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Abstract

Several large mass extinction events have occurred throughout Earth’s history and
significantly shaped life on our planet by both, wiping out a large variety of species
on the one hand, and promoting the evolution of new life forms to fill empty niches
on the other. The largest extinction occurred about 252 million years ago (Ma) at the
Permian-Triassic boundary, wiping out 80-96% of all marine species. The Late
Devonian extinction, which has been further investigated in this PhD project, is also
ranked amongst the biggest mass extinction events in the Phanerozoic. Causes and
nature of most extinction events are still poorly understood and their investigation
seems particularly relevant in the present-day since scientific evidence points to
perhaps another imminent mass extinction, this time predominantly driven by human
impact such as large scale changes of natural environments and the promotion of

climate change (e.g. burning of fossil fuels).

The analysis of sedimentary biomarkers (i.e. molecular skeletons) and their stable
isotopic composition bears a great potential for the investigation of recent and
ancient palaeoenvironments including extinction horizons since they can be used to
help reconstruct environmental and climatic conditions or organic matter (OM)
sources in past depositional settings. Although some biomarkers are source specific
and have been used as established palacoenvironmental indicators for several
decades, the field of biomarker research is highly dynamic. New relationships
between organic constituents of palacoenvironments and extant organisms are still
explored to identify new biomarkers and establish origin or formation pathways of

many sedimentary compounds which presently remain unknown.

In this PhD-project a broad range of applications for sedimentary biomarker studies
and stable isotope analysis was demonstrated by the reconstruction of
palacoenvironmental changes in (i) the recent Coorong Lagoon, an estuarine
ecosystem in South Australia severely impacted by human practices and (ii) ancient
marine environments associated with reef-systems affected by the Late Devonian
extinction. A primary focus of this project was the reconstruction of salinity and
water-column stratification. Both conditions can significantly impact estuarine and
marine ecosystems and often correlate with each other. Water-column stratification

was particularly widespread in (global) oceanic anoxic events associated with many
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mass extinction events and may have also contributed to the Late Devonian

extinctions.

In Chapter 2 of this thesis, recent ecological changes in the northern Coorong
Lagoon were investigated by the analysis of distributions and stable isotopic
composition (3"°C and 8D) of biomarkers as well as 8C of bulk OM in a
sedimentary core spanning the past ~5000 years. The aim was to reconstruct
palacoenvironmental conditions such as salinity and OM matter sources in the North
Lagoon prior to European settlement, providing a natural baseline to explore the
extent and nature of changes in these parameters which occurred as a direct result of
human modifications to the complex natural water-regime. The Coorong is part of a
terminal lake system at the mouth of the River Murray, which is of great ecological
significance but has undergone a severe decline in biodiversity over the past decades
largely driven by a significant increase of salinity caused by a progressive isolation
of the lagoon complex by human practices as well as a prolonged drought from
2000-2010. Changes in molecular distributions of long-chain n-alkanes, hopanoids
and steroids as well as an increase in phytoplanktonic biomarkers and a shift in 81C
of bulk OM and n-alkanes indicated significant changes in OM sources and primary
production in the North Lagoon after the 1950s, most likely due to the aquatic
macrophytes changing towards a major algal and (cyano)bacterial input. dD profiles
of n-alkanes revealed variable salinities throughout the Holocene but yet with an
overall increasing trend. However, the most significant increase occurred over the
past decades. The changes in the investigated biomarker parameters were
consistently much more pronounced in sediments deposited after the 1950s
coinciding with the implementation of substantial water management practices

compared to variations in the older sediments representing several thousand years.

Chapter 3 presents a new analytical approach with the potential to elucidate the
origin and formation pathway of sedimentary methyltrimethyltridecylchromans
(MTTCs). MTTCs are isoprenoid-substituted aromatic compounds and the “chroman
ratio” between different isomers has been frequently used as a palaeosalinity
indicator. It is still debated whether these compounds are directly biosynthesised by
phytoplankton organisms or represent early diagenetic products from condensation
reactions of phytol (predominantly algal-derived) with alkyl phenols (presumably

higher plant-derived). In the latter case their isoprenoid and phenolic subunits would
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largely originate from different source organisms, which may also be reflected by
differences in the stable isotopic compositions of these moieties. Therefore a
pyrolysis - gas chromatography - isotope ratio mass spectrometry (Py-GC-irMS)
method was developed in this project to analyse the 8'C value of chroman fragments
(i.e. the respective alkylphenol and pristenes). High accuracy and reproducibility of
the method was demonstrated by analysis of an authentic 5,7,8-trimethyl-MTTC
standard. However, matrix effects prevented the formation of the alkylphenol when
isolates of this chroman from natural samples were analysed. Although sample
preparation and/or pyrolysis conditions still require further optimization for the
analysis of chromans in geological samples, the development and demonstration of
this straight-forward method showed great potential for future applications to
investigate MTTC-formation. A better understanding of the origin of MTTCs would
also help to interpret variations in the chroman ratio with regards to more accurate

salinity reconstructions.

In Chapter 4 a novel conceptual model utilising MTTCs in combination with other
molecular indicators for the reconstruction of freshwater incursions in marine
palacoenvironments was introduced and applied for the reconstruction of
palacoenvironmental conditions in a Devonian (Late Givetian-Early Frasnian)
marine setting. The disposition of reef systems in this time period restricted water-
exchange between the somewhat enclosed embayment and the open ocean. A
freshwater lens predominantly from riverine input was overlying the more saline
bottom waters leading to persistent density stratification of the water-column with a
sharp chemo-, pycno- and halocline at the interface. The high abundance of specific
Chlorobi biomarkers indicated the presence of photic zone euxinia (PZE) which was
promoted by the stagnant water column. PZE describes a condition where anoxia and
high concentrations of hydrogen sulfide produced by anaerobic sulfate reducing
bacteria in sediments or the lower water-column reach the photic zone. It represents
elevated levels of biotic stress and has been associated with various mass extinction
events. High chroman ratios (> 0.9) reflected the freshwater conditions in the
epilimnion whereas pristane/phytane ratios < 1 were indicative of anoxia and higher
salinities in the hypolimnion and sediments. The correlation of MTTC abundances
with perylene, a polycyclic aromatic hydrocarbon (PAH) presumably originating

from pigments in wood degrading fungi, may be indicative of a common terrigenous



source, supporting the formation of MTTCs during early diagenetic condensation
reactions of higher plant derived alkylphenols with phytol. This formation pathway
would also account for the similar 8"°C values of phytane (phytol-derived) and
MTTCs (n.b. due to the significantly higher number of carbon atoms in the
isoprenoid subunit of MTTCs, this part of the molecule largely determines the

overall "°C value).

In Chapter 5 a sedimentary core from the Canning Basin (WA) spanning the time
period from close to or at the Givetian-Frasnian (G-F) boundary until later in the
Frasnian was investigated with a comprehensive analytical approach which included
molecular, elemental (C, N and S) and stable isotope (8"*C of OM, carbonates and
biomarkers, 6Dyerogen and 634Spyme) analysis to reconstruct palaeoenvironmental
changes associated with the Late Devonian extinctions. Although the most
pronounced loss of species in the Late Devonian occurred at the Frasnian-Famennian
(F-F) boundary, there have also been major biotic crises in the Late Givetian and
possibly Frasnian as well as at the end of the Famennian which have been explored
to a lesser extent. Chapter 5 analysed the same sediments studied in Chapter 4.
Whilst the research in Chapter 4 mainly focussed on the basinal part of the core,
Chapter 5 also investigated palaeoenvironmental settings later in the Frasnian,
corresponding to the upper core section, and was mainly focussed on variations of
the investigated parameters throughout the core for a potential correlation with
extinction events in that time period. It also included additional elemental, biomarker
and stable isotope parameters. Whereas the palacoenvironment close to or at the G-F
boundary represented a time period of elevated biotic stress and was characterised by
a stratified water-column (enhanced gammacerane indices), anoxia (e.g. low Pr/Ph
ratios) and PZE (abundance of Chlorobi biomarkers), the setting in the Frasnian
appeared to be less restricted with more oxic conditions (e.g. Pr/Ph > 1) and no
indications of severe biotic crisis (e.g. low abundances of gammacerane and absence
of the Chlorobi derivatives palacorenieratane and isorenieratane). Variations in
hopane and sterane distributions indicated significant changes in bacterial and algal
populations with an algal predominance in the lowermost part of the core and a
significantly higher bacterial contribution in the upper section. Distinct sterane
distributions in sediments deposited close to or at the G-F boundary may furthermore

reflect input from freshwater algae or algal blooms due to terrigenous nutrient input.
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Sediments throughout the whole core exhibited an exceptionally low thermal
maturity which was evident in a low degree of biomarker isomerization as well as in
low Tpmax values from Rock Eval pyrolysis (< 421 °C) and palynological analyses of
the spore colour (pale to mid yellow). The sediments also contained the presumably
oldest preservation of biologically sourced C/N ratios. This further demonstrated the
remarkable preservation of OM and biomarkers in the Gogo Formation, which
represents the Givetian-Frasnian basin facies of the reef systems in the Canning

Basin.

This thesis presents the successful application of integrated biomarker, elemental and
stable isotope approaches to reconstruct recent and ancient marine or estuarine
depositional environments affected by significant ecological and environmental
changes. It also further investigated or introduced various parameters for
reconstruction of palaeosalinity and water-column stratification including 8D
analyses of n-alkanes and kerogens as well as a novel conceptual model based on
abundances of MTTCs. Furthermore, a new analytical method which may be applied

to investigate origin and formation pathway of MTTCs was introduced.
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Chapter 1

Introduction and overview

Mass extinctions in Earth’s history (and in the near future?)

Since life evolved on Earth there have been several major extinction events which
wiped out a variety of life-forms but at the same time also left empty ecological
niches and habitats for new and often more complex organisms to evolve and
diversify. One of the first great biotic crises occurred in the Paleoproterozoic
between ~2.5 and ~2.2 billion years ago with the oxygenation of the atmosphere
driven by the rise of cyanobacteria which produced O, as a product of oxygenic
photosynthesis (e.g. Bekker et al., 2004; Catling and Claire, 2005). Although many
organisms today have a metabolism depending on free oxygen, it was highly toxic to
the majority of the mainly anaerobic life-forms present at that time. In addition the
oxygenation of the atmosphere and the consequential removal of greenhouse gases
was also most likely linked to a dramatic global cooling which created the

Paleoproterozoic “Snowball-earth”-event (Pavlov et al., 2000; Kopp et al., 2005).

Throughout the Phanerozoic, various biotic crises took place with the 5 biggest
extinction events occurring in the Late Devonian and at the Ordovician—Silurian,
Permian—Triassic, Triassic—Jurassic and Cretaceous—Tertiary boundaries as
illustrated Figure 1.1 (e.g. Sepkoski 1986, 1993). The reconstruction of possible
causes and extents of these mass extinctions and their often selective effects on
different species are issues of ongoing investigation and many questions still remain
to be solved (e.g. Bambach, 2006). It is now largely accepted by most scientists that

the famous End-Cretaceous extinction (65 Ma), which wiped out the dinosaurs, is

1
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associated with a large bolide impact (e.g. Alvarez et al., 1980; Kring, 2007). In
contrast, the by far biggest of all extinctions at the Permian—Triassic boundary was
most likely caused by the combined effects of different terrestrial events; i.e.
dramatic global warming started by increased volcanic activity and further enhanced
by outgassing of methane hydrates combined with persistently anoxic and sulfidic
oceans emitting toxic gases such as H,S into the atmosphere, which impacted
terrestrial as well as marine organisms (Grice et al., 2005a; Kump et al., 2005; Racki
and Wignall, 2005; Nabbefeld et al., 2010a). However, a detailed reconstruction of
incidents leading to many other extinction events including the Late-Devonian and
Triassic-Jurassic extinctions has not been established so far. It also remains difficult
to determine accurate duration and intensities of the Phanerozoic extinction events

(e.g. Bambach, 2006).
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Figure 1.1: Total biodiversity of marine species throughout the Phanerozoic (after Sepkoski, 1993).
Arrows mark the five major mass extinction events of Earth’s history.
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Detailed investigations of causes, nature and effects of these events appear to be
especially relevant for the present-day given the many scientific predictions of
another imminent mass extinction which is believed to be largely driven or at least
accelerated by anthropogenic activities such as large scale changes of natural
environments and ecosystems, decimation of species or increased emission of
greenhouse gases (especially CO,) as a result of fossil fuel burning and deforestation,
ultimately leading to climate change (e.g. Myers, 1990; Dirzo and Raven, 2003;
Wake and Vredenburg, 2008; Barnosky et al., 2011).

This PhD-project demonstrates the great potential of sedimentary biomarker studies
combined with stable isotope analysis for the investigation of conditions in recent
and ancient palacoenvironments and the reconstruction of changes which occurred in
past ecosystems. Both of these techniques are frequently applied in organic
geochemistry and their operation and application will be explained in detail
throughout the following sections of this introduction. Recent environmental changes
were investigated in the Coorong Lagoon, an ecosystem which has been severely
affected by human practices, as well as conditions in palacoenvironments associated
with the Late Devonian extinctions, to show the broad range of applications of these

organic geochemical and stable isotope techniques.

Late Devonian extinctions

The Devonian was a relatively warm time period in which extensive reef-systems
mainly built by ancient rugose corals, stromatoporoids (extinct calcareous sponges)
and calcareous algae and bacteria flourished in tropical, shallow waters (e.g. Playford
et al., 2009). A Devonian timescale is shown in Figure 1.2 and a map of the Early
Devonian world is displayed in Figure 1.3. Fish, in particular the extinct placoderms,
continued to diversify rapidly and developed many unique morphological variations
(Long and Trinajstic, 2010). Furthermore, the first lung-fish and early tetrapods
evolved over the time period from the Givetian to the Late Famennian (Ahlberg et
al., 1994; Clack, 2007). However, the most drastic environmental changes were
caused by the rise of terrestrial plants. Primitive vascular land plants, which first
occurred globally in the Upper Silurian (Steemans et al., 2009), started to diversify

rapidly throughout the Devonian and were the first complex organisms to colonize
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terrestrial environments (Chaloner, 1967). The development of more diversified
tissues including deeper roots, led to enhanced weathering of rocks and the first
significant formation of soil organic matter (e.g. Algeo and Scheckler, 2010). By the
Givetian, primitive woody plants had evolved, and were forming widespread forests
(Grice et al., 2009; Meyer-Berthaud et al., 2010; Mintz et al., 2010). This was
accompanied by a decrease of atmospheric CO; since the increasing terrestrial
biomass acted as a carbon-sink. Furthermore, there were significant changes in
sediments and in the cycling of nutrients and water (Walliser, 1996; Algeo and
Scheckler, 2010). The first direct ancestors of seed bearing plants were reported from
the Givetian (Gerrienne et al., 2004) and by the Famennian seed bearing plants were

already quite common (e.g. Chaloner, 1967; Fairon-Demaret, 1996).

419.2+32Ma 4108+28Ma  407.6+26Ma 393.3+1.2Ma 387.7+08Ma 3827x16Ma 3722 i1 1.6Ma 3589+0.4 Ma
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Figure 1.2: Devonian timescale after International Commission of Stratigraphy (ICS) 2013

Carb.

The Late-Devonian extinction at the Frasnian—Famennian (F-F) boundary (Upper-
Kelwasser event) is regarded as one of the “big five” mass-extinction events
described in the previous section (Sepkoski, 1986, 1993). However, it was not the
only major biodiversity crisis occurring towards the end of the Devonian era;
extinction rates were generally high and origination of new species low from the
Middle Givetian until the Late-Famennian (Bambach, 2006). There were distinct
extinction events in the Late Givetian (Walliser, 1996; Aboussalam and Becker,
2001) and also the Famennian was closed by the Hangenberg-event, which almost
reached the intensity of the F-F extinctions (Walliser, 1996; Caplan and Bustin,
1999; Streel et al., 2000). These biotic crises mainly diminished organisms in
shallow marine environments, in particular rugose corals and stromatoporoids,
whereas terrestrial ecosystems were only marginally affected (Copper, 1986;

Fagerstrom, 1994; McGhee, 2005).
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Figure 1.3: Map of the Devonian world at 370 Ma. Modified after Ron Blakey, Colorado Plateau
Geosystems, Arizona USA; http://cpgeosystems.com/paleomaps.html

There are still many ongoing arguments about intensity, nature and causes of the
Late Devonian biotic crises. One or several bolide impacts have been suggested as
possible triggers (McLaren, 1970; Sandberg et al., 2002; Ellwood et al., 2003),
however a combination of terrestrial causalities seems more plausible at this point
since timing and intensities of potential impacts generally do not match the
geological/paleontological records, although some local influence of impacts cannot
be excluded (McGhee, 2005; Racki, 2005). Algeo and Scheckler (2010) suggested
some major environmental changes were linked to the rise of terrestrial plants, e.g.
global cooling as a result of reduced atmospheric CO, and anoxia/eutrophication in
the ocean generated from increased weathering and nutrient input. Other potential
causes include volcanism as trigger for climate change or rapid sea-level fluctuations
possibly linked to glaciations and combinations of all (Caputo and Crowell, 1985;
Stanley, 1988; Murphy et al., 2000; Courtillot and Renne, 2003; McGhee, 2005).
There is also evidence of at least episodically euxinic (i.e. anoxic and sulfidic)
epicontinental oceans in different parts of the world from the Late Givetian until the
early Carboniferous (Summons and Powell, 1986; Requejo et al., 1992; Joachimski
et al., 2001; Brown and Kenig, 2004; Marynowski et al., 2000, 2011; Maslen et al.,
2009; Melendez et al., 2013a, 2013b).
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Geological settings in the Canning Basin, Western Australia

In the Canning Basin located in the Western Australian Kimberleys, a well exposed
large Devonian barrier-reef extends over ~350 km. It is probably the most well
preserved reef system from that time period which was largely unaffected by tectonic
movements and other geological alteration (Playford et al., 2009). Furthermore, it is
well known for its exceptionally well preserved fossils (including soft tissue) in
calcareous nodules deposited within the Gogo Formation (e.g. Long and Trinajstic,
2010; see Figure 1.4 for geological formations). Besides conventional fossils, some
of these nodules also contain remarkably well preserved biomarkers, which are
molecular fossils of biolipids in the specimen as well as of micro-organisms present
in the time of deposition and involved in the nodule-formation (Melendez et al.

2013a, 2013Db).
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Figure 1.4: Formations in the Devonian reef systems of the Canning Basin modified after Playford et
al. (2009)

The geology of the reef-systems in the Canning Basin is schematically illustrated in
Figure 1.4 and described in detail by Playford et al. (2009). The different facies
associated with reef-systems in general are displayed in Figure 1.5. As a basic
summary: reef-building in the Canning Basin commenced in the Late-Givetian and
can be divided into two sequences (i) the Pillara sequence laid down over

Precambrian and Ordovician rocks from the Late-Givetian until the Late-Frasnian
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and (ii) the Famennian Nullara sequence laid down largely unconformably over the

Pillara sequence as a result of a significant drop in sea-level.

The Pillara sequence comprises the Pillara Formation (platform facies), the Sadler
Formation (marginal slope facies) and the Gogo Formation (basin facies). Especially
the Gogo Formation is organic rich in most parts and gave rise to the high quality
oils of the Canning Basin (Cadman et al., 1993; Barber et al., 2001; Greenwood and
Summons, 2003; Maslen et al., 2009, 2011). Also the Pillara formation contains
relatively well preserved organic matter (OM) compared to later platform facies. The
Nullara sequence mainly consists of the Windjana and Nullara Formations
(Famennian platform facies), the Virgin Hills Formation (Upper-Frasnian to Middle
Famennian marginal slope and basin facies) and the Piker Hills and Bugle Gap

Formations (Middle to Upper-Famennian marginal slope and basin facies).

platform facies

reef-flat subfacies \

reef-margin subfacies

reefal-slope subfacies

marginal slope
facies

basin facies

Figure 1.5: Different facies associated with reef systems; after Playford et al. (2009)

Throughout the Givetian and until the Middle Frasnian rising sea-levels led to
advancing reef platforms, whereas a global fall in sea-level in the latest Frasnian and
Famennian caused retreating and backstepping of the reef-systems. The main reef-

builders throughout the Givetian and Frasnian were ancient rugose corals,
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stromatoporoids and calcareous bacteria. Whereas the latter were relatively
unaffected by the F-F extinction, corals and stromatoporoids were almost completely
wiped out at that point, however they had already started declining in diversity and
abundance earlier in the Frasnian (Becker et al., 1991; Fagerstrom, 1994; Wood,
2004; Playford et al., 2009). Famennian reef-systems in the Canning Basin therefore
largely consisted of stromatolitic bacteria. In the end of that epoch, reef building
ceased altogether and throughout the Carboniferous and Permian the area was

covered by large continental glaciers.

Environmental conditions in the present day Coorong

The Coorong comprises two shallow coastal lagoons (North and South Lagoon) and
is located in South Australia. It is part of a terminal lake system at the mouth of the
River Murray; a formerly complex ecosystem with a particularly high significance
for migratory and native water-birds (Paton et al., 2009). The region is unfortunately
a classical example of the detrimental effects human interference in natural processes
and exploitation of resources can have. Furthermore, it is also representative of many
other estuarine ecosystems in South Australia and around the world which have been
similarly impacted by anthropogenic activities. However, the recent end of a severe
drought and the associated flood has led to a short term improvement of the
ecological situation. In addition, various remediation strategies have been recently
implemented and future monitoring will evaluate their success. To be able to fully
evaluate both the ecological deterioration following development of European
settlements and the apparent ecological recoverability with the recently improved
hydrological situation, the environmental conditions in the ecosystem (e.g. salinity or
type of primary production at the base of the food-web) prior to human influence

first need to be established.

Human influence in the region began about 100 years ago. Prior to this water levels
and salinities in the Coorong fluctuated dynamically as a result of seawater input
from the Murray Mouth and freshwater input from the connected Lake system
(which is supplied with water from the River Murray). This created a variety of

different habitats in and around the lagoons supporting a diverse ecosystem (Boon,
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2000; Geddes, 2003; Webster, 2005). However, the almost complete isolation of the
Coorong from the other lakes through newly installed barrages (beginning in the
1940s and intensifying in the 1950s), and an additional reduction of inflow from the
River Murray as a result of excessive water abstraction and a severe drought from
2000-2010, led to an increase of salinity, particularly in the South Lagoon, and a
progressive siltation of the connection to the ocean. The overall consequences were
the extinction of key species such as macrophytes, which were important primary
producers at the base of the food-web, and a dramatic decline of biodiversity in fish

and bird populations (Boon, 2000; Nicol, 2005).

Significance of biomarkers in organic geochemistry

Biomarkers are “molecular fossils” preserved in sediments or petroleum which
originated from biolipids of once living organisms (Figure 1.6). Usually the more
reactive functional groups of biolipids are lost after burial whereas the basic carbon
skeleton often gets preserved (Peters et al., 2005, see also following sections for

more details about biomarker formation and preservation).

The identification and quantification of biomarkers in geological samples is of great
significance for the reconstruction of recent and ancient environments since the
biomarker composition may reflect the ecological communities and OM sources in
the depositional environment. Some biomarkers are specific for a particular species,
group of organisms or metabolic pathway whereas others have multiple sources from
biolipids abundant in a variety of different organisms. Particularly the source specific
biomarkers may also provide information about environmental conditions at the time
of deposition such as salinity (ten Haven et al., 1985, 1988), water-column
stratification (Sinninghe Damsté et al., 1995) or euxinia (Summons and Powell,
1986) since many organisms prefer particular environments or produce certain
molecules as a result of environmental stress. Exemplary applications of biomarker
studies for the investigation of past environments are described from page 30
onwards. Much ongoing research aims to establish the origin and formation
pathways of novel biomarkers which often involves correlation to, and thus analysis

of, lipids in extant organisms (e.g. Volkman et al., 1998; Grice et al., 2009). Further
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applications of biomarker analysis are in the field of petroleum exploration and
include oil-oil and oil-source rock correlations and estimation of quality and
economic value of oil reservoirs (e.g. Hughes and Holba, 1988; Grosjean et al., 2009;

Maslen et al., 2009).

highly functionalized biolipids in living
organisms
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Figure 1.6: Simplified illustration of biomarker formation

Organic matter (OM) deposition and preservation in sediments

Biomass is formed by autotrophic primary producers which assimilate inorganic
components such as CO, into a large variety of biomolecules. The vast majority of
biomass is generated by algae, cyanobacteria and terrestrial and aquatic plants via
oxygenic photosynthesis. These primary producers form the base of the food-web
and support a great diversity of heterotrophic organisms. Most of the detrital OM
from dead organisms gets recycled by decomposers and is re-introduced into the
food-web. A small part, however, accumulates in sediments together with inorganic

debris.
10
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Sediments are deposited in various environments which largely influence their
composition and properties. Marine sediments can for example be deposited in deep
or shallow water settings, and can be associated with reef-systems or in deltaic
settings. All of these show significant differences with regard to the type of organic
and inorganic debris typically present in the particular environment as well as other
conditions such as water movement or currents. Continental depositional settings
include lakes, rivers, lagoons or swamps but also glaciers or wind can transport
particles and accumulate sediments. Sedimentary OM can be autochthonous, i.e.
produced in situ; or allochthonous, i.e. transported from a different source; e.g.
terrestrial OM transported into the oceans or lacustrine settings via rivers or surface
runoff. Estuarine or deltaic ecosystems commonly have a large variety of OM-
sources whereas in many deep marine settings a large part of the deposited OM is

autochthonous.

After the accumulation of OM in sediments it continues to be subject to degradation
and remineralisation. Only less than 0.1% of total biomass gets preserved over
geological timescales (Holser et al., 1988). The best OM preservation is commonly
achieved in anoxic depositional environments since anaerobic degradation processes
are typically not as efficient as aerobic processes (Claypool and Kaplan, 1974;
Moodley et al., 2005). Anaerobic conditions often develop in the bottom of stagnant
and stratified water-columns where oxygen in the lower part gets consumed by
aerobic decomposers and mixing with the oxygenated top water is prevented. This
occurs for example during density stratification of a warm water layer over cold
bottom waters or (riverine) freshwater over more saline water, resulting in the
formation of a thermocline or halocline, respectively (e.g. Kling, 1988; Grice et al.,
1998a). OM preservation in sediments is also influenced by physical properties such
as sedimentation rate and grain size (Huc, 1988). During the big mass extinction
events large amounts of detrital material was created, often leading to global anoxia
in the oceans and high rates of burial. The large amount of well-preserved OM often

generated big petroleum reservoirs.

11
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Transformation of sedimentary OM

The transformation of sedimentary OM after burial is often referred to as thermal
maturation. In the beginning these processes are largely driven by biological and
chemical transformations (i.e. diagenesis) whereas with increasing burial depth and
time thermal alteration become predominant (i.e. catagenesis). A simplified version

of these processes and their relationship to fossil hydrocarbon generation is shown in

Figure 1.7.
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Figure 1.7: Transformation of sedimentary OM after burial (modified after Peters et al., 2005)

Diagenesis

Diagenesis is defined as the combination of complex biological and chemical
processes which transform biomolecules before significant thermal alteration takes

place (< 50 °C; e.g. Peters et al., 2005, Killops and Killops, 2013). Diagenesis

12
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already starts in the water-column and continues in the sediment where it is enhanced
by the increasing temperatures with deeper burial. The processes during diagenesis
are highly diverse and are strongly influenced by conditions in the depositional
environment such as O, or H,S levels and many other biochemical parameters
(Brocks and Grice, 2011 and references therein). In some cases the type and
abundances of the generated biomarkers can be indicative of diagenetic reactions
specific to particular environments. Two examples are the preferential formation of
phytane (I, see Figure Al.1 for chemical structures) over pristane (II) from the
phytol side-chain of different chlorophylls (III), which occurs under anaerobic
conditions (Brooks et al., 1969) or the enhanced formation of diasteranes (IV) in the
presence of clay minerals (Rubinstein et al., 1975; van Kaam-Peters et al., 1998;

Nabbefeld et al., 2010b).

During diagenesis a highly complex macromolecular matrix (kerogen) is formed by
enrichment of resistant biological (macro)molecules (e.g. algaenan, cellulose or
diamondoids) due to selective degradation (Largeau and Derenne, 1993; Grice et al.,
2000, 2003) and the incorporation of these macromolecules and other smaller
compounds in sedimentary OM through condensation and cross-linking reactions

(Tissot and Welte, 1984).

Catagenesis

Catagenesis takes place at temperatures between ~50 to 150 °C and can last several
million years. The kerogen is thermally altered, bonds are cracked and lower-
molecular-weight hydrocarbons are released to form liquid bitumen (e.g. Peters et al.,
2005, Killops and Killops, 2013). Bitumen is operationally defined as the free OM
which is indigenous to the rock and extractable with organic solvents. It consists
mainly of defunctionalised and isomerised saturated and aromatic hydrocarbons,
including many biomarkers, as well as some polar compounds (Brocks and Grice,
2011). With increasing pressures the bitumen will start to migrate through porous
rocks. If it reaches an impermeable cap rock it may accumulate and form a petroleum

reservoir.
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The nature of kerogens and their potential for petroleum formation are determined by
the type of source OM and the environmental conditions during early diagenesis.

Several different types of kerogens can be distinguished on this basis:

e Type I kerogens typically originate from algal rich OM with a low sulfur
content, which was deposited in lacustrine or brackish environments. They
are highly oil prone and form very high quality oils.

e Type II kerogens usually originate from mainly marine OM and typically
have higher sulfur contents and larger contributions of aromatic and ketone
structures compared to Type I kerogens. They are also oil prone.

e Type II-S kerogens represent Type Il kerogens with a high sulfur content

e Type III kerogens originate from terrestrial OM mainly composed of vascular
plants, typically deposited in a deltaic environment. They yield less
hydrocarbons compared to the other kerogens and are gas prone.

e Type IV kerogens do not yield any hydrocarbons.

Metagenesis

Metagenesis is the process in which hydrocarbons (including biomarkers) are
extensively cracked and transformed into gases at temperatures between ~150 and
200°C (e.g. Peters et al., 2005, Killops and Killops, 2013). During this process gas

reservoirs might develop.

Maturity parameters

The state of thermal maturity of a (potential) source rock indicates if it may have
already generated oil or gas. Rocks that have undergone diagenesis but have not yet
been thermally altered are referred to as immature. Rocks in and after the oil-
generative window (Figure 1.7) are defined as mature and post-mature, respectively.
During the process of diagenesis and thermal maturation, sedimentary biolipids
undergo various transformations including the loss of the more reactive functional
groups and unsaturated bonds, leaving only the basic hydrocarbon skeleton. Another
characteristic alteration which commonly occurs in biomarkers is a change in
stereochemistry from the biological configuration, created by enzymes during

biosynthesis, into the configuration with the greatest thermal stability. As an

14



Chapter 1

example, biological (thermally unstable) and geological (thermally stable) isomers of
hopanes derived from bacterial membrane lipids (Rohmer et al., 1984; Ourisson and
Albrecht, 1992), are illustrated in Figure 1.8. Isomerisation at C-17 and C-21 occurs
in all hopanes whereas isomerisation at C-22 can only take place in homohopanes
(> Csp) since an asymmetric centre at C-22 does not exist in the lower-molecular-
weight homologues. Hopanes with the 17a (H), 21p (H) configuration (aff) exhibit
the greatest thermal stability and are therefore dominant in oils and mature source
rocks. In contrast, BB-hopanes are the least thermally stable and are therefore only
found in very immature sediments. 22S and 22R isomers are both abundant in mature
samples with 22S showing a slightly higher thermal stability. The abundance ratio of
22S/(22S + 22R) is frequently used to assess thermal maturity and approaches values
of ~0.6 (for the Cs;-homologue) in endpoint mixtures of very mature crude oils

(Seifert and Moldowan, 1980; Zumberge, 1987)

178 (H), 21a (H), 22R / 22S 17a (H), 218 (H), 22R / 228

Biological configuration . .
17B (H), 21B (H), 22R Geological epimers

Thermal stability of hopanes:
178 (H), 218 (H) <17B (H), 21a (H) < 17a (H), 218 (H)

Figure 1.8: Isomerisation of hopanes during diagenesis and thermal maturation

Other biomarker parameters commonly used to determine thermal maturity are for
example Bo-hopane/af-hopane, the ratio of the trisnorhopanes: Ts/(Ts + Tm) (V, VI)
or the 20S/(20S + 20R) ratios of steranes (VII). However, there are many more
biomarker ratios which can be used as maturity parameters, most of these are listed

in Peters et al. (2005).

Another frequently used maturity indicator is the methylphenanthrene (VIII) index
which has been used in several slightly modified versions (e.g. Radke et al., 1982;
Boreham et al., 1988; Cassani et al., 1988). Due to the higher thermal stability of the
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phenanthrenes (VIII) it can also be used at later stages of maturation when

conventional biomarkers are already affected by metagenesis.

Non-molecular maturity indicators are vitrinite reflectance (Ry %) and parameters
determined by Rock-Eval pyrolysis (Tyax and production index (PI)). Vitrinite is
derived from tissue of terrestrial plants and is an important component of many
kerogens. With increasing thermal maturity it becomes more reflective and therefore
the measured vitrinite reflectance (Rg %) can be used as a maturity parameter (Dow,
1977). Values < 0.6 % and > 1.35 % correspond to immature and overmature
sediments, respectively (Peters and Cassa, 1994). Rock Eval is a stepwise pyrolysis
technique which is used frequently as a screening method to evaluate maturity and
quality of source rocks. The analysed parameters include S1 and S2, which refer to
the amount of volatile organic compounds in a rock and the amount of organic
compounds generated from cracking of the kerogen, respectively. The frequently
used parameter Tpax is the oven temperature corresponding to the maximum of
hydrocarbon generation from a sample (maximum of the S2 peak) during Rock Eval
analysis. PI is defined as S1/ (S1+S2). T of < ~435°C and PI < 0.1 indicate
immature OM whereas values of ~470°C and ~0.4 for Ty.x and PI, respectively, are
indicative of the wet gas window (Figure 1.7). For more details on Rock Eval

analysis see Espitalié et al. (1977) and Peters (1986).

Biomarker analysis

This section is intended to give a brief overview of analytical techniques and basic
steps commonly used for the analysis of sedimentary biomarkers. Some of these are
illustrated in Figure 1.9. However, this discussion is not exhaustive and there are
other means of analytical chemistry and preparation techniques which are applied in

biomarker studies but are not mentioned here.

The first step usually is to extract the free OM from the powdered sample. Typically
a mixture of dichloromethane (DCM) and methanol is used for this purpose but
solvents with a higher polarity might be more suitable in some cases including recent
samples. Depending on the type of sample and availability of equipment either
Soxhlet extraction, accelerated solvent extraction (ASE) or ultrasonic extraction can

be performed. ASE is an automated extraction technique in which the sample is
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loaded in a metal cell and extracted in a relatively quick timeframe under elevated

temperature and pressure.

In the next step the obtained total lipid extract (TLE, typically bitumen) is further
fractionated in order to make it more amendable to gas chromatograpy mass
spectrometry (GC-MS) and avoid co-elutions. This can for example be achieved by
thin layer chromatography (TLC) or silica gel / alumina column chromatography
with solvents of different polarities. Often various procedures are applied to further
clean-up or separate the obtained fractions. An example for this is a SA-molecular
sieving procedure which separates aliphatic fractions into n-alkanes and branched /
cyclic compounds in (Grice et al., 2008b). Furthermore, polar compounds have to be

derivatised if GC analysis is intended.

powdered
rock / sediment

solvent extraction

e.g. Soxhlet
bitumen kerogen
separation
e.g. silica gel-column | | |
chromatography or TLC EA
| | | BSIA | | RockEval | |,y
eg aliphatic| |aromatic polar
fraction fraction fraction
T
derivatisation kerogen type, maturity, bulk stable

' isotopic composition, elemental

concentrations

| |
| GC-irMS| | GC-MS | | HPLC |

!

identification, quantification & stable isotopic
composition of biomarkers

Figure 1.9: Flowchart of basic sample preparation and analyses steps performed in many biomarker
studies. GC-irMS = gas chromatography-isotope ratio mass spectrometry; GC-MS = gas
chromatography-mass spectrometry; HPLC = high performance liquid chromatography; BSIA = bulk
stable isotope analysis; EA = elemental analysis
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The obtained fractions are usually analysed by GC-MS (used the most frequently),
GC-flame ionisation detection (FID) or high performance liquid chromatography
(HPLC) for identification and quantification of biomarkers and other compounds.
Furthermore, they can be analysed by GC-isotope ratio mass spectrometry (irMS) to

obtain the stable isotopic composition of biomarkers (see following sections).

Bound biomarkers in the extracted residue (kerogen) can be released with various
on- and off-line pyrolysis techniques and subsequently analysed by GC-MS.
Furthermore, it is becoming more common to extract a second bitumen trapped in the
inorganic matrix after acid digestion of carbonates and silicates with hydrochloric
and hydrofluoric acid, respectively (e.g. Sherman et al., 2007; Nabbefeld et al.,
2010b; Holman et al., 2012).

Finally, biomarker studies are frequently complemented with the analysis of bulk
parameters such as elemental analysis (EA), Rock Eval pyrolysis or bulk stable

isotope analysis (see following section for the latter).

Significance of stable isotopes in organic geochemistry

Conventional biomarker analysis in sediments and petroleum provides valuable
information for detailed reconstructions of palacoenvironments or oil-source rock
correlations. However, the precursor lipids of many sedimentary hydrocarbons (e.g.
n-alkanes or aryl isoprenoids) are abundant in many different types of organisms and
thus their potential use as source specific biomarkers is often limited (e.g. Collister et
al., 1994a; Grice et al., 1996a; Koopmans et al., 1996a; Volkman et al., 1998).
Furthermore, the source organism or formation pathways of many biomarkers still
remain unclear (e.g. Sinninghe-Damsté et al., 1987; Grice et al., 2009). Some of
these problems can be overcome by complementing biomarker studies with stable

isotope analysis.

Most elements of geochemical interest have two to four non-radioactive (i.e. stable)
isotopes which occur in relatively constant natural abundances. Stable isotopes of the
major elements in biolipids are displayed in Table 1.1. The light isotopes are
generally much more abundant than their heavier counterparts. C and H isotopes are

used the most frequently in biomarker studies since they form the backbone of all
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organic compounds. In this PhD project mainly stable isotope analysis of carbon,
hydrogen and sulphur were performed. Therefore descriptions in the following

sections focus only on these elements.

Table 1.1: Stable isotope abundances (atom %, Faure and Mensing, 2005 and references therein)

Carbon Hydrogen Sulfur Oxygen Nitrogen
2C 98.899 % 'H  99.985 % 23 95.02% 0 99.762 % “N  99.9634 %
®c  1111% D 0.015% ®3  0.75% Y0  0.038 % N 0.3663 %
#s 421% 0  0.200 %
®s  0.02%

Isotopic fractionation

Although the overall abundance of stable isotopes remains constant, most physical,
chemical and biological processes, such as phase transfer, chemical reactions or steps
in metabolic pathways, lead to characteristic isotopic fractionations as a result of
slightly different physicochemical properties of heavier and lighter isotopes. Lighter
elements generally show much more significant isotope effects as a result of the

bigger relative mass difference between the isotopes.

Equilibrium isotope effects are defined as the isotopic fractionations which take
place between different phases or compounds in a closed system in the state of
thermodynamic equilibrium. The intensity of fractionation is temperature dependent
and the effects are reversible. Since heavier isotopes tend to form stronger bonds
they usually are enriched in the phase with stronger intra-molecular interactions or in
molecules with stronger covalent bonds (Urey, 1947). An equilibrium isotope effect
for example occurs between the liquid and vapour phase of water in a closed system
where deuterium gets enriched in the liquid phase and depleted in the vapour. Kinetic
isotope effects in contrast are unidirectional processes which lead to irreversible
isotopic fractionations and a net change of the stable isotopic composition in a
system. These processes for example include isotopic fractionation in metabolic
pathways or diffusion reactions. Since heavier isotopes generally have slower
reaction rates they usually become depleted in the products (Bigeleisen and

Wolfsberg, 1958).
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The stable isotopic composition of a particular sample or compound can often
provide diagnositic information about its origin and geological/environmental fate.
Therefore stable isotope analysis has a wide field of applications in various
disciplines including forensic sciences (e.g. Benson et al., 2006), environmental
science (e.g. tracing the origin or monitoring diffusion and degradation of
environmental contaminants; Schmidt et al., 2004; Vitzthum von Eckstaedt et al.,
2011, 2012) or organic geochemistry (e.g. origin of biomarkers and reconstruction of

palaeo-climates; Summons and Powell, 1986; Polissar and Freeman, 2010).

Notation, standards and analysis

Isotope abundances in samples are not measured in absolute values but as ratios of
the heavier to the lighter isotopes relative to reference standards with a known
isotopic composition. This is essential to avoid analytical errors since the abundances
of heavier isotopes are very low and differences in isotopic compositions are
minuscule. Stable isotopic compositions are reported in the d-notation in units of %o

relative to international reference materials.

R.
O guupie = (”‘"P‘e - 1] x 1000 %,

reference

R stands for the ratio of the heavier to the lighter isotope (e.g. *C/"*C).

8'"°C values are reported against Vienna Pee Dee Belemnite (VPDB), which is an
international reference standard calibrated against the original marine limestone from
the Pee Dee formation in South Carolina (USA). For dD analyses, Vienna Standard
Mean Ocean Water (VSMOW) is used as an international standard and 8'*0 can be
reported relative to either of the before-mentioned standards. For §'S and 8'"°N
Canyon Diablo Troilite (CD) and atmospheric nitrogen are used as international

standards, respectively.

Stable isotope analysis is performed on isotope ratio mass spectrometers (irMS). The
main difference to conventional mass spectrometry is the utilization of fixed
collector cups which simultaneously monitor abundances of selected ions at set m/z
ratios. This is required to achieve the high precision and accuracy needed to detect

the minor variations of isotope ratios in the analytes from different samples. To make
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a sample amenable to irMS it is first converted into a suitable gas (CO,, N,, SO, and
H, for C-, N-, S- and H-analysis, respectively) on which the isotope ratios are
measured. With 8'°C analysis, for example, the traces of m/z 44 (**CO,), 45 (*CO,)
and 46 (**C'*0'°0) are monitored whereas the detectors for 8D-analysis are set to
m/z of 2 (Hy) and 3 (DH). All abundances are measured relative to reference gas
pulses of known isotopic composition which are measured shortly before and/or after

the gas created from the analytes enters the irMS.

A problem which occurs in 8D-analysis is the formation of H;" as a by-product in the
ion source. Since this creates an isobaric interference with DH, the H;'-factor has to
be determined for appropriate correction of the measured isotope ratios. A detailed

description of this correction method can be found in Sessions et al. (2001).

Bulk stable isotope analysis (BSIA)

In BSIA the average isotopic composition of the whole sample, often a complex
mixture of different compounds, is measured. Stable isotope ratios are determined in
a continuous-flow (CF) system with an elemental analyser (EA, for C, N and S) or a
Thermochemical conversion (TC)-EA (for H and O) connected to an isotope-ratio-
mass-spectrometer (irMS). The basic steps involve conversion of the sample into the
suitable gas (see previous section), purification steps to remove by-products and

analysis in an irMS relative to a reference gas of known isotopic composition.

For PC/"?C and ""N/'N analysis the samples are weighed into tin capsules and
oxidized in a high temperature combustion furnace (~1050°C). This is followed by
several clean-up steps including a reduction furnace for the removal of remaining
oxygen and reduction of NOy-compounds and a nafion-membrane or cold-trap to
remove H,0. **S/*’S is analysed by conversion into SO, using a similar setup but

with a slightly different initial purification step.

BC/1C of carbonates can be analysed with a gas bench sample preparation device
connected online to an irMS. With this procedure carbonates in a sample are
selectively digested and converted into CO, by the addition of phosphoric-acid under
a helium atmosphere. The generated CO, is then diverted into the irMS. Organic-
carbon (OC) is not affected by this acid treatment.
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For D/H and "*0/'°O analysis the samples are weighed into silver capsules, pyrolysed
in a glassy carbon furnace (~1300°C) and converted into H, and CO, which are
separated by gas-chromatography (GC) and diverted into the irMS. Schimmelmann
(1991) developed a technique to account for exchangeable hydrogen in geological
samples which involves equilibration of duplicate samples with two different D-
enriched waters of known 8D (one each) prior to TC/EA-irMS analysis and the
subsequent application of a mass balance. For examples H bound to aromatic C is
considered readily exchangeable and therefore does not reflect the true isotopic

composition of the original compound/sample (e.g. Schimmelmann, 1991).

For BSIA of geological sediments the samples are often pre-treated to analyse
particular fractions. For example selective 8"°C or 8'°O analysis of organic carbon
(kerogen) can be achieved following the removal of carbonates with hydrochloric
acid. BSIA is generally a robust and straight forward technique and is frequently
applied in geological studies (e.g. Joachimski et al., 2001; Pancost et al., 2004;
Dawson et al., 2007; Nabbefeld et al., 2010c). Compared to biomarker analysis or
compound specific isotope analysis (following section) the effort for sample
preparation is low. The application of BSIA in environmental studies is however
limited to a single value representing the average stable isotopic value of all

components in the analysed sample.

Compound specific stable isotope analysis (CSIA)

CSIA enables the determination of stable isotope ratios in individual compounds
which can often provide a much more detailed insight into biogeochemical processes
compared to BSIA. This section will focus on carbon (C-) and hydrogen (H-) CSIA
since these were the techniques used in the current PhD project and are generally the
most common stable isotopes measured in biogeochemical studies. However,
methods enabling nitrogen, oxygen and sulfur CSIA have also been developed

(Brand et al., 1994; Amrani et al., 2009).

CSIA is commonly performed with a GC connected to an irMS via a suitable
interface which quantitatively converts the chromatographically separated
compounds into gases amenable to irMS. More recently high performance liquid

chromatography (HPLC)-irMS facilities have been developed although various
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analytical problems still remain to be solved before it will be suitable for a broader
range of applications (Godin et al., 2005; Kujawinski et al., 2012). S-CSIA has been
realised by interfacing a GC to high resolution (e.g., multicollector) ICP-MS
(Amrani et al., 2009).

For C-CSIA the analytes are converted into CO; and H,O at ~850 — 940 °C in a
combustion furnace containing CuO (and in some systems also NiO) as oxidant. H,O
is subsequently removed by a liquid nitrogen-trap or a nafion-membrane. For H-
CSIA, compounds are reduced to H,, C and CO by high temperature conversion at

~1450°C (without a catalyst) or ~1050°C (with a chromium catalyst).

Since the development of carbon (C-) CSIA by Matthews and Hayes (1978) it has
been widely used in geochemical studies for a range of applications including the
elucidation of biomarker origins or reconstructions of changes in the carbon cycle
(e.g. Summons and Powell, 1986; Grice et al., 2005a; Nabbefeld et al., 2010a). The
technique for hydrogen (H)-CSIA was developed more recently (Burgoyne and
Hayes, 1998; Hilkert et al., 1999) but is becoming similarly popular mainly due to its
great significance in climate and salinity reconstructions (see “Significance of 6D-

analysis” page 27).

Significance of 513C-analysis

Together with hydrogen, carbon is the most common element in biomolecules (e.g.
DNA, lipids, proteins, polysaccharides) and therefore an abundant constituent in
biomarkers and fossil fuels. It also forms the greenhouse gases CO, and methane,
which are only minor components of the atmosphere but have a great significance for
the climatic conditions on Earth. Over geological timescales variations in their
concentrations have been associated with major climate change (e.g. Kopp et al.,
2005; Racki and Wignall, 2005). Furthermore, the carbonate system between
atmospheric CO,, dissolved bicarbonate and carbonate precipitation and solution

plays an important role in controlling the pH of oceans and other water bodies.

Figure 1.10 illustrates basic processes in the global carbon cycle and shows average
stable isotopic compositions of different carbon reservoirs. This model was designed
to give a general overview of the isotopic fractionations caused by physical,

chemical, biological, and anthropogenic processes occurring in nature. However,
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these values represent the estimated global average and do not consider local
variations, which can be quite large particularly in 8"°C of biomass. These values are
also representative of the present day environment and do not take into account
variations which occurred throughout Earth’s history especially during mass
extinction events, which were often accompanied by oceanic anoxic events and

major perturbations in the carbon cycle.
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Figure 1.10: Global carbon cycle including average 8'*C-values in major carbon reservoirs. The most
significant isotopic fractionation takes place during carbon fixation (mainly photosynthesis); isotopic
fractionations in heterotrophic pathways are comparatively minor (e.g. Peterson and Fry, 1987) * from
Hoefs (1997), ® from Peterson and Fry (1987) and references therein, ¢ from Schidlowski (1988),
4 from Kroopnick (1985)

The stable carbon isotopic composition of atmospheric CO; is globally relatively
constant at -7.7 %o although minor seasonal and regional variations are common
(Keeling et al., 1989). The enhanced burning of *C-depleted fossil fuels may have
also caused a slight decrease in this value (e.g. Friedli et al.,, 1986). The most
significant isotopic fractionations in the carbon cycle occur (i) in the equilibrium
between atmospheric CO, and aqueous dissolved inorganic carbon (DIC; Mook et al.

1974) and (ii) during CO, fixation via photosynthesis.
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The isotopic fractionation between gaseous CO, and the marine carbonate system
(COy, gas <> COz,5q <> HCO3™ COs%) is temperature dependent and leads to
relatively "*C-enriched marine DIC with 8'"°C values of up to 2 %o in surface oceans
(Mook et al., 1974; Kroopnick, 1985; Zhang et al., 1995). Due to the input of
isotopically light CO, from respiration and decomposition of OM, the DIC in
samples from greater depths as well as marine carbonates deposited in sediments,
become slightly more depleted in heavier isotopes with 8"°C values around 0. The
largest isotopic fractionation of this type occurs during the formation of bicarbonate
from CO,. The precipitation of carbonate minerals only causes very minor isotope
effects (Zhang et al., 1995); however secondary effects during diagenesis may
significantly alter "°C values of carbonates (e.g. Scholle, 1995). In more isolated
systems, such as lacustrine settings, 8"°C values of components in the carbonate
system can show large variations depending on factors such as the amount of
weathering from enriched carbonate rocks or depleted allochthonous carbon sources
derived from respiration or decomposition in soils (e.g. Rounick and Winterbourn,

1986; Rau, 1978; Drummond et al., 1995).

The largest isotopic fractionation in the carbon cycle is however caused by the
preferred assimilation of '>C over °C in photosynthetic CO, fixation. The different
biosynthetic pathways used by primary producers greatly vary in the extent of
isotopic fractionation. Typical 8"°C ranges of biomass generated by several types of
primary producers are illustrated in Figure 1.11. The Calvin cycle (C3 pathway),
which is carried out by the majority of terrestrial plants and almost all acrobic marine
primary producers, causes a strong isotopic fractionation and generates biomass
depleted by an average of ~21 %o from the carbon source. Typically 8'"°C in biomass
produced by terrestrial plants using the C3 pathway ranges from -34 to -23 %o and
shows a clear distinction to the less *C-depleted biomass generated by plants using
the C4 pathway, which mainly include grasses, saltmarsh or desert plants (Figure
1.11). 8"C signatures of phytoplanktonic biomass and of plants using the CAM
pathway exhibit a comparatively broad range (Figure 1.11). Carbon fixation via the
(reductive) tricarboxylic acid (TCA)-cycle, which occurs predominantly in some
facultatively and obligately anaerobic autotrophs including green sulfur bacteria

(Chlorobiaceae; Sirevag et al., 1977; Quandt et al., 1977) as well as several sulfur-
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dependent archaebacteria and eubacteria (e.g. Beh et al.,, 1993), leads to
comparatively minor isotopic fractionations reflected in less *C-depleted biomass
(Quandt et al., 1977; Sirevag et al., 1977; Schidlowski, 1988; Scott et al., 2006).
Different metabolic pathways used for biosynthesis can also lead to distinct isotopic
values between compound classes within the same organism (e.g. Sakata et al.,
1997). Long-chain n-alkanes in many terrestrial plants for example show a distinct
zig-zag pattern, with a depletion of even-carbon numbered n-alkanes compared to

their odd-numbered homologues (Grice et al., 2008b; Zhou et al., 2010).
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Figure 1.11: Stable carbon isotope ratios in different primary producers and fossil fuels. Adapted
from Schidlowski (1988) and Peters et al. (2005)

Besides the type of metabolic pathway, the stable isotopic composition of biomass is
also dependant on the 8"°C and availability of the carbon source. Isotopic
fractionation during biosynthesis is generally highest in an open system with
unlimited access to a substrate. If the substrate is limited in abundance, less isotopic
fractionation occurs during fixation, leading to comparatively enriched biolipids
(Takahashi et al., 1990; Freeman and Hayes, 1992). If all the substrate in a closed
system was consumed, logically no fractionation would occur. The accessibility of
[CO2]aq can for example be low during phytoplankton blooms (e.g. Grice et al.,

1996b; Pancost et al., 1997). Furthermore, an increase in salinity or pH will lead to
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lower CO, abundances and a '*C-enrichment in organisms (Schidlowski et al., 1984;
Grice et al., 1998b; Andersen et al., 2001). Growth forms of bacteria (e.g. planktonic
or in microbial mats) and plant morphologies can also have an influence on the
extent of isotopic fractionation (e.g. Freeman et al., 1994; Logan et al., 1999). The
isotopic fractionation in metabolic pathways of heterotrophic organisms is
comparatively minor and 8"°C values therefore largely resembles the values in their

diet (e.g. Rounick and Winterbourn, 1986; Grice et al., 1998c; Kohn, 1999).

The §"°C signatures of fossil fuels are generally depleted and largely reflect their
biological origin (e.g. Hoefs, 1997; see Figure 1.11). During maturation the lighter
isotopes become enriched in bitumen, accordingly leading to heavier isotopic values
of residual kerogen (Peters et al., 1981). Geothermal natural gas can reach very
depleted 8'°C values as low as -90 %o (Peters et al., 2005). Biogenic methane may be
even more depleted as a result of fractionation effects in the metabolism of

methanogens (Blair et al., 1993; Whiticar, 1999).

Significance of oD-analysis

Hydrogen is a significant element in geochemical studies since it is present in water
as well as in all biomolecules. Due to its light atomic weight it shows the largest
relative mass difference between its two stable isotopes and therefore also the biggest
isotope effects. Whereas fractionation effects in the hydrological cycle are well
known (Figure 1.12), isotope effects caused by biosynthetic pathways are just
beginning to be investigated (e.g. Sessions et al., 1999, 2002; Chikaraishi and
Naraoka, 2003; Bi et al., 2005; Smith and Freeman, 2006; Zhou et al., 2010).

In the hydrological cycle significant isotopic fractionations take place during phase
transfer processes, which lead to a progressive D-depletion in meteoric waters (i.e.
water derived from precipitation) with increasing distance from the ocean and
amount of precipitation (Figure 1.12). This is largely driven by the lower vapour
pressure of water molecules containing heavy isotopes, leading to a D-enrichment in
the liquid phase during evaporation as well as precipitation (Gat, 1996; Majoube,
1971). Furthermore, 8D signatures in meteoric waters are strongly influenced by
factors such as temperature or latitude (Craig, 1961; Dansgaard, 1964; Kehew,

2001). 6D values in oceanic waters are close to 0, as defined by the international
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standard VSMOV (see page 20), while meteoric waters can be depleted by more than
400 %o under extreme conditions (e.g. Dawson, 1993 and references therein). The
isotopic composition in meteoric waters is largely reflected in 3D values of biolipids
in local primary producers, which makes H-CSIA of biomarkers an excellent tool for
reconstructions of palaeo-climates and hydrological conditions at the time of
deposition (e.g. Sessions et al., 1999; Xie et al., 2000; Andersen et al., 2001; Dawson
et al., 2004; Sachse et al., 2004a; Sauer et al., 2001; Schefuf} et al., 2005;). However,
fractionation effects during biosynthesis can show large variations between
organisms using different metabolic pathways or plants with different growth form or
leaf morphologies (Chikaraishi and Naraoka, 2003, 2007; Sachse et al., 2006; Hou et
al., 2008; Pedentchouk et al., 2008; Polissar and Freeman, 2010;; Smith and
Freeman, 2006). Nevertheless, changes in D/H ratios of higher plant biomarkers,
which correlate with the isotopic composition in local precipitation (Sachse et al.,
2004; Sachse et al., 2006; Smith and Freeman, 2006; Hou et al., 2008; Miigler et al.,
2010; Polissar and Freeman, 2010), have been successfully used in various climate
proxies including for example the reconstruction of African monsoon-patterns
throughout the Late Quarternary (SchefuB3 et al., 2005; Tierney et al., 2011). oD
values of biolipids in aquatic primary producers, such as phytoplankton or aquatic
plants, reflect the D-abundance in the water-body (Sachse et al., 2006; Miigler et al.,
2010), which is in turn largely controlled by the amount of external freshwater input
including precipitation (mostly D-depletion) and evaporation (D-enrichment; Gat,
1996; Ingram et al., 1996). In many aquatic settings, in particular those with a marine
influence, the same parameters also cause variations in salinity, which therefore often
correlate with changes in 3D signatures of biomarkers derived from aquatic
organisms (Andersen et al., 2001; McKirdy et al., 2010; Miigler et al., 2010). In
addition, salinity can also affect D/H ratios in some biolipids independently from the
isotopic composition of the source water (Schouten et al., 2006, Sachse and Sachs,
2008). This effect has been used for the development of a salinity proxy based on dD
variations in long-chain alkenones derived from haptophyte algae (Schouten et al.,

2006; van der Meer et al., 2008).

However, 6D analyses of biomarkers and kerogens for environmental reconstructions

are restricted to relatively immature sediments since hydrogen exchange with
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formation water takes place during thermal maturation, which significantly alters the
original D/H composition (Schimmelmann et al., 1999, 2001; Leif and Simoneit,

2000; Sessions et al., 2004; Dawson et al., 2005; Nabbefeld et al., 2010c¢).
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Figure 1.12: Simplified hydrological cycle including approximate stable hydrogen isotopic
compositions at mid-latitudes; values in parentheses represent potential ranges inferred from literature
reports at different latitudes and temperatures. Modified after Dawson (1993).

Significance of 6°'S-analysis

Sulfur occurs in nature in many forms with oxidation states ranging from -2 to +6. It
is abundant in the atmosphere (SO;), geosphere (metal sulfides, elemental sulfur) and
oceans (mainly SO4%) as well as in a variety of organosulfur compounds present in
the biosphere, sediments and petroleum. Sulfur has four stable isotopes (see Table
1.1) and is measured as **S/**S, since **S is the most abundant of the heavier isotopes
and the relative mass difference to **S is sufficient to cause significant isotope

effects.

The most significant isotopic fractionation in sulfur cycling takes place during
bacterial sulfate reduction, which commonly occurs in anoxic marine sediments.
Under laboratory conditions this process has caused a **S-depletion in the generated
sulfides by up to 30 %o depending on sulfate availability (Rees, 1973; Habicht et al.,
2002). In the natural environment even greater differences of up to ~50 %o between

sulfate and associated pyrite (predominant inorganic sulfur species in sediments)
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have been measured (Canfield and Thamdrup, 1994; Passier et al., 1999; Grice et al.,
2005a; Nabbefeld et al., 2010a). Light 3°*S signatures in marine sedimentary pyrite
can be indicative of widespread euxinia in the depositional environment. For more
details about sulfur species and their stable isotopic compositions in euxinic marine

environments see “Evidence of photic zone euxinia (PZE)” page 30ff.

8**S values of petroleum, which often contain bound sulfur in significant amounts,
can vary over a wide range (-8 to 32 %o; Faure and Mensing, 2005). Although these
values only contain limited information about OM-sources and palacoenvironmental
conditions (due to significant isotopic fractionations by relatively unknown reactions
during S-incorporation) 8°*S analysis of petroleum can be very useful in oil-oil
correlations (e.g. Gaffney et al., 1980). Furthermore, 8°*S analysis of metal sulfides
finds applications in the investigation of ore deposits (e.g. Kajiwara and Krouse,

1971; Rye and Ohmoto, 1974).

S-CSIA has only been developed recently (Amrani et al., 2009), therefore
investigations of 5°*S compositions of natural organosulfur compounds are still in

very early stages (e.g. Amrani et al., 2012).

Reconstruction of palaeoenvironments using biomarkers and stable

isotopes

There are numerous source specific biomarkers or biomarker ratios and stable
isotope parameters which can be indicative of different OM-sources, environmental
conditions, maturities or depositional ages. Many of these have been summarized and
reviewed by Peters et al. (2005), Brocks and Grice (2011) and Grice and Brocks
(2011). This section describes selected environmental and source indicators
(including biomarkers as well as compound specific and bulk stable isotopic
compositions) for ecological conditions of particular relevance to the present

research project.

Evidence of photic zone euxinia (PZE)

Photic zone euxinia (PZE) is a condition which can develop in marine settings with a

stagnant water-column, where anoxia and high concentrations of toxic H,S produced
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by anaerobic sulfate reducing bacteria (SRB) in or near sediments (Reaction 1.1)
extend to the photic zone (i.e. zone with enough light penetration for photosynthesis
to occur; see Figure 1.13). In the present day this phenomenon only occurs
persistently in very few locations such as some isolated deep Fjords (e.g. Anderson et
al., 1988; Millero, 1991) and in the Black Sea, which exhibits a sharp chemocline as
a result of permanent density stratification with freshwater over saline bottom waters
(Murray et al., 2007). During some periods in the past, however, PZE prevailed
globally in oceanic anoxic events (OAE) associated with several big mass extinctions
including the Permian—Triassic (P-T) extinction (Grice et al., 2005a; Summons et al.,
2006; Hays et al., 2007; Nabbefeld et al., 2010a) and several Mesozoic events
(Sinninghe Damsté and Koster, 1998; Pancost et al., 2004; Jaraula et al., 2013). In
some cases, when H,S in bottom waters exceeds a certain threshold, the chemocline
can abruptly move upwards and rise to the water surface, leading to outgassing of
toxic HoS (Kump et al., 2005). This phenomenon has been observed periodically in
present day fjords (Skei, 1988; Meyer and Kump, 2008) and most likely also
occurred persistently at the P-T extinctions (Grice et al., 2005a; Kump et al., 2005;
Nabbefeld et al., 2010a). Evidence of PZE has also been reported in Middle to Late
Devonian sediments from different parts of the world, which may have potentially
been a driver in the Late Devonian extinctions (see “Late Devonian extinctions” page
3 f)). However, at least some of these events in the Devonian were only episodical as

indicated for example by bioturbation in sediments (Brown and Kenig, 2004).

2CH,0+S0; —2HCO; +H,S  (1.1)
Green and brown pigmented Chlorobiaceae (both referred to as “green sulfur
bacteria”, GSB) are obligate anaerobic phototrophs, which fix CO, via anoxygenic
photosynthesis utilising H,S generated by SRB as an electron donor (Reaction 1.2).
Therefore they can only thrive under PZE conditions or occasionally in thick
microbial mats in shallow waters, where euxinic microenvironments are created
within the mat structures (Nicholson et al., 1987; Brocks and Pearson, 2005). Since
Chlorobiaceae utilize the TCA-cycle for carbon fixation, their biolipids are less *C-
depleted compared to those of most other marine phytoplankton (see “Significance of

613C-analysis” page 23).
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2H,S+CO, —~»2S+CH,0+H,0 (1.2)
There are several source specific biomarkers derived from unique carotenoids and
bacteriochlorophylls in the photosystem of Chlorobiaceae, which provide
unequivocal evidence for PZE in the depositional environment if significant input
from microbial mats can be excluded. These include for example isorenieratane (IX),
palaeorenieratane (X), chlorobactane (XI), specific maleimides (XII) or a suite of
relatively "*C-enriched 2,3,6-aryl isoprenoids (XIIT) (Summons and Powell, 1986,
1987; Requejo et al., 1992; Grice et al., 1996a; Grice et al., 1996b; Koopmans et al.,
1996b). 2,3,6-Aryl isoprenoids (XIIT) can however also be derived from B-carotene,
which is a non-specific biomarker, abundant in many organisms (e.g. Koopmans et
al., 1996a). Especially if no intact C49 carotenoids (e.g. isorenieratane; IX) or other
specific biomarkers for Chlorobiaceae are present in the same sample, the origin of

2,3,6-aryl isoprenoids (XIII) should be confirmed by CSIA.

Photic Zone Euxinia (PZE)

A

1
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Sulfate reducing bacteria
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Figure 1.13: Illustration of photic zone euxinia with associated organisms, typical pigment
biomarkers and some basic steps of sulfur cycling in a euxinic marine environment. Purple sulfur
bacteria and green pigmented Chlorobiaceae usually thrive in water depths up to ~13 and 20 m,
respectively, whereas brown pigmented Chlorobiaceae require less light and grow in depths of up to
80 m (Brocks and Pearson, 2005 and references therein)
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Typical organisms present at PZE, their interactions and some associated pigments
yielding characteristic biomarkers are displayed in Figure 1.13. Purple sulfur
bacteria (PSB, Chromatiaceae) are also anoxygenic phototrophs which flourish
under these conditions and usually grow in a layer above the green pigmented
Chlorobiacea on the upper end of the chemocline. Brown pigmented Chlorobiaceae
require less light for photosynthesis than the other species and can grow in depths of
up to 80 m (Brocks and Pearson, 2005 and references therein). However, unlike
Chlorobiaceae, many species of PSB are facultative anaerobes and capable of using
a wider range of electron donors for photosynthesis if required (de Wit, 1992 and
references therein). Therefore PSB derived biomarkers such as okenane (XIII) have

to be interpreted accordingly.

A further indication of widespread euxinia in marine environments can be a >*S-
depletion in sedimentary pyrite (FeS,) and high S/C ratios (e.g. Grice et al., 2005a;
Meyer and Kump, 2008). In present day conditions SO4* in ocean water exhibits
relatively constant 5**S-values around +20 %o (Canfield and Teske, 1996; Faure and
Mensing, 2005) although alterations of this value have been reported in persistently
euxinic environments (values < 20 %o in upper water-column, values > 20 %o in
lower water-column; e.g. Anderson et al., 1988). Similar varitions have also occurred
throughout Earth’s history, in particular during mass extinction events (e.g. Newton
et al., 2004; Kampschulte and Strauss, 2004; Wortmann and Paytan, 2012). A major
isotopic fractionation takes place during the reduction of SO4* to H,S by SRB in
surface sediments or in the water column with unlimited access to SO4”". In deeper
sediments, which represent a more closed system, significantly less fractionation
occurs during H,S formation. In the case of an oxic/non-euxinic water-column, H,S
formation is restricted to sediments and therefore less '*C-depleted isotopic
signatures occur. Some of the H,S in the water column as well as in sediments is
scavenged by Fe’" species, which are commonly present in anoxic seawater and
originate from dissolution of iron oxides or hydroxides (Passier et al., 1999), and
deposited mainly as pyrite without any major isotopic fractionation (Faure and
Mensing, 2005). In laboratory experiments with cultured and natural SRB,
fractionations during SO4* reduction (under high [SO42']aq) ledtoa’ 4S-depletion in

the product of up to ~30 %o (Rees, 1973; Habicht et al., 2002). However, in natural
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environments even greater depletions of ~50 or 60 %o from average ocean water
SO4> is often measured in associated sulfides (Canfield and Thamdrup, 1994;
Canfield and Teske, 1996; Passier et al., 1999). Under persistent PZE the sulfide pool
in seawater can become more depleted if the sulfur produced by Chlorobiaceae is
repeatedly re-oxidized through anaerobic bacterial sulfur disproportionation
(Reaction 1.3; leading to only relatively minor **S-enrichment in sulfate) or in the
oxygenated zone and reduced again by SRB, leading to a further depletion of H,S
(Jorgensen, 1990; Canfield and Thamdrup, 1994; Canfield and Teske, 1996).
However, reservoir effects in the SO4” pool, particularly at greater depths, as a result
of enhanced burial of isotopically light pyrite or outgassing of depleted H»S can also
have the opposite effect in some environments and lead to a **S-enrichment in the

remaining SO~ (Anderson et al., 1988; Newton et al., 2004; Grice et al., 2005a).

4S8’ +4H,0 —»3H,S+S0; +2H" (1.3)

Reconstruction of salinity

Changes in the salinity of an aquatic ecosystem can have a profound impact on
biodiversity and the types of organisms present in a particular environment. For
example in the Coorong a significant increase in salinity, caused mainly by human
alterations to the natural water regime, was likely the main driver of the extinction of
key seagrass species and significant alteration of in situ primary production (see
“Environmental conditions in the present day Coorong” page 8 and Chapter 2).
Changes in salinity over time can also be an indication of fluctuating water levels
and climatic conditions since they co-vary with the amount of evaporation and
precipitation. Furthermore, high salinities in combination with freshwater input can
also lead to density stratification promoting anoxia or euxinia in the bottom waters

(see previous section).

As described previously in “Significance of dD-analysis” (page 27), changes in dD
signatures of sedimentary biomarkers derived from aquatic primary producers are
often indicative of salinity variations. Generally, higher salinities are reflected in a
D-enrichment in water and phytoplankton (page 28). The &"C values of
phytoplanktonic biomarkers may also be indicative of salinity variations which

influence the solubility of CO,, the carbon source of most phytoplankton. A
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significant increase in salinity can therefore be reflected in a '*C-enrichment in
primary producers (for a more detailed explanation see page 26). However, there are
many more parameters which can have a bigger influence than salinity on the 5"°C of
primary producers. Variations in the stable isotopic composition of biolipids as a
result of metabolic pathways are generally more pronounced in 3"°C compared to 8D

(e.g. Chikaraishi and Naraoka, 2003; Polissar and Freeman, 2010).

Another phenomenon which is often associated with hypersaline depositional
environments is an even-over-odd predominance in n-alkanes, often with an
unusually high relative abundance of the C,; n-alkane (ten Haven et al., 1985, 1988).
Accordingly ten Haven et al. (1988) introduced the Ras-index (2xn-Cyy/(n-Cap1+n-Cp3)
as an indicator of hypersalinity. Furthermore, the enhanced relative abundance of an
extended hop-17(21)-ene (XVII) series (up to Css) and regular extended of3-hopanes
(ten Haven et al., 1985, 1986, 1988) are an indication for hypersaline

palaeoenvironments.

Pristane (II) and phytane (I) in geological samples are predominantly derived from
the phytol side-chain of chlorophyll a (IIT) in oxygenic phototrophs (Brooks et al.,
1969). However, there are also other known sources of these isoprenoids including
bacteriochlorophylls in PSB, archaeal membrane components (Chappe et al., 1982;
Rowland, 1990), zooplankton (Blumer et al., 1963) or the diagenetic formation of
pristane  (II) from compounds such as tocopherols (XV), or
methyltrimethyltridecylchromans (MTTCs; XVI; Goossens et al., 1984; Li et al.,
1995). The pristane/phytane ratio is commonly used as an indicator for the redox
potential of depositional environment with values < 1 indicative of reducing
conditions (Didyk et al., 1978). However, this ratio also depends on salinity, with
lower values generally occurring in more saline environments (ten Haven et al.,

1985; Schwark et al., 1998).

The MTTC ratio of 5,7,8-trimethyl-MTTC/total MTTCs has proven to be a reliable
indicator for palacosalinities (Sinninghe-Damsté et al., 1987, 1993; Grice et al.,
1998d; Schwark et al., 1998). In freshwater settings the 5,7,8-trimethyl-MTTC is
predominant and the 8-methyl-MTTC is absent whereas in hypersaline settings
mono- and dimethyl-MTTCs are a lot more abundant. However, in depositional

settings with a stratified water-column the application of the chroman ratio to infer
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palaeosalinities might be less clear. The chroman ratio seems to reflect the salinity in
the surface water in these cases (Sinninghe Damsté et al., 1993). Although the
relation of the chroman ratio to salinity in the palacoenvironment has been well-
studied, the origin and formation pathway of MTTCs (XVI) remain unclear (see

following section).

Gammacerane (XVIII) is not a direct indicator of salinity, however its presence
reflects a density stratification of the water column, which is often the result of
saline/hypersaline bottom waters overlain by freshwater (e.g. Sinninghe Damsté et
al., 1995; Grice et al., 1998a). The predominant source of gammacerane (XVIII) in
sediments is tetrahymanol (XIX), a membrane component of bacteriovorous
protozoans living at the oxic/anoxic interface in the water-column (Sinninghe
Damsté et al., 1995). Gammacerane (XVIII) is often quantified relative to the regular

ap-hopane (“gammacerane index” = gammacerane/(gammacerane + off-hopane)).

Methyltrimethyltridecylchromans (MTTCs)

As mentioned previously, the abundance of 5,7,8-trimethyl-MTTC relative to other
MTTCs (XVI) is an excellent indicator for palaeosalinities. However, it remains
unclear how these compounds are formed or why their ratio reflects salinity. MTTCs
(XVI) have been reported in significant abundances in many sediments and crude
oils from wvarious depositional environments (Sinninghe-Damsté et al., 1987;
Schwark and Piittmann, 1990; ten Haven et al., 1990; Li et al., 1995; Grice et al.,
1998a; Schwark et al., 1998). Only certain isomers of mono-, di- and trimethyl-
MTTCs occur in geological samples (see Figure Al.l; Sinninghe-Damsté et al.,
1987). So far, MTTCs (XVI) could not be isolated from any organisms and there is
an ongoing debate whether these compounds are true biomarkers with a biological
origin or if they are formed in condensation reactions during (early) diagenesis
(Sinninghe Damsté et al., 1993; Li and Larter, 1995; Li et al., 1995; Sinninghe-
Damsté and De Leeuw, 1995; Zhang et al., 2012). Despite a structural similarity to
tocopherols (XV), these are not thought to be feasable precursors due to the hydroxyl
group at C-6 (Sinninghe-Damsté et al., 1987; Li et al., 1995). On account of the
limited number of MTTC isomers present in geological samples (XVI) and the

influence of salinity in surface water on the chroman ratios, Sinninghe Damsté et al.
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(1993) suggested a direct biosynthetic origin from phytoplankton. On the contrary, Li
et al. (1995) proposed the formation of MTTCs (XVI) through condenstion reactions
of presumably higher plant-derived alkylphenols (e.g. bound in lignin) with phytol
from the sidechain of chlorophylls (most commonly derived from phytoplakton).
They demostrated the generation of MTTCs (XVI) in various condensation reactions
between several free or bound alkylphenols with phytol or chlorophyll a (III).
Furthermore, they showed that pristenes were generated from pyrolysis of MTTCs
(XVI) and therefore suggested these compounds as a likely source of pristane (II) in

mature geological samples.

Perylene

Perylene (XX) is an unsubstituted PAH which is abundant in many Mesozoic and
Cenozoic sediments (e.g. Blumer, 1960; Orr and Grady, 1967; Aizenshtat, 1973;
Laflamme and Hites, 1978) and occasionally also occurs in samples as old as the
Devonian (Grice et al., 2009). Whereas the majority of unsubstituted PAHs originate
from incomplete combustion processes or anthropogenic contamination, perylene
(XX) has a different, but still unclear origin. Only small amounts of this compound
are formed during combustion of organic materials (Kawka and Simoneit, 1990;
Jenkins et al., 1996) and its abundance profiles usually differ to those of other
combustion PAHs (Jiang et al., 2000; Atahan et al., 2007; Grice et al., 2009; Suzuki
et al., 2010). Perylene (XX) is almost exclusively found in sediments deposited under
reducing conditions (Aizenshtat, 1973; Wakeham et al., 1980). Furthermore, a
diagenetic origin of perylene (XX) has now been widely accepted, based on its
increasing abundances with burial depth which commonly occurs in recent settings
(Orr and Grady, 1967; Aizenshtat, 1973; Wakeham et al., 1980; Gschwend et al.,
1985).

A likely source seems to be quinone pigments (XIX) abundant in a variety of extant
organisms including wood-degrading fungi, crinoids and some plants and insects
(Jiang et al., 2000; Grice et al., 2009; Suzuki et al., 2010). Suzuki et al. (2010) found
loosely correlated perylene (XX) abundances with the amount of terrigenous OM
input in Cretaceous to Paleogene sediments and suggested a fungal origin based on

distinct 8'°C signatures of perylene (XX). In addition, perylene (XX) has been linked
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to wood/lignin degradation in Holocene sediments by its appearance in intervals with
woody vegetation and an inverse correlation to the lignin biomarker guaiacol, all
described in Grice et al. (2009). They furthermore analysed various sediments and
crude oils from different time periods and did not find perylene (XX) in samples
deposited prior to the rise of vascular plants or in exclusively marine depositional
environments. However, despite its structural similarities to quinone pigments and its
association with fungal wood degradation, a chemical formation pathway has not
been proposed so far. Nevertheless, high abundances of perylene (XX) imply an
anoxic depositional environment and in many cases also terrestrial input and the
presence of (wood degrading) fungi or possibly other quinone pigment bearing

organisms such as crinoids.

Aims of the thesis

The main objectives of this thesis were to explore biomarker and stable isotope
approaches for the reconstruction of environmental and ecological changes in recent
and ancient depositional settings with a particular focus on reconstructions of
palaeosalinity and water-column stratification. A specific interest was to further
investigate the origin and formation pathway of MTTCs in geological samples and
their significance in palaeoenvironmental reconstructions, not only as palaeosalinity
indicators but also in novel applications as potential markers for terrigenous input
and riverine freshwater incursions (possibly leading to water-column stratification).
Another aim was to use comprehensive biomarker, elemental and stable isotope
studies to gain a more detailed knowledge on environmental changes (i) in a
depositional setting associated with ancient reef systems, which were severely
affected by the Late Devonian extinctions, and (ii) in the recent Coorong Lagoon,
which is representative of modern ecosystems undergoing severe ecological declines
as a result of human impact. In both environmental settings salinity and freshwater

incursion were major parameters influencing the ecosystem conditions.

Chapter 2

The Coorong region is an estuarine ecosystem in South Australia which has been

significantly affected by human alterations to its natural water-regime (page 8).
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Previous studies of the Coorong Lagoons indicated significant changes in primary
production (Krull et al. 2009; McKirdy et al. 2010) as well as an increase in salinity
(e.g. Webster 2005) which occurred as a direct result of the human water-
management and a prolonged drought. The objectives of Chapter 2 were to
investigate OM sources and salinity in the northern Coorong Lagoon prior to human
influence and further explore the nature and extent of changes in these parameters
over the past several decades. For this purpose, biomarker distributions and their
stable isotopic compositions (3"°C as well as 3D) as well as 8"°C of bulk OM were

analysed in a core from the North Lagoon spanning more than 5000 years.

Chapter 3

More knowledge about the origin and formation pathway of MTTCs in geological
samples may significantly enhance their significance in palacoenvironmental
reconstructions and might enable their application in proxies for freshwater-
incursions or terrigenous input (pages 35-37). Therefore the purpose of Chapter 3
was the development of a pyrolysis-GC-irMS method which enables the
measurement of individual §"°C values of the isoprenoid- and alkylphenol subunits
of MTTCs in order to possibly distinguish an origin of these compounds from (i)
direct biosynthesis or (ii) early diagenetic condensation reactions of higher plant-
derived alkylphenols with predominantly phytoplankton-derived phytol. In the case
of MTTC formation via condensation reactions, these individual 8"°C values may
reflect the different source organisms of the MTTC moieties (i.e. higher plants and

phytoplankton).

Chapter 4

The main intention of Chapter 4 was to further investigate the origin of MTTCs as
well as their significance in palacoenvironmental reconstructions and possibly
develop a novel biomarker approach for the reconstruction of freshwater incursions
in marine palacoenvironments. Therefore the relations of chroman ratios and MTTC
abundances to other molecular and stable isotopic indicators of water-column
stratification, salinity, terrigenous input, anoxia and photic zone euxinia were

investigated in sediments of a restricted marine Late Devonian palacoenvironment
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associated with reef systems. The main aims were (i) the establishment of the
relation between chroman ratios and palaeosalinities, particularly in a stratified
water-column and (ii) to explore the potential link of MTTC abundances to

terrigenous input and (riverine) freshwater-incursions.

Chapter 5

Although the Late Devonian extinctions rank amongst the biggest mass extinction
events in Earth’s history their nature and caus(es) remain unclear (pages 3-5). The
biggest and most famous of the associated events occurred at the F-F boundary;
however there were also less intensively studied extinction pulses throughout the
time period from the Middle Givetian until the end of the Famennian. In Chapter 5
the main intention was to gain a more detailed insight into palacoenvironmental
conditions in marine depositional settings associated with reef systems close to or at
the G-F boundary as well as later in the Frasnian to identify periods of elevated biotic
stress and further explore potential events related to the Late Devonian extinctions. A
secondary interest was the investigation of conditions supporting the exceptional OM
and biomarker preservation in the Gogo Formation of the Canning Basin. To achieve
these goals an integrated biomarker, elemental and stable isotope approach combined
with palynolgical data and Rock Eval pyrolysis was used to analyse sediments in a

core from the Canning Basin, WA spanning the before-mentioned time periods.
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Chapter 2

Abstract

European settlement and drought have significantly impacted the hydrology of the
Coorong, a shallow coastal lagoon complex in South Australia, which is part of a
terminal wetland at the Mouth of the River Murray. An increased salinity associated
with lower water levels and progressive isolation from ocean flushes contributed to a
severe decline in ecological diversity over the last several decades. Here we have
conducted a molecular and stable isotopic study of a sedimentary core from the
northern Coorong Lagoon spanning more than 5000 years to investigate the recent
palaeoenvironmental history of the ecosystem. Major alterations were evident in
many biogeochemical parameters in sediments deposited after the ~1950s coinciding
with the beginning of intensified water regulations. The most prominent shift
occurred in 8"°C profiles of long chain n-alkanes (C,;-Cs3) from average values of -
22.6 %o to an average of -29.5 %o. Further changes included decreases in carbon
preference index (CPI) and average chain length (ACL) of the n-alkane series as well
as significant increases in algal (e.g. C,oHBI, long chain alkenes and Cj¢-alkadiene)
and bacterial (e.g. °C depleted short-chain n-alkanes and hopanoids, 8"°C values:
-35.9 to -30.1 %o) derived hydrocarbons. Long-chain n-alkanes with a strong odd-
over-even predominance as observed here are typically attributed to terrestrial plants.
In the Coorong however, terrestrial input to sedimentary OM is only minor.
Therefore changes in the before mentioned parameters were attributed to a source
transition from predominantly aquatic macrophytes towards a major contribution

from microalgae and bacteria.

0D values of long chain n-alkanes showed a general trend towards less depleted
values in younger sediments, indicating an overall rising salinity. However, the most
pronounced positive shift in these profiles again occurred after the 1950s. Altogether
this study demonstrates that the recent human induced changes of the Coorong
hydrology, compounded by a severe drought led to an increase in salinity and
alterations of primary production which have been much more significant than
natural variations occurring throughout the Holocene over several thousands of

years.

Keywords: Coorong Lagoon, 8D, salinity, organic matter, perylene, 1-chloro-n-

alkanes
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Chapter 2

Introduction

The Coorong is part of a terminal lake system in South Australia at the mouth of the
River Murray. It consists of two narrow coastal lagoons (North and South Lagoon)
which are connected through a small channel and together extend for more than
130 km in length (Figure 2.1). The wetland is of great ecological significance, in
particular for water birds (migratory and native; Paton et al., 2009), and is therefore
listed under the Ramsar Convention on Wetlands and is protected as a national park.
However, substantial water regulations imposed on the River Murray and the lake
system in the second half of the 20™ century, compounded by a severe drought from
2000-2010, have significantly altered the complex and dynamic hydrology of the
ecosystem leading to a marked increase of salinity in the Coorong and a severe
decline of ecological diversity over the past several decades (e.g. DEH, 2000;
Shuttleworth et al., 2005; Paton et al., 2009; Dick et al., 2011). Although recent
floods in 2010 temporarily improved the ecological state of the Lower Lakes and led
to a short term recovery of the freshwater levels in the Coorong, the long term issue
of providing continuous riverine input (especially under future drought conditions)
has not been resolved and an extensive water management plan is required to further

restore and maintain the diverse ecosystem of the Coorong (Kingsford et al., 2011).

Estuarine systems like the Coorong have multiple organic matter (OM) sources
including in situ primary production by organisms such as phytoplankton, microbial
mats, macroalgae or aquatic and benthic plants as well as allochthonous input from
terrestrial plant debris and soil OM which enter the system mainly through riverine
inflow (e.g. Shuttleworth et al., 2005; Volkman et al., 2008). Changes in the type of
OM - for example caused by different flow regimes — can have a profound impact on
the ecosystem since the base of the food-web is affected (Krull et al., 2009). Efficient
remediation measures for the Coorong require a profound understanding of the
effects of alterations in parameters such as water-level, salinity or quantity of riverine
input (all of which have occurred as an immediate result of human water
management) on the ecosystem. This also involves gaining detailed knowledge about
ecology and palaeoenvironmental conditions prior to human influence, and tracking
changes in OM sources over time to establish their relationship with the key

environmental parameters previously mentioned.
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Figure 2.1: Location of the Coorong including the sampling site

The analysis of sedimentary biomarkers in combination with compound specific
stable isotope analysis (CSIA) is a powerful analytical tool for this purpose and has
been frequently used to elucidate OM sources and/or environmental conditions at the
time of deposition (e.g. Freeman et al., 1994; Grice et al.,, 1996, 2001, 2005a;
Volkman et al., 2008; McKirdy et al., 2010). Compound specific 6D analysis has a
great potential for reconstructions of climate and hydrological conditions in
palacoenvironments since D/H-ratios of biolipids in autotrophic organisms are
strongly influenced by the composition of the utilized source water (Sessions et al.,
1999; Andersen et al., 2001; Sauer et al., 2001; Dawson et al., 2004; Nabbefeld et al.,
2010). 8D signatures of biomarkers derived from aquatic or benthic organisms thus
reflect D/H ratios in the lake or seawater (Sachse et al., 2006; Miigler et al., 2010)
and therefore often strongly correlate with palacosalinities (Andersen et al., 2001;
McKirdy et al., 2010; Miigler et al., 2010). Salinity in estuarine systems such as the
Coorong co-varies with 6D signatures of lake water since it is largely determined by
the balance of evaporation and seawater inflow (both leading to a D-enrichment in
the reservoir) and the input of D-depleted meteoric waters from precipitation or

riverine influx (Gat, 1996; Ingram et al., 1996).
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A detailed investigation of OM sources in the recent Coorong was performed by
Revill et al. (2009) who analysed abundances and stable isotopic compositions of
pigment and lipid biomarkers in the water-column and surface sediments throughout
both lagoons. McKirdy et al. (2010) carried out a comprehensive study which also
included bulk and compound specific isotope analysis to reconstruct variations in
environmental conditions and OM sources in the Coorong from the mid to late
Holocene. However, their main focus was a core from the South Lagoon and only
some elemental and bulk isotope data from the North Lagoon was included.
Nevertheless their data revealed significant differences between the ecosystems of
the North and South Lagoon. Krull et al. (2009) combined elemental, bulk 5"°C and
BC-NMR analyses with radionuclide dating in several cores from both lagoons
spanning the past 100 years and found evidence for significant changes in
sedimentary OM, which coincided with the beginning of substantial human impact

on the water regime.

However, so far there have been no biomarker studies in sediments from the North
Lagoon spanning the time periods before and after European settlement. Here we
analysed 8'"°C of bulk OM as well as abundances and stable isotopic compositions
(8"°C and 8D) of lipid biomarkers in a core from the North Lagoon dating back more
than 5000 years. The aim was to gain insight into the ecosystem of the North Lagoon
in pre-European times, reconstruct salinity variations over an extended timeframe
and more robustly scrutinise the recent changes in OM sources observed by Krull et
al. (2009). Pollen analysis and different dating techniques performed previously by
Krull et al. (2009) and Fluin et al. (2007) in a core nearby allowed for a correlation of

our data with recent events in the Coorong.

Analysed samples

Environmental settings

Together with Lakes Alexandrina and Albert the Coorong forms a terminal wetland
at the mouth of the River Murray (Figure 2.1). The region experiences a
Mediterranean climate, with comparatively cool and moist winters and long dry

summers. The elongated Coorong covers an area between 150-240 km® depending on
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seasonal changes and features an average depth around 1 m with maximum depths of
4 m (Boon, 2000). In its natural state the North Lagoon used to be connected to Lake
Alexandrina which receives freshwater input from the River Murray. The hydrology
of the Coorong was determined by seawater exchange through the Murray Mouth
and freshwater input from Lake Alexandrina as well as groundwater and surface
runoff via Salt Creek at the southern end of the lagoons (Boon, 2000; Webster,
2005). Seasonal and tidal changes created various dynamic habitats in and around the
lagoons, supporting a diverse range of bird, fish and plant species (DEH, 2000;
Boon, 2000).

Human water management with an impact on the Coorong commenced
approximately 100 years ago in the form of regulations and diversions from the River
Murray for agricultural use and ship navigation (Maheshwari et al., 1995). In 1940
barrages were installed between the Coorong and Lake Alexandrina which largely
prevented water exchange and reduced riverine input. However, there was still
regular freshwater flow into the North Lagoon until the 1950s as the barrages were
regularly opened to prevent flooding of the surrounding areas (Krull et al., 2009).
After a major flood event in 1956 the inflow from the River Murray was reduced
significantly due to increased abstraction for agricultural and domestic use. A severe
drought between 2000 and 2010 has led to a further decline in freshwater input
(Webster, 2005, 2010; Kingsford et al., 2011). The reduced inflows contributed to
siltation of the Murray Mouth, limiting the seawater exchange with a temporary
closure occurring in 1981. During the recent drought at the beginning of this century
an open connection has only been maintained by regular dredging (Webster, 2005;

Kingsford et al., 2011).

Depending on the amount of freshwater inflow through the barrages the salinities in
the northern part of the lagoon close to the Murray Mouth can vary from values
approaching zero to seawater levels. Salinity increases with distance from the
Murray Mouth, and constant hypersalinity prevails in the South Lagoon during
periods of low freshwater inflow such as the drought from 2000 to 2010 (e.g. Boon,
2000; Webster, 2005; Webster, 2010). The salinity increase is usually considered the
main cause for the extinction of key species such as the macrophytes Ruppia

megacarpa and other significant alterations to the ecosystem (Nicol, 2005; Dick et
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al.,, 2011). Increased environmental flows after 2010 have caused a slight and
temporary improvement of the ecological state in the Coorong (Kingsford et al.,
2011) but this is not addressed here since the presently analysed samples were

collected in 2005.

Sample collection

The core analysed in this study was part of a suite of samples collected throughout
the Coorong in 2005 by University of Adelaide researchers for a project
commissioned by the Department of Water, Land and Biodiversity Conservation
(DWL&BC) for the Upper South East (USE) Program. The sampling site was
located in the middle of the North Lagoon slightly south of the Murray Mouth
(Figure 2.1) and is equivalent to core “C4” in Krull et al. (2009). Sample collection
and preparation of the core are described elsewhere (e.g. Krull et al., 2009; see
Appendix 2). For this study the core was sampled between the depths of 0 and 115
cm in 5 cm intervals for biomarker analysis and 1 cm intervals for bulk stable isotope

and TOC measurements.

Chronology

In the present study we used chronological data obtained by Krull et al. (2009) and
Fluin et al. (2007) from a core referred to as “C3” (located in close vicinity to C4) to
correlate observed alterations in biomarker parameters and their stable isotopic
compositions with significant events in the Coorong. Krull et al. (2009) used a
combination of Pinus pollen analysis (a species introduced by Europeans) and
radionuclide-dating (**’Cs and Pu isotopes) in various cores collected throughout the
Coorong to establish chronologies over the past 50-60 years. Sediment ages in more
basal parts of some of these cores, obtained from '*C—accelerator mass spectrometry

(AMS), have been published by Fluin et al. (2007).

The first appearance of Pinus pollen in sediments from southeastern Australia is a
common indicator for the evolution of European settlement and is often used in
combination with other dating techniques (Tibby, 2003). In the Coorong its first
occurrence roughly correlates with the 1950s (Krull et al., 2009). In core C3 and core

C4 the first Pinus pollen were detected at depths of 23 and 27 cm, respectively (Krull
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et al., 2009). A detailed description of the principles of *’Cs and Pu radionuclide
dating can be found in Krull et al. (2009).

Analytical methods

Sample preparation and analytical methods can be found in the supplementary

information (SI) included in Appendix 2.

Results and discussion

Changes of OM sources in the North Lagoon

Figure 2.2 displays depth profiles of selected parameters indicative of changing OM-
sources in the North Lagoon in a chronological context. A pronounced excursion in
the TOC profile shortly below a depth of 20 cm marks the increased input of
(terrestrial) OM being flushed into the lagoon during a large flood event in 1956. A

second excursion at ~ 50 cm might indicate an earlier and non-reported flood.

The first occurrence of Pinus pollen at a depth of 27 cm indicates the beginning of
European influence in the Coorong region and roughly coincides with the beginning
of a restricted freshwater inflow into the North Lagoon through the barrages (see
“Chronology” page 67). Sediment ages also included in Figure 2.2a were published
by Krull et al. (2009) and Fluin et al. (2007). Sediments < 25 cm, deposited after
drastic alterations of the Coorong water regime, are hereafter referred to as “recent
sediments” and the remaining sediments deposited before a significant European

influence as “older sediments”.

Evidence from microalgal and bacterial biomarkers

A notable difference in recent sediments of the North Lagoon deposited after the
~1950s was a significant increase in relative abundances of microalgal- and
bacterial-derived hydrocarbons including the Cyp highly branched isoprenoid (HBI; 1,
see Figure A2.1 for structures), C,7 - Cyo-alkadienes and short chain n-alkanes (C4-
Cyo, Figure 2.2a and Figure 2.3). Also steroid and hopanoid distributions showed

significant alterations in recent sediments (Figure 2.4a and b and Figure 2.5).
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Figure 2.2: Alterations in TOC [%], n-alkane distributions (carbon preference index (CPI), average
chain length (ACL)) and abundances of selected biomarkers relative to long-chain n-alkanes (a) and
8'*C- profiles in a core from the northern Coorong Lagoon (b) put into perspective with events in the
region and inferred sediment ages from "*’Cs, Pu and '*C-AMS dating (dating was performed on a
neighbouring core). Flood events were marked according to excursions in the TOC profile. The first
occurrence of Pinus pollen (Pinus line) indicates the beginning of European influence and roughly
coincides with the 1950s (Krull et al., 2009). n-C; = n-alkane with chain length “i”; C;fpH =
17B,21B-22R-homohopane; CPI = 3 Co4d/Y Ceven 0ver the range from C,-Csg, where “Coqq” and “Ceyen”
are peak areas from TIC chromatograms of n-alkanes with odd and even numbered chain lengths,
respectively; ACL = Y (ixC;)/Y.C; where “C;” is the peak area of the n-alkane with carbon number “i”
over the range from C,—Cj;; * from Krull et al., (2009), ® from Fluin et al. (2007). OM = organic
matter
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The C,0HBI has been frequently assigned to a diatomaceous origin (e.g. Volkman et
al., 1998; Atahan et al., 2007; McKirdy et al., 2010) based on stable isotopic
compositions and abundance profiles as well as structural similarities to the C,s and
Cso HBIs (II, III), which are established biomarkers for these microalgae (Volkman
et al.,, 1998). However, the C,0HBI or potential precursors have, unlike the larger
analogues, never been isolated from cultured organisms. The enriched 3"°C values of
the C0HBI in sediments from the North Lagoon (-18.8 to -13.9 %) were typical of
lipids produced by diatoms since many species are capable of assimilating enriched
bicarbonate as opposed to more depleted CO, (Freeman and Hayes, 1992; Bieger et
al., 1997). The C,0HBI was the dominant aliphatic product in most sections of a core
from the South Lagoon, where conditions such as high salinities and a higher degree
of isolation have prevailed throughout the Holocene before being significantly
enhanced by the recently employed interferences with the water regime (McKirdy et
al., 2010). The elevated abundance of the C,0HBI in recent sediments of the North
Lagoon indicates important changes in the environmental conditions and water
regime since a diatom population similar to that previously present in the South

Lagoon became supported.

Furthermore, the uppermost sediments (< 20 cm) contained high concentrations of
unsaturated aliphatics, with Cy3-Cy9 n-alkenes and a C,9 n-alkadiene of notably high
abundance (Figure 2.3). Long-chain n-alkenes with a strong odd-over-even
predominance are produced by some green microalgae and possibly cyanobacteria
(Gelpi et al., 1970; Gelin et al., 1997; Allard and Templier, 2000). The Cy7-Cy9 n-
alkadienes were most likely derived from the A race of the green algae Botryococcus
braunii which is known to produce odd-carbon-numbered C,7-Cs; n-alkadienes and
minor amounts of the Cyg n-alkatriene (Metzger et al., 1986; Metzger and Largeau,
2005). n-Alkadienes of similar chain lengths have also been isolated from some
chlorococcales algae (Allard and Templier, 2000). Although Botryococcus braunii is
a freshwater species, there is reported evidence of its presence in hypersaline
environments, mainly due to salinity stratification in the water-column (e.g. Grice et
al., 1998a) which also periodically occurs in the Coorong (Webster, 2005). Blooms
of this species have previously been observed in the Coorong region (Cane, 1976)

and 8"C signatures of the Cy n-alkadiene (-24.6 to -22.5 %o) would also be
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consistent with an origin from these algae (Grice et al., 1998a). The high relative
abundance of the unsaturated aliphatics in recent sediments is in accordance with the
high abundance of green algae in the water-column of the present day Coorong
(Revill et al., 2009). However, the difference to older sediments, in which these
compounds showed very low abundances or were absent, can also be partly
attributed to their relatively unstable structures resulting in an early transformation

into more stable n-alkanes during diagenesis.
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Figure 2.4: Alterations of biomarker abundances relative to Y C,;-C3; n-alkanes in a core from the
North Lagoon. *Concentration in dry weight sediment [ng/g]. The first occurrence of Pinus pollen
(Pinus line) indicates the beginning of European influence and roughly coincides with the 1950s
(Krull et al., 2009). The corresponding depths of flood-events were determined from excursions in the
TOC profile. * from Krull et al. (2009). Tm-B = . 174-22,29,30-trisnorhopane
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C14-Cy n-alkanes often maximising at C,7 are usually attributed to diatoms, green
algae or cyanobacteria (Cranwell, 1982; Gelpi et al., 1970; Han and Calvin, 1969). In
the most recently deposited sediments from the North Lagoon the C,7-C,4 n-alkanes
showed an increase of relative abundance (cf. C;;-C;; n-alkanes) and light 31C
values (-35.3 to -30.0 %o0), which were in the same range as bacterial derived
hopanoids (Figure 2.4b) indicating a common source. 8"°C signatures of bacterial
lipids, in particular those originating from benthic microbial mats, are often more
depleted than planktonic microalgal lipids (Collister et al., 1994b; Freeman et al.,
1994; Bieger et al., 1997; Logan et al., 1999). Bacterial-derived hopanoids (C,7-C3,)
were abundant in all samples (Figure 2.4b) and showed distributions typical of

immature sediments with a complex suite of hopenes (hop-17(21)-enes, neohop-
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13(18)-enes and hop-22(29)-ene (diploptene)) and high abundances of 175,21B-
hopanes (biological configuration) relative to 17p,21a and 17021 isomers. Most
hopanoids exhibited highest abundances (cf. n-alkanes) in the uppermost 20 cm
indicating an increased bacterial input. The molecular distribution of hopanoids
showed slight variations throughout the core, however they were most pronounced in

recent sediments presumably reflecting changes in the bacterial populations.

O depth: 0-25cm

@ depth: 25-115cm

027 C29

Figure 2.5: Ternary diagram of ster-2-enes and cholestane (only steroids in the aliphatic fractions) in
a core from the northern Coorong Lagoon. Sediments between 0-25 cm were deposited after the
~1950s, a period when human interference with the water regime intensified significantly. Deeper
sediments were deposited over several thousands of years.

The most abundant steroids in the aliphatic fractions were C,7, Cy3 and Cy9 Sa, 14a,
17a, 20R ster-2-enes, which are early diagenetic products of biological steroids (e.g.
Mackenzie et al., 1982). We also detected low abundances of 5a,140,170 20R-
cholestane, a product formed during slightly later stages of diagenesis (Mackenzie et
al., 1982), which showed increasing abundances with sediment age typical of a
diagenetic product (Figure 2.4b).The ternary diagram in Figure 2.5 showed distinct
changes in ster-2-ene distributions in recent sediments, with a significantly increased

abundance of cholest-2-ene and other C,7-steroids.

Although C,9 desmethyl-steroids are often assigned to a terrestrial plants origin (e.g.
Huang and Meinschein, 1979) they have also been detected in significant amounts in

microalgae, seagrasses and sediments without higher plant input (Attaway et al.,
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1971; Volkman, 1986; Volkman et al., 1998; Grosjean et al., 2009). Revill et al.
(2009) attributed all sterols they detected in water-column and surface sediments
throughout the Coorong to aquatic organisms, namely different types of green
microalgae, diatoms (Cy9- and Coys-sterols) and zooplankton (C,-sterols). The high
relative abundance of cholest-2-ene in recent sediments of the North Lagoon may be
an indication for an increased population of zooplankton feeding on benthic
microbial mats (McKirdy et al., 2010). The primary source organisms of the Cyg ster-
2-ene in the North Lagoon sediments are most likely microalgae and aquatic plants
(the latter particularly in older sediments) possibly with a minor contribution from
terrestrial plants. The relatively lower abundance of C,9 ster-2-enes in recent
sediments might reflect the recent extinction of aquatic macrophytes due to the rising

salinities (Nicol, 2005; Krull et al., 2009; Dick et al., 2011).

Evidence from long-chain n-alkane distributions

The aliphatic fractions were dominated by a suite of mid- to long-chain n-alkanes
(C21-C33) with a strong odd over even predominance (e.g. Figure 2.3). In recent
sediments (< 25 cm) their distribution profiles showed significant alterations evident
in decreasing carbon preference indexes (CPI, calculated after Eq. 2.1) and average
chain length (ACL, calculated after Eq. 2.2) which both pointed towards a change in

the type of source organisms (Figure 2.2a).

CPI = 2. Cou 2.1)

Z Ceven

where “Coqq” and “Ceye," are peak areas from TIC chromatograms of n-alkanes with

odd and even numbered chain lengths, respectively over the range from C,;—Csg

AcL = 2.0xE) 2.2)

where “C;” is the peak area of the n-alkane with carbon number

(1342
1

over the range

fI‘OIIl C21—C31
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Typically long-chain n-alkanes with high CPIs are ascribed to epicuticular waxes of
vascular plants (Eglinton and Hamilton, 1967). However, also various aquatic
organisms including microalgae, cyanobacteria or aquatic macrophytes are known to
produce long-chain n-alkanes or long-chain n-alkyl precursors such as fatty acids, n-
alcohols or n-alkenes (e.g. Cranwell, 1984; Volkman et al., 1998; Ficken et al., 2000;
Jaffé et al., 2001). A major contribution from terrestrial plants to the long-chain n-
alkanes detected here seems unlikely since several studies (using various analytical
approaches) confirmed only a minor terrestrial input to the sediments of the North
Lagoon. These included biomarker analysis in surface sediments and the water-
column (Revill et al., 2009) as well as elemental (low C/N values; Krull et al., 2009;
McKirdy et al., 2010) and *C-NMR analysis (Krull et al., 2009) in sediment cores.
Also the ACL of n-alkanes detected in this study (25.2 - 26.6) was lower than the 28
to 33 typical of terrestrial plants (Chikaraishi and Naraoka, 2003). However, the
presence of pollen (e.g. Pinus, Krull et al., 2009) does indicate a minor terrestrial

input.

An alternative source of these hydrocarbons in an estuarine system like the Coorong
could be aquatic plants, which mainly synthesise n-alkanes of mid-chain lengths
typically maximising at C,;, Cy3 or Cys (Botello and Mandelli, 1978; Cranwell, 1984;
Ficken et al., 2000; Jaffé et al., 2001). P,q values (Eq. 2.3, where “C” is the peak area
of n-alkanes), determined according to a proxy to distinguish input from terrestrial
vs. aquatic plants (Ficken et al., 2000), varied between 0.37 and 0.61, indicating a
major contribution from non-emergent aquatic plants to the n-alkanes found in the
North Lagoon. This is in accordance with the formerly high abundance of aquatic
macrophytes, in particular Ruppia megacarpa, which used to be a significant source

of OM before its recent extinction due to the rising salinity (Krull et al., 2009).

Paq =(C+C ) (Cy +Cys +Cyy +C5)) (2.3)

Other potential sources of sedimentary n-alkanes in the North Lagoon are aquatic
microorganisms such as diatoms, green algae or bacteria. Although most of these

organisms commonly produce n-alkanes of a shorter chain length (C;4-Cyo,
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“Evidence from microalgal and bacterial biomarkers”, page 67ff.), long-chain n-
alkanes have also been attributed to some of these species (e.g. Cranwell, 1982,
1984; Collister et al., 1994a; Lichtfouse et al., 1994; Volkman et al., 1998; Logan et
al., 1999; McKirdy et al., 2010). Whereas diatoms and bacteria typically generate
(long-chain) n-alkane distributions without a pronounced odd-over-even
predominance (Ord et al., 1967; Davis, 1968; Han and Calvin, 1969; Jones and
Young, 1970; Volkman et al., 1980; Nichols et al., 1988), green algae often
synthesise long-chain n-alkenes with odd carbon numbers leading to n-alkane
distributions with high CPIs (Gelpi et al., 1970; Gelin et al., 1997; Allard and
Templier, 2000). The decreasing CPIs observed in the most recent sediments of the
North Lagoon (Figure 2.2a) could therefore indicate an increasing abundance of
cyanobacteria or diatoms consistent with the increase of phytoplanktonic biomarkers
observed in this and other studies (“Evidence from microalgal and bacterial
biomarkers” page 68ff.). Low CPI distributions are also commonly found in mature
sediments as the result of degradation processes during diagenesis (Peters et al.,
2005) and can therefore be indicative of contamination with petroleum products.
However such contamination in the Coorong seems unlikely since there has been no

other indication for this in the present project or in previous studies.

Evidence from 6"°C and oD profiles

8'C profiles of bulk organic carbon and selected biomarkers throughout the analysed
core are displayed in Figure 2.2b. Most profiles showed comparatively minor
variations in older sediments representing several thousand years (25-115 cm), but a
marked negative shift in recent sediments (< 25 cm), indicating significant changes
in the ecosystem of the North Lagoon since the ~1950s. The bulk 5"°C profile also
exhibited a -5 %o shift coincident with this point but showed an additional sharp
negative spike shortly below 20 cm reflecting depleted terrestrial OM being flushed
into the system during the large flood event in 1956. The flood was also reflected in
the TOC values but its direct effects were not visible in other profiles due to their
lower resolution. The bulk 8"C signatures were generally slightly heavier than
corresponding values obtained for n-alkanes, which is to be expected since lipids in
autotrophs are generally more depleted compared to total biomass (Monson and
Hayes, 1982).
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The most pronounced negative shift (average: 7 %o) in recent samples occurred in
8°C values of Cy1-Cao n-alkanes (+ their monoenes if present, see SI page 93ff). It
was most likely caused by a significant change in source organisms, although
environmental factors such as increasing salinity can also influence 8'"°C values in
biomarkers and sediments. However, an elevated salinity as reported in the Coorong
over the past decades is usually associated with heavier isotopic signatures in
biolipids (Schidlowski et al., 1984; Grice et al., 1998; Andersen et al., 2001) and the

opposite (lighter isotopic signatures) is observed in the North Lagoon.

Further indications for a change in source organisms were distinct sawtooth patterns
with °C depleted and D enriched even-carbon-numbered n-alkanes in older
sediments (> 25 cm) whereas these features diminished and became absent in more
recent samples (e.g. Figure 2.3). Similar sawtooth patterns have been reported in
various higher plant waxes due to different metabolic pathways used for the
synthesis of odd and even numbered homologues (Grice et al., 2008a; Zhou et al.,
2010) as well as in sediments, where this pattern may also be enhanced by or be the
result of input from different source organisms such as a microalgal bias to odd

numbered n-alkanes (Logan et al., 1999; Grice et al., 2001; Dawson et al., 2004).

The isotopic differences evident throughout the studied core were also visible in a
crossplot of 8"C vs. 8D values of long chain r-alkanes in representative samples
from the North Lagoon well before (105-110 cm) and significantly after (0-15 cm)
human interferences had impacted the water regime (Figure 2.6). Three groups,
namely n-alkanes in recent sediments and odd-chain and even-chain n-alkanes in
older sediments, were clearly separated. The distinction was however somewhat
more obvious in 8'"°C than in 8D signatures since isotopic fractionations in different
metabolic pathways are usually reflected more strongly by 8"C values (e.g.
Chikaraishi and Naraoka, 2003; Polissar and Freeman, 2010). The enrichment in D in
the most recent samples is also a result of the rising salinity and decreased freshwater

input (see “Salinity variations in the North Lagoon over time” page 83).

81C signatures of long chain n-alkanes in older sediments are consistent with a
predominant origin from aquatic C3 plants such as seagrasses, which produce
relatively enriched hydrocarbons compared to their terrestrial counterparts.

Chikaraishi and Naraoka (2003) reported an average &°C value of n-alkanes
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extracted from three marine seagrass species of -22.8 +1.0 %o and slightly more
depleted values for aquatic freshwater plants of -25.3 £1.9 %o. There may also be a
minor contribution from phytoplankton and a small allochthonous input from
terrestrial plants potentially including species from halophytes (see “Significance of

1-chloro-n-alkanes” page 81).
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Figure 2.6: Crossplot of 3"°C vs. 8D values of long-chain n-alkanes (C;-C,9) in representative
sediments from the northern Coorong lagoon deposited prior (100-115 cm) and after (0-15 cm) the
beginning of human control over the water regime in the Coorong. n-Cey., and n-C,yq stands for n-
alkanes with an even- and odd-numbered carbon chain, respectively.

Although the "*C depleted n-alkanes in recent sediments of the North Lagoon are in
the range of terrestrial C3 plants waxes (e.g. Chikaraishi and Naraoka, 2003), a
predominant origin from these organisms seems implausible since a high
allochthonous contribution to sedimentary OM in the North Lagoon, especially in
recent years, is unlikely (see “Evidence from long-chain n-alkane distributions” page
74ff). According to Revill et al. (2009) the primary source of OM in surface
sediments of the North Lagoon were benthic diatoms and cyanobacteria whereas OM
in the water-column was mainly derived from green algae. Diatom derived lipids
often have more "*C-enriched signatures (“Evidence from microalgal and bacterial
biomarkers” page 68ff), which makes them an unlikely source of the *C-depleted n-
alkanes in the recent sediments from the North Lagoon. McKirdy et al. (2010)
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observed a similar shift in 8"°C values of n-alkanes in recent sediments of the South
Lagoon and attributed it to a primary source change from aquatic macrophytes to
bacteria. Such a source transition also seems plausible in the North Lagoon. A
depletion would be expected from a higher bacterial contribution to the long-chain n-
alkanes since also other bacterial derived hydrocarbons such as short-chain n-alkanes
or hopanoids had very light 5"°C signatures (“Evidence from microalgal and bacterial

biomarkers” page 68ff.).

In the most recent samples (< 20 cm) longer-chain n-alkanes/alkenes > C,4 were on
average 4%o enriched in Bc compared to their shorter chain homologues, with 81C
values from -29.3 to -26.1 %o. This is presumably caused by a contribution from
green algae (possibly the A race of Botryococcus braunii) to these biomarkers, in
particular the n-alkenes. It is however more depleted than odd-carbon numbered n-
alkanes in older sediments which largely originated from aquatic macrophytes. This
indicates a mixed source for n-alkanes > C,4 in recent sediments with contributions
from bacteria as well as green algae and potentially also a minor input from
terrestrial higher plants. Revill et al. (2009) reported depleted values in green algal
derived phytol in the water-column sometimes approaching -30 %o, which they

attributed to a slow growth rate.

The 8"C values of predominantly bacterial-derived Cy7 n-alkane and the 17p,21B-
22R-homohopane also shifted towards more depleted values in the recent sediments,
although the trend was not as pronounced as that evident in (odd-carbon-numbered)
long-chain n-alkanes (Figure 2.2b). A possible explanation for this shift might be a
change in the bacterial population, which was also reflected by differences in
hopanoid distributions in that core-section (“Evidence from microalgal and bacterial
biomarkers” page 68ff.). For example an increase of bacterial growth in benthic
microbial mats, often favoured in highly saline environments as opposed to
planktonic organisms, would likely cause a negative shift in 5"°C values (Logan et
al.,, 1999). However, the observed shifts could also be the result of an increased
abundance of dissolved CO, caused for example by enhanced heterotrophic activity
after algal blooms or by a slight decrease of the pH which would lead to a C-
depletion in lipids of primary producers. Although the Coorong remains an alkaline

system (Revill et al., 2009) temporary stratification with more acidic bottom waters
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(pH: 6.8) have been observed (Geddes, 2003). With limited supply of [CO;]sq
phytoplanktonic organisms show less discrimination against “C resulting in
significantly enriched biolipids whereas a high abundance of this carbon source leads
to an enhanced discrimination and more depleted biolipids (Takahashi et al., 1990;

Freeman and Hayes, 1992).

The CyHBI was significantly more enriched in *C compared to n-alkanes and
hopanoids and also the sedimentary 8'°C depth profile of the C,0HBI was different to
those from the other hydrocarbons (Figure2.2b). This is a further indication of its
diatomaceous origin and the utilization of a different carbon source (i.e. bicarbonate

as opposed to [COz]aq)-

Most of the stable isotope and biomarker profiles described were distinctly greater in
magnitude than natural variations over thousands of years, thus indicating
unambiguous ecological changes in recent sediments (younger than ~1950).
However, it should be noted that sediments at greater depths of this core had a very
different time resolution (c¢f- radionuclide dates with radiocarbon age) and averaging

effects were much more significant for these compared to the recent sediments.

Origin of perylene

The PAH perylene (IV) was only present in trace amounts in sediments of the
uppermost 30 cm but increased significantly in concentration at greater depths
(Figure 2.4d). Unlike most other unsubstituted PAHs, which are mainly of a
thermogenic or pyrogenic origin, perylene is presumably a diagentic product and
typically shows different sedimentary abundances compared to these combustion
markers (Jiang et al., 2000; Atahan et al., 2007; Grice et al., 2009; Suzuki et al.,
2010). A likely source for perylene seems to be quinone pigments associated with
wood degrading fungi in particular but also with other organisms including crinoids
and certain plants and insects (Jiang et al., 2000; Grice et al., 2009; Suzuki et al.,
2010). A link to fungal wood/lignin degradation is also supported by the absence of
perylene in sediments and crude oils predating the evolution of vascular plants and in

marine sourced oils (Grice et al. 2009).

In the sediment core from the North Lagoon the increasing abundance of perylene

with depth (Figure 2.4d) is consistent with a diagenetic origin. Furthermore, *C-
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NMR analyses performed by Krull et al. (2009) showed that a significant lignin
source -most likely the macrophyte Ruppia megacarpa- was present in older
sediments from the North Lagoon (i.e. < 1950s) but absent in more recent sediments.
The co-occurrence of perylene and lignin in older sediments from the North Lagoon
and the absence of both in recent sediments do concur with the source correlation of

perylene to fungal lignin degradation.

Significance of 1-chloro-n-alkanes

The aliphatic fractions also contained a series of C;-C,s 1-chloro-n-alkanes which
can be identified in the m/z 91 mass chromatograms (Grossi and Raphel, 2003)
illustrated in Figure 2.8. This product series may extend to higher MW homologous,
but co-elutions with other analytes (i.e. alkenes, hopanoids and steroids) would have
compromised their detection. Nevertheless, Cso.; and Cs,.; chloro-n-alkenes have
been tentatively identified by relative retention times which were consistent with
previous reports (Zhang et al., 2011) and by mass spectral features. The abundance
profiles of the Cj¢-1-chloro-n-alkane (representative of other homologues) and the
putative Cs;.; chloro-n-alkene throughout the core are displayed in Figure 2.4c. The
general similarity of both profiles is indicative of a common source and supportive of

our putative identification.

Although a variety of organohalogens are produced biosynthetially, in particular by
marine organisms but also by some terrestrial life forms including plants and higher
animals (e.g. Gschwend et al., 1985; Winterton, 2000; Gribble, 1996, 2003), reports
of mid- to long-chain 1-chloro-n-alkanes in sediments are sparse. Zhang et al. (2011)
detected Csp.; and Csp.; 1-chloro-n-alkenes, which we also tentatively identified in
this study, in sediments from a freshwater crater lake in the Galapagos Islands. A
series of long-chain 1-chloro n-alkanes (C;9-Cy9) has been isolated from 3 genera
(Suaeda, Sarcocornia and Halimione) of halophytic Chenopodidaceae (Grossi and
Raphel, 2003). Some of these species (including Sarcocornia and Suaeda) are also
found in the Coorong region (Boon, 2000 and references therein) and represent a
potential source for the chlorinated paraffins in the North Lagoon sediments.
However, the series detected in this study did not show the odd-over-even carbon

number predominance that Grossi and Raphel (2003) had previously observed in
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halophytes and it also comprised shorter-chain homologues (C;,-Cs), which have

not been detected in the Chenopodiaceae.
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Figure 2.7: Total ion chromatogram (TIC, (a)) and m/z 91 extracted ion chromatogram (b) of the
aliphatic fraction in sediments from the North Lagoon between depths of 0-5 cm. (c) is the EI mass
spectrum of the Ci4-1-chloro-n-alkane. C;: carbon number of displayed compound -classes;

: n-alkanes; : n-alkenes; * : m-alkadienes; : 1-chloro-n-alkanes; : tentatively identified 1-

chloro-n-alkenes; C;BH = 17f3,21B-22R-homohopane

Other sources of these compounds in the North Lagoon may include algae,
seagrasses or cyanobacteria. Although no long-chain-chloro-n-alkanes/ n-alkenes
have been isolated from these organisms so far, they are known to produce a variety
of other chloro-organic compounds including volatile 1-chloro-n-alkanes in the range
from C; to Cs (Mynderse and Moore, 1978; Gribble, 1996, 2003). The increased
relative abundances of 1-chloro-n-alkanes and 1-chloro n-alkenes in the most recent
sediments of the North Lagoon (Figure 2.4) point towards an algal or cyanobacterial
source since these organisms also were significantly more abundant in that part of the

core (see “Changes of OM sources in the North Lagoon”). Nevertheless,
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Chenopodiaceae have a high tolerance to salinity and may have become more

abundant in the lagoon catchment with the rising salinities in the Coorong.

Mid- and long-chain chloro-paraffins (CPs; Co - Csp) are also known anthropogenic
contaminants due to many industrial applications (Tomy et al., 1998; Stejnarové et
al.,, 2005). However, anthropogenically-sourced CPs commonly exhibit complex
distributions with various stereoisomers and different degrees of chlorination as a
result of the synthesