
Further, the immature and mature samples both show significant correlations between §%®Ni
vs. TOC, although with differing gradients (Fig. 5.14a). Variability between the sedimentation
rates and the types of the organic matter in the accumulating sediments may have a significant
influence on this.

The next step is to examine the potential effects of thermal maturation on Ni isotope
systematics in the Exshaw Formation, and how this may have contributed to the isotopic

fractionation patterns observed for these samples.
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5.6.5 Effects of hydrocarbon maturation on Ni isotope systematics

Understanding how Ni isotope systematics in source rocks respond to thermal
maturation is critical to assessing the viability of Ni stable isotopes as an oil to source
correlation tool. Although Dewaker et al. (2000) demonstrate that Ni isotopes have the
potential to yield valuable insight into oil-source correlation, their study has substantial
limitations, with little understanding of the behaviour of Ni isotope systematics in marine
sediments and no discussion of the possibility of maturation-induced isotope fractionation. It is
therefore essential that any potential effects of hydrocarbon maturation are identified, before
correlation studies can be conducted confidently.

The Ni stable isotope data (6°°Ni) for Exshaw Formation samples spanning the
immature and mature hydrocarbon maturity levels is presented in Table 5.6 and Fig. 5.13. The
first observation is that Ni isotope fractionation occurs to a greater extent in the immature
samples (~2.04 %o), ranging from 0.46 + 0.04 to 2.50 + 0.04 %o. Dissimilarly, the mature
samples exhibit a far more restricted level of isotopic fractionation with 6%Ni values ranging
from 1.17 + 0.03 to 1.51 + 0.04 %o (a range of ~0.34 %o). Interestingly, this range of 6°°Ni sits
well inside that defined by the immature samples (Fig. 5.13). In addition, the average 6°Ni
values for the immature and mature samples are within uncertainty of one another (1.51 %
0.91 %o and 1.31 £ 0.15 %o, respectively; Fig. 5.13).

As discussed previously, the Ni isotope signatures shown by the immature and mature
shales could result from variations in their respective depositional environments. We now
need to assess whether the observed isotopic characteristics could have been influenced by
hydrocarbon maturation. As this is the first study to record Ni isotope fractionation in organic-
rich sediments that have experienced varying degrees of thermal maturation, our
understanding of the effects of maturation on Ni isotope systematics are exceptionally limited.

If maturation exerted control on the Ni isotope composition of the Exshaw Formation (Fig.
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5.13) and is therefore responsible for the relatively consistent 6°°Ni values of the thermally
mature samples, it would appear that it caused the Ni isotope composition to reset to a
homogenous value. However, although a definitive conclusion cannot be drawn without
comparison with additional datasets, studies demonstrating the stability of Ni in organic-rich
sediments (Lewan, 1980; Lewan and Maynard, 1982) and that of other isotopic systems that
have undergone maturation tests, suggest that such an effect on the Ni isotope system may be
unlikely.

Nickel is strongly bound within high molecular weight metallo-organic complexes
(Lewan and Maynard, 1982) that have a high thermal stability (Constantinides et al., 1959).
Such stability ensures that these bonds are unlikely to cleave under diagenetic conditions
(Lewan and Maynard, 1982). Further, it suggests that these metallo-organic bonds will not be
affected by generation and migration of petroleum (Lewan, 1980). As such, it seems unlikely
that thermal maturation would induce isotopic homogeneity within these highly stable
complexes.

Although no previous studies have characterised the behaviour of Ni isotope
systematics following thermal maturation, investigations have focused on such
characterisation of the stable carbon isotope and Re-Os systems. Analysis of kerogens
(sedimentary organic matter) in the natural environment (Hoefs and Frey, 1976) and following
hydrous pyrolysis experiments (Lewan, 1983), demonstrate that the effect of thermal
maturation on 8"C values is negligible. Further, Lewan (1983) shows that the §"C values of
pyrolysed kerogens are relatively consistent within analytical error (£ 0.3 %o) throughout the
maturation windows. As such, §°C values have been recognised as a potential oil-source
correlation tool (Lewan, 1983). In addition, Re-Os geochronology of immature, mature and

overmature samples from the Exshaw Formation yielded absolute ages that show little

Page | 186



Chapter 5: Effects of thermal maturation on Ni isotope systematics

variation (Creaser et al., 2002; Selby and Creaser, 2005). This indicates that thermal
maturation did not disturb Re-Os isotope systematics in the Exshaw Formation.

It is not possible to definitively state that thermal maturation does not have an effect
on Ni isotope systematics based solely on the dataset presented herein. However, with our
current understanding of the high stability of Ni in organic-rich sediments, and the ability of
other isotope systems to withstand this process, it seems unlikely that the Ni isotope system
would be an exception. Although it may be unlikely that thermal maturation fully dictates the
Ni isotope signature, this study cannot rule out the possibility that it may contribute to a small
degree. However, this cannot be quantified without significantly expanding the available
datasets. As such, this study suggests that the observed Ni isotope signature in the Exshaw
Formation cannot be attributed to the effects of thermal maturation, and is instead related to

compositional and chemical variability of the samples.

5.6.6 Do Ni isotopes have the potential to be used as an oil-source correlation tool?

The high stability of Ni in organic-rich sediments (Lewan and Maynard, 1982; Lewan,
1984) makes it an ideal candidate for isotopic correlation studies. Until now, this has been
impeded by difficulties in the chemical separation of Ni from organic-rich sample matrices.
Further, there was little understanding of Ni isotope fractionation in organic-rich marine
sediments, and no quantification of possible isotopic fractionation induced by the hydrocarbon
maturation process. Without awareness of the behaviour of Ni isotope systematics in these
settings, it would not be possible to draw meaningful conclusions on the potential for Ni
isotopes to be used as an oil-source correlation tool.

The dataset herein demonstrates that the significant level of Ni isotope fractionation
(~2.04 %o) in the Exshaw Formation is likely to result from chemical and compositional

variations in the samples, rather than from thermal maturation. Further, the thermally mature
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samples, which are compositionally similar, present a relatively constricted range of 6%Ni
values (~0.34 %o, averaging 1.31 * 0.15 %o). Such negligible variation in the Ni isotope
composition of the mature samples (from which oil would be generated) is an ideal precursor
for oil-source correlation studies, as it provides a distinct 8°°Ni signal that can be directly
compared to the §°°Ni value of the generated oil.

Although the process of thermal maturation may cause variations in the
concentrations of Ni and V (Lewan, 1984), the high thermal stability of the metallo-organic
complexes suggests that their proportionality to one another will be unaffected by oil
generation and migration (Lewan, 1980). As such, this proportionality is expected to be
maintained by the expelled oil (Lewan, 1984). The next step will be to assess whether potential
variations in Ni concentration with thermal maturation and oil generation result in differing Ni
isotope compositions between oil and source. With our current understanding of the strength
of the organic-Ni complexes, it seems unlikely that maturation will result in the preferential
loss of one or more Ni isotopes in either oil or source. However, the dataset needs to be
expanded to include oils generated from the Exshaw Formation in order to answer this

conclusively.

5.7 Conclusions

This investigation provides an increased geochemical understanding of the lower black
shale member of the Exshaw Formation; a hydrocarbon-generating source rock within the
Western Canada Sedimentary Basin (Leenheer, 1984; Creaney and Allan, 1991) that exists in all

three thermal maturation zones (immature, mature and overmature; Piggott and Lines, 1992).
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Further, the study herein examines the effect of thermal maturation on source rock
geochemistry, with a view to developing Ni stable isotopes as a new oil-source correlation tool.

Trace element data indicates that the Exshaw Formation was deposited under a
predominantly suboxic-anoxic environment. Although the V/Cr and V/(V+Ni) ratios suggest
that there were intermittent oxic-dysoxic and euxinic bottom-water conditions, there is
reasonable agreement between all three paleoredox proxies (Figs. 5.10 and 5.11).

The Al-normalised trace element values indicate that Ni and V are significantly
enriched in the Exshaw Formation relative to average shale and black shale compositions.
Thermal maturation does not exert control on the level of trace element enrichment in the
Exshaw Formation shales. The degree of organic matter accumulation during sedimentation of
the Exshaw Formation is also unlikely to have been a primary control on metal enrichment, as
few correlations between trace element concentration and TOC are observed. Similarly, trace
element enrichment was not dictated by the redox conditions at the time of deposition. As
such, and similarly to the organic-rich sediments at Robin Hood’s Bay, it is likely that factors in
addition to TOC and redox controlled the level of metal enrichment in the Exshaw Formation.
Such factors may include the type of organic matter being accumulated in the sediments,
sedimentation rates, and biogeochemical cycling of the elements in the ocean.

This study builds upon the work of Chapter 4, by further characterising the Ni isotope
composition of marine organic-rich sediments. In addition to this, the data herein is the first to
guantify the impact of thermal maturation on Ni isotope fractionation in source rocks. In
agreement with 8Ni data from the Sinemurian-Pliensbachian boundary (Chapter 4), the
Exshaw Formation shales define a domain of 8Ni values that are isotopically distinct from
extraterrestrial and abiotic terrestrial samples (Fig. 5.19). Further, these values correspond
with the 8%°Ni trend from the Sinemurian-Pliensbachian boundary, suggesting that marine

sediments may have a characteristic Ni isotope signature. The reasons for this are poorly
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understood due to a currently limited sample database, however this study suggests that the
enhanced degree of Ni isotope fractionation in marine sediments may be related to
complexities in the sediment-seawater system that are not present in the extraterrestrial and
abiotic terrestrial sample environments. In addition, comparison of §®Ni values from the
organic-rich sediments herein and from microorganisms (Cameron et al.,2009), indicates that a
parallel may exist between the Ni and carbon isotope systems. However, this requires further
investigation.

In a similar manner to the Sinemurian-Pliensbachian boundary sediments, the amount
of Ni isotope fractionation in the Exshaw Formation is not controlled by Ni enrichment in the
sediments or by paleoredox conditions during deposition. However, the immature and mature
samples are characterised by possible correlations with TOC; stronger than that observed in
the Sinemurian-Pliensbachian boundary samples. This suggests that the &8%®Ni vs. TOC
relationship may be strongest in marine sediments deposited under suboxic-anoxic conditions.
This may be accounted for by considering the greater preservation of the metallo-organic
tetrapyrrole complexes under these conditions. However, further work on additional datasets
is required to further our understanding of the §®°Ni vs. TOC relationship.

Although there is a strong relationship between §%®Ni and TOC, there must be an
additional control on the level of Ni isotope fractionation in the Exshaw Formation that
accounts for the highly variable 6°°Ni values of the immature samples (ranging from ~0.46 —
2.50 %o) and almost negligible variability of 6°°Ni values for the mature samples (ranging from
~1.17 — 1.51 %o). The inconstancy of the immature 6°°Ni values cannot be attributed to
potentially poor preservation of the tetrapyrrole complexes. Due to the highly stable nature of
Ni in these complexes, it is also unlikely that thermal maturation would induce isotopic near-
homogeneity in the thermally mature samples. Whilst it is possible that TOC concentrations in

marine sediments may influence the §°°Ni composition when above a potential threshold of ~1
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wt. %, there may be additional factors to take into consideration. Herein it is suggested that
the compositional variability of the samples may have a significant effect on the Ni isotope
composition. Evidence from core analysis (Fig. 5.12) demonstrates that the mature samples
are compositionally very similar, being very fine-grained black shales. Conversely, the
immature samples display more variability, with a coarser grain size, fluctuating silt content,
and mostly with lower TOC contents. Although the current dataset is limited, the observed
8%°Ni signal in the Exshaw Formation, considering the likely relationship between §%*Ni and
sample composition, may reflect varying contributions from hydrogenous and terrigenous
sources. For example, from their lithological descriptions the mature samples are likely to be
dominated by a hydrogenous component, whereas the immature samples clearly contain
varying proportions of a terrigenous, detrital component. This may have a profound effect on
the type of organic matter present in the sediments. However, the Ni isotopic composition of
these sources remains undefined, as does the potential effect of varying types of organic
matter on Ni isotope fractionation, and as such more work needs to be conducted to quantify
the effect that these variables may have on the Ni isotope composition of marine sediments.
Finally, this study concludes that there is significant potential for Ni isotopes to be a
valuable tool in oil-source correlation studies. Thermal maturation does not affect the Ni
isotope composition of the Exshaw Formation source rocks, suggesting that the Ni stable
isotope system within organic-rich sediments has significant thermal stability. With careful
sampling to ensure that there is little compositional variability between the mature source
rock samples being analysed, this study demonstrates that further investigation and

development of Ni isotopes as an oil-source correlation tool is indeed worthwhile.
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Figure 5.1: Present-day maturity map of the Exshaw Formation within Alberta, Canada
(modified from Creaney and Allan, 1991). Map shows the location of the thermally immature,
mature and overmature zones parallel to the Rocky Mountain Front.
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Figure 5.2: Block diagram illustrating the location of the Exshaw Formation sample cores within
the Well Positioning Grid, and relative to the Qil Floor, Oil Generation Threshold and Gas
Generation Threshold. Diagram shows the relative depths of the cores sampled, and their
relative thermal maturity. Well Positioning Grid modified from Piggott and Lines (1992).
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Figure illustrating

element ratios used as paleoredox
and the level of thermal
maturation  within  the  Exshaw
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Figure 5.12: The cores sampled for
Ni stable isotope analysis and the
positions of the samples therein.
Photographs ordered by
increasing  thermal  maturity.
Immature samples from core 3-
19-80-25WS5: a) SP8-10 and SP9-
10; and b) SP10-10 and SP13-10.
Mature samples from core 8-29-
78-1W6: c) SP31-10 and SP32-10.
Mature samples from core 14-22-
80-02W6: d) SP38-10; and e€)
SP39-10.
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Figure 5.13: New Ni stable isotope data for the Exshaw Formation: a) Samples ordered by
thermal maturity. The red box indicates the average of the 6°°Ni values for the mature shales
(~1.31 %o and 1 standard deviation either side of this), and the blue box outlines the average
8°°Ni value for the immature shales (~1.51 %o and 1 standard deviation either side of this). The
green error bar marks the range of 8°°Ni values for the Robin Hood’s Bay (RHB) samples (this
thesis, Chapter 4); b) samples ordered by depth.
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Figure 5.14: Plots illustrating the
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Figure 5.16: Plots showing the
relationship between 8°Ni, the
paleoredox proxies and the degree
of thermal maturation for the
Exshaw Formation: a) 8°°Ni vs. Ni/Co;
b) 8°Ni vs. V/Cr; and c) 6°°Ni vs.
V/(V+Ni). Ranges for Ni/Co and V/Cr
are taken from Jones and Manning
(1994), and values for V/(V+Ni) are
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red reflect each paleoredox
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Figure 5.17: Plot showing the relationship between TOC and V/(V+Ni) for the Pennsylvanian
Stark Shale Member samples (red squares) detailed in Hatch and Leventhal (1992), Robin
Hood’s Bay sediments (blue diamonds; Chapter 4) and the Exshaw Formation shales (green
triangles; this study). Red dashed lines mark parameters discussed in Hatch and Leventhal
(1992), whereby values of > 2.5 wt. % TOC correspond to V/(V+Ni) values > 0.75 for the
Pennsylvanian Stark Shale Member (see text for discussion).
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Figure 5.18: Plots showing the relationship between hydrocarbon maturity level (defined by

Tmax Values) and trace element concentrations (Ni, blue diamonds; V, red squares; Cr, green

triangles; and Co, purple circles) for the Exshaw Formation. The four samples used in this study
(SP8-10, SP13-10, SP24-10 and SP32-10) are from the same cores and depths as those analysed
by Creaser et al. (2002) (PEx 8, PEx 10, PEx 21 and PEx 14), and as such the corresponding T ax
values determined by that study have been used here. The red dashed lines define the T

values representing the transition between the different levels of thermal maturity (immature,
<435 °C; mature, 435 — 465 °C; and overmature, > 465 °C; Peters, 1986). The transparent blue
boxes group together the trace element data for each individual sample.
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Figure 5.19: Nickel stable isotope data for extraterrestrial samples (meteorites), abiotic

terrestrial samples (basalts and continental sediments) and marine organic-rich sediments.

Continental sediments include river and aeolian sediments. The yellow box represents the

average of the Ni isotope data for the meteorites, basalts and continental sediments (0.2 %o
and 1 standard deviation either side of this; Cameron et al., 2009). The purple box indicates
the average of the Ni isotope data for the Robin Hood’s Bay marine sediments (0.8 %o and 1
standard deviation either side of this; this study). The blue outline shows the average of the Ni
isotope data for the Exshaw Formation shales (1.5 %o and 1 standard deviation either side of
this; this study). Data for the extraterrestrial and abiotic terrestrial samples taken from
Cameron et al. (2009). Abbreviation ‘RHB’ refers to Robin Hood’s Bay (this study).
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Table 5.1: Exshaw Formation sample identification, together with sample depth (m), degree of
thermal maturation, and the number of the core from which the samples were taken.

Sample ID* Depth (m) Core Maturity

SP1-10 1751.8

SP7-10 1752.9

5P8-10 1753 3-19-80-23W5 Immature

SP9-10 1754

SP10-10 1756.2

SP13-10 1756.5

SP15-10 1731.5 13-18-80-23W5 Immature
SP52-10 1731.8

SP53-10 17328 13-21-80-23W5 Immature
SP54-10 1733.15

SP55-10 1733.85

SP31-10 2099.1

$P32-10 2099.2 8-29-78-01W6 Mature
5P38-10 2060 14-22-80-02W6 Mature
SP39-10 2059.8

SP47-10 2016.4

SP48-10 2016.7 10-20-77-25W5 Mature
SP49-10 2017

SP50-10 2016.2

SP62-10 1756.35

SP63-10 1756.8

5P64-10 1757.4 8-23-80-24W5 Mature
SP65-10 1757.75

SP66-10 1758.65

SP67-10 1759.35

SP23-10 3567.5

SP24-10 3567.7

SP25-10 3568.2

SP26-10 3568.7 4-23-72-10W6 Overmature
SP27-10 3569.45

SP29-10 3567.2

SP30-10 3569.1

®Samples listed in order of increasing thermal maturity
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Table 5.2: Summary of trace element data and the associated ratios used for paleoredox

proxies, and TOC data for the Exshaw Formation.

Trace elements (ppm)

Redox ratios

TOC

Sample ID* Depth (m) Maturitvh \'i Cr Co Ni Vv/Cr Ni/Co V/(V+Ni) (wt.%)
SP1-10 1751.8 I 386.4 73.0 113 196.7 53 17.5 0.66 21.8
SP7-10 17529 I 366.3 73.0 11.3 161.8 5.0 14.4 0.69 17.2
SP8-10 1753 I 108.7 53.5 38 54.1 2.0 144 0.67 1.2
SP9-10 1754 I 40.3 19.5 3.8 80.1 21 214 0.33 20
SP10-10 1756.2 I 350.2 38.9 113 154.9 9.0 13.8 0.69 11.0
SP13-10 1756.5 I 132.8 18.5 4.1 66.3 7.2 16.1 0.67 29
SP15-10 17315 I 615.9 77.8 15.0 127.3 7.9 8.5 0.83 2.5
SP52-10 1731.8 I 321.7 49.8 7.2 131.0 6.5 18.2 0.71 3.2
SP53-10 1732.8 I 2416 35.8 5.5 128.1 6.8 234 0.65 3.2
SP54-10 1733.15 I 376.9 57.2 7.8 151.0 6.6 194 0.71 12.0
SP55-10  1733.85 I 2721 52.9 7.2 129.7 5.1 18.0 0.68 11.6
SP31-10 2099.1 M 375.1 54.4 13.1 168.7 6.9 12.9 0.69 16.8
SP32-10 2099.2 M 85.0 59.5 8.1 75.6 14 9.3 0.53 9.6
SP38-10 2060 M 813.2 67.1 13.2 2299 12.1 17.4 0.78 14.8
SP39-10 2059.8 M 467.1 32.7 5.7 109.8 143 193 0.81 6.8
SP47-10 2016.4 M 4533 66.1 9.2 176.4 6.9 19.1 0.72 9.2
SP48-10 2016.7 M 49.4 51.1 6.6 64.9 1.0 9.8 0.43 12.5
SP49-10 2017 M 58.6 45.6 6.7 84.7 13 12.7 0.41 4.7
SP50-10 2016.2 M 315.7 46.7 6.0 158.2 6.8 26.3 0.67 2.5
SP62-10  1756.35 M 859.3 96.7 16.5 151.0 8.9 9.1 0.85 15.0
SP63-10 1756.8 M 808.7 89.1 15.7 2529 9.1 16.1 0.76 20
SP64-10 1757.4 M 592.1 41.3 9.3 185.8 14.3 19.9 0.76 2.4
SP65-10  1757.75 M 241.4 48.8 8.4 128.8 49 153 0.65 2.2
SP66-10  1758.65 M 433.1 60.1 8.5 160.6 7.2 19.0 0.73 2.6
SP67-10  1759.35 M 288.9 87.6 11.1 203.0 3.3 183 0.59 1.0
SP23-10 3567.5 o] 4227 73.0 7.5 82,6 5.8 11.0 0.84 11.2
SP24-10 3567.7 6] 619.9 87.6 7.5 83.1 7.1 11.1 0.88 10.8
$P25-10 3568.2 o] 668.2 92.4 113 94.9 7.2 8.4 0.88 13.8
SP26-10 3568.7 o] 619.9 121.6 113 184.4 5.1 16.4 0.77 16.3
SP27-10  3569.45 [0} 84.5 73.0 7.5 56.5 1.2 7.5 0.60 5.6
SP29-10 3567.2 6] 462.9 111.9 7.5 237.0 4.1 31.6 0.66 11.6
SP30-10 3569.1 ] 555.5 107.0 15.0 199.6 5.2 133 0.74 16.8

#Samples listed in order of increasing thermal maturity

® Thermal maturity abbreviations: | = Immature, M = Mature, O = Overmature. Hydrocarbon maturity expected based on

location of the well, from Piggott and Lines (1992)
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Table 5.4:
Formation.

Chapter 5: Effects of thermal maturation on Ni isotope systematics

Average enrichment factors (EF) for selected trace elements in the Exshaw

Exshaw Formation
Average EF relativeto  EF relative
Average black Average average to average
Element  shale®® shale“? data(n=32)° shale black shale
Co (ppm) 19 10 9.2
(Co/Al) * 10" 2.1 1.4 2.1
EF 0.7 1.0 15
Cr (ppm) 90 100 64.5
r ) . .
(Cr/a) *10° 102 14.3 14.9
EF 1.4 1.5 1.0
Ni (ppm) 68 50 139.7
(Ni/Al) * 10° 7.7 7.1 323
EF 0.9 4.2 4.5
V (ppm) 130 150 390.2
(v/Al) * 10" 14.7 21.4 90.2
EF 1.5 6.1 4.2

Mean Al content for Exshaw Formation shales: 4.33 wt. %
EF abbreviation refers to Enrichment Factor

? Average shale data from Wedepohl (1971)
® Mean Al content for average shale: 8.84 wt. % (Wedepohl, 1971)

“Mean Al content for average black shale: 7.00 wt. %
(Vine and Tourtelot, 1970)

Ave rage black shale data from Vine and Tourtelot (1970)
¢ Exshaw Formation enrichment factors calculated using average shale data
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Table 5.5: Previously established values for the trace element ratios and their corresponding
depositional paleoredox conditions.

Oxic Dysoxic Suboxic-anoxic Euxinic
v/cr’® <2.00 2.00-4.25 >4.25
Ni/Co* <5.00 5.00-7.00 >7.00
V/(V+Ni) ° 0.46-0.60 0.54-0.82 >0.84

? Jones and Manning (1994)
® Hatch and Leventhal (1992); Schovsbo (2001)
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Table 5.6: New nickel stable isotope data for a selection of thermally immature and mature
samples from the Exshaw Formation.

Sample ID° Depth (m) Maturitvh 5°°Ni (%o) 20 Ni (ppm)
SP8-10 1753 I 1.09 + 0.04 54.1
SP9-10 1754 | 1.98 * 0.05 80.1

SP10-10 1756.2 | 0.46 * 0.04 154.9

SP13-10 1756.5 | 2.50 + 0.04 66.3

SP31-10 2099.1 M 151 * 0.04 168.7

SP32-10 2099.2 M 1.22 t 0.03 75.6

SP38-10 2060 M 134 i 0.06 229.9

SP39-10 2059.8 M 117 + 0.03 109.8
®Samples listed in order of increasing thermal maturity

® Thermal maturity abbreviations: | = Immature, M = Mature. Hydrocarbon

maturity expected based on location of the well, from Piggott and Lines (1992)
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6 Conclusions and future research

Page | 224



Chapter 6: Conclusions and future research

6.1 Conclusions

This study is the first to apply Ni stable isotopes to organic-rich marine sediments. The
application of Ni isotopes to marine sediments in two geologically distinct settings has allowed
thorough evaluation of the chemical composition of these sediments from a new geochemical
perspective. Further, analysis of trace element enrichment, paleoredox ratios and TOC
concentrations enabled us to better constrain influences on the behaviour of Ni isotope
systematics in these settings. Additionally, the effects of thermal maturation on Ni stable
isotope systematics are shown to be minimal, thereby advocating the use of Ni stable isotopes
as a tool for yielding valuable spatial information for petroleum systems.

Through achieving the aims of this project, the research herein presents a number of

important scientific outcomes:

1. Osmium isotopes across the Sinemurian-Pliensbachian boundary show an increased
contribution of unradiogenic Os to the oceans in the Early Jurassic, possibly reflecting
the opening of the trans-Pangean Hispanic Corridor

2. Significant Ni isotope fractionation occurs across the Sinemurian-Pliensbachian
boundary section

3. No relationship exists between Ni isotope fractionation and Ni enrichment or redox
conditions in the marine sediments analysed herein

4. There is a potential linear relationship between TOC content and Ni isotope
fractionation when TOC levels are > ~1 wt. %. Further, paleoredox conditions may
exert some control on this relationship for the samples herein

5. Nickel isotope fractionation in the Exshaw Formation may be controlled by

compositional variability of the samples
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6. The Ni isotope composition of marine sediments is distinct to that of extraterrestrial
and abiotic terrestrial samples

7. Thermal maturation has a minimal effect on the trace element and Ni isotope
composition of source rocks

8. Significant potential exists for Ni stable isotopes to be developed as an oil-source

correlation tool

Chapter 2: Osmium isotopes across the Sinemurian-Pliensbachian boundary

Osmium isotope profiling across the Sinemurian-Pliensbachian boundary GSSP at
Robin Hood’s Bay, UK, demonstrates that seawater at this time became dominated by an
unradiogenic **’0s/"®®0s signal that is not resolvable by influxes from continental weathering
or meteorite impact. Although there is some fluctuation in the calculated seawater initial
¥70s/'%%0s ratios, these values can be broadly separated into three groups that become
progressively unradiogenic up-section (**’0s/***0s; = ~0.38, 0.28 and 0.21).

The Robin Hood’s Bay section is not ideally suited to Re-Os geochronology due to the
highly variable 18705/18805“) values. However, the positive correlation of 187Re/*®0s with
present-day "*’0s/**0s yields a date in agreement with the Geological Time Scale 2004 (189.6
+ 1.5 Ma; Gradstein et al., 2004) of 179 + 16 Ma, indicating that Re-Os systematics here are
undisturbed. This emphasises the validity of the 18705/18805(1) values in representing Early
Jurassic ocean chemistry.

This unradiogenic signal is attributed to hydrothermal activity during the development
of the Hispanic Corridor in the Early Pliensbachian, which was associated with rifting of the
Pangean supercontinent and formation of the Central Atlantic Ocean. Emplacement of the
Central Atlantic Magmatic Province during the Late Triassic — Early Jurassic, driven by

continental segregation at this time, and its subsequent weathering, cannot reconcile the
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observed Os isotope signal at the Sinemurian-Pliensbachian boundary. The increasing
contribution of unradiogenic Os to the oceans across the boundary is coincident with flooding
of the Hispanic Corridor, evident from sudden levels of faunal exchange between the eastern
Pacific and western Tethyan oceans in the earliest Pliensbachian (Damborenea and
Mancefiido, 1979; Smith and Tipper, 1986; Smith et al., 1990). As such, the unradiogenic
¥705/"%%0sy, signal across the Sinemurian-Pliensbachian boundary is hypothesised to mark the

onset of hydrothermal activity associated with formation and flooding of the Hispanic Corridor.

Chapter 3: Chemical separation of nickel at Durham University

Our chemical separation procedure for Ni in organic-rich sample matrices at Durham
University, requires the addition of the double-spike approach to correct for mass
discrimination during mass spectrometry, and to resolve the effects of column-induced
isotopic fractionation during chromatography. This chapter demonstrates that although Ni
isotope fractionation for Ni standard NIST 986 SRM is not resolvable when the entire Ni elution
is collected, fractionation does occur during the final stages of the second column. Further,
analysis of shale standard USGS SDO-1 SRM demonstrates that variable and inconsistent yields
are captured when processing samples with a more complex matrix than that of the Ni
standard. Again, this advocates the use of the double-spike approach in allowing full

development of our analytical procedure.

Chapter 4: Nickel isotope stratigraphy at the Sinemurian-Pliensbachian boundary

The data herein provides an increased understanding of the chemical composition of
the organic-rich marine sediments across the Sinemurian-Pliensbachian boundary, by
enhancing a geochemical dataset previously limited to TOC, oxygen, strontium, carbon and

osmium isotopes. Further, in order to assess the potential for Ni stable isotopes to be used as
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an oil-source correlation tool, it is important that we have a good understanding of Ni isotope
systematics in stratigraphy and are able to recognise any potential controls on Ni isotope
fractionation.

This study is the first to characterise the behaviour of Ni isotopes in marine sediments
and presents a Ni isotope (6°°Ni) profile across the boundary. The 8%Ni values range from 0.28
1 0.05 to 1.60 £ 0.05 %o producing a stratigraphic profile that closely resembles that of the
trace elements, and shows an overall trend to heavier §*Ni values up-section. Trace element
data indicates that the sediments across this boundary were deposited under predominantly
oxic conditions. No linear relationships are observed between §%°Ni vs. Ni enrichment or 6°°Ni
vs. paleoredox ratios, demonstrating that Ni isotope fractionation in these marine sediments is
not controlled by these factors. However, there is a clear relationship between §®Ni and TOC
when TOC exceeds ~1 wt. % above the Sinemurian-Pliensbachian boundary, indicating that Ni
isotope fractionation is partly controlled by the concentration and possibly type of organic
matter accumulating in the sediment.

When compared to 6°°Ni data for extraterrestrial and abiotic terrestrial samples (from
Cameron et al., 2009), the &%®Ni values from the Sinemurian-Pliensbachian boundary
demonstrate that marine sediments yield a Ni isotope signature that is distinct from
meteorites, basalts and continental sediments. Despite the much greater degrees of Ni
fractionation observed in the marine sediments (total fractionation of ~1.32 %o) relative to
these samples (fractionation totals of ~0.17 — 0.37 %o), there is minimal overlap between their
8%°Ni signals, emphasising this distinction. Although difficult to conclude definitively without
additional marine sediment datasets, the greater amount of Ni isotope fractionation in these
samples may be controlled by complexities in the seawater-sediment environment that are not

otherwise relevant to meteorites, basalts or continental sediments.
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Chapter 5: The effects of thermal maturation on the Ni isotope composition of source rocks

This chapter enhances our geochemical understanding of the lower black shale
member of the Exshaw Formation, as well as building upon our current knowledge of the
behaviour of Ni isotope systematics in marine organic-rich sediments. Further, this study
focuses on quantifying the effect of thermal maturation on the Ni isotope composition of the
Exshaw Formation, with a view to assessing the viability of developing Ni isotopes as an oil-
source correlation tool. As such, thermally immature and mature samples were utilised for Ni
isotope analysis.

The Ni isotope composition of the immature Exshaw Formation samples is highly
variable, with 6°°Ni values ranging from 0.46 + 0.04 to 2.50 + 0.04 %o.. Conversely, there is
almost negligible variability between the 6°°Ni values for the mature samples (1.17 + 0.03 to
1.51 £ 0.04 %o).

Trace element ratios suggest that the Exshaw Formation was deposited under
predominantly suboxic-anoxic conditions. Similarly to the Sinemurian-Pliensbachian
sediments, the Ni isotope composition of the Exshaw Formation is not controlled by Ni
enrichment in the sediments or by the paleoredox conditions during deposition. The level of Ni
isotope fractionation in the Exshaw Formation is strongly correlated with TOC for both the
immature and mature samples, although the gradients of these linear correlations are distinct.
Whilst it is apparent that TOC concentrations >1 wt. % influence the level of Ni isotope
fractionation in the Exshaw Formation, this study also demonstrates that the compositional
variability between the samples may in part account for the observed §%®Ni values. It is unclear
at present exactly what fraction of the sample composition is responsible for this relationship,
however this study suggests that the type of organic matter present in the samples may be a

key factor.

Page | 229



Chapter 6: Conclusions and future research

When combined with the §%°Ni data from the Sinemurian-Pliensbachian boundary and
compared to the extraterrestrial and abiotic terrestrial data from Cameron et al. (2009), the
Exshaw Formation clearly supports the hypotheses presented in Chapter 4: that marine
sediments contain a Ni isotopic signature that is distinct to meteorites, basalts and continental
sediments, and that the degree of Ni isotope fractionation in marine sediments is far greater
than that within these other sample groups. Again, although the Ni isotope record for marine
sediments is limited, this study suggests that the observed range in §°Ni values in these
sediments may be related to complexities in the seawater-sediment environment.

The final part of this study indicates that thermal maturation of the Exshaw Formation
has had a minimal effect on the Ni isotope composition of the sediments therein. As such,
ensuring careful sampling so as to capture as little sample variation as is possible visually, this
chapter concludes that there is significant potential for Ni isotopes to be applied to oil-source

correlation studies and further development of Ni isotopes as a correlation tool is worthwhile.

6.2 Future research

Chapter 2 demonstrates that an unradiogenic **’0Os/**0s signal dominated the Early
Jurassic ocean as a result of the formation of the Hispanic Corridor. Although studies of
seawater composition across the Triassic-Jurassic boundary have utilised several global
successions for correlation (eg. Cohen and Coe, 2007; Kuroda et al., 2010), the current study
regarding Hispanic Corridor formation is at present limited to only one succession. As such, it is
necessary to expand this dataset to include 18705/18805(1) data from other global successions for
comparison. Further, more detailed correlation of the geochemistry and biostratigraphy

associated with opening of the Hispanic Corridor would increase our understanding of ocean
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circulation and seaway formation. Determination of Rare Earth Element (REE) concentrations
in seawater at this time would also yield insight into the release of hydrothermal fluids into the
oceans (eg. Michard and Albarede, 1986). In summary, the following suggestions for future
research are made to further investigate formation of the Hispanic Corridor at the Sinemurian-

Pliensbachian boundary:

1. Correlation of seawater **’0s/***0s, data from global successions
2. Greater correlation of geochemistry and biostratigraphy
3. Determine Rare Earth Element (REE) concentrations to further identify evidence of

hydrothermal activity

Application of the Ni stable isotope system to marine organic-rich sediments is still at
an exceptionally early phase. As such, available datasets are currently limited and our
understanding of the behaviour of Ni isotope systematics in the marine setting needs to be
furthered. The data herein demonstrates that Ni isotopes have the potential to yield valuable
information about the marine depositional environment, which emphasises the need to
further explore the relationship observed between §®Ni and TOC and how this may relate to
the type of organic matter present in the sediments. Similarly, the lack of any discernible
maturation-induced disturbance to the Ni isotope composition of the Exshaw Formation
source rocks, demonstrates that Ni isotopes may be a valuable tool for improving our spatial
understanding of petroleum systems through oil to source correlation. Further research and
development of the Ni stable isotope system as an oil-source correlation tool is therefore

encouraged.
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In order to increase our understanding of Ni isotope systematics in marine organic-rich
sediments, and to optimise the scientific gain from utilising Ni isotopes in geological research,

the following suggestions are made for future research:

1. Apply the double-spike method to the Ni separation protocol at Durham University:
Chapter 3 outlines the necessity for the double-spike approach (described in detail by Gall
et al.,, 2012) to be applied to our new Ni separation procedure at Durham University, in
order to overcome the effects of inconsistent Ni yields and column-induced Ni

fractionation.

2. Increase sample resolution: Due to time constraints and uncertainty of the viability of Ni
isotopes in yielding meaningful geological information, only select samples from the
Sinemurian-Pliensbachian and Exshaw Formation sample suites were utilised for Ni isotope
analysis. Conducting Ni isotope analysis on all samples from these suites would allow
further evaluation of the relationship between §*°Ni and TOC. Further, expanding the §%Ni
dataset for the Exshaw Formation would enable a more thorough understanding of the

effect of sample composition and thermal maturation on Ni isotope fractionation.

3. Quantify thermal maturity levels: Rock-Eval pyrolysis allows determination of the sample
hydrocarbon maturity level through the T,,., parameter (temperature of peak hydrocarbon
release by lab-based kerogen cracking). The T.x values for 4 Exshaw Formation samples
herein are already determined (taken from Creaser et al. (2002) due to identical sampling).

However, to fully quantify and therefore better understand the relationship (or lack
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thereof) between Ni isotope fractionation and hydrocarbon maturation, obtaining Tp.x

values for all Exshaw Formation samples used for Ni isotope analysis is recommended.

. Characterise the type of organic matter present: In order to fully understand the apparent
relationship between TOC content and Ni isotope fractionation, it is necessary to gain an
understanding of whether the type of organic matter in the sediments can influence the
degree of Ni isotope fractionation. Further, understanding the effect of sedimentary
organic variability on Ni isotope systematics is key to developing a precise and reliable oil-
source correlation tool (eg. Curiale, 2008). Whole-rock Rock-Eval pyrolysis can be utilised to

characterise the type of organic matter present in the organic-rich sediments.

. Analyse a selection of Exshaw Formation oils: This thesis has determined that thermal
maturation of the Exshaw Formation may have had a minimal effect on the Ni isotope
composition of the source rocks. This is a positive start for the development of Ni isotopes
as an oil-source correlation tool. The next step will be to conduct Ni isotope analysis on oils
from the Exshaw Formation, to see if their Ni isotope signature matches that of the mature

shales (~1.31 £ 0.15 %o).

. Directly compare Ni stable isotopes to PGEs for oil-source correlation: If analysis of oils
from the Exshaw Formation indicates that Ni isotopes are likely to be a successful oil-source
correlation tool, the next step will be to apply this tool to a petroleum system where both
the source and expelled oil are known, and one that has already been subjected to
successful isotopic correlation for comparison. Finlay et al. (2010) demonstrate that the
Lower Jurassic Gordondale Formation is the major source of the oils within the West

Canadian Tar Sands, through utilising a combination of 18705/18805(i) values and other PGEs
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(Pt/Pd). Nickel isotope analyses could be conducted on this same suite of source rocks and
oils in order to conclusively determine whether the Ni stable isotope system can be used as

an oil-source correlation tool.
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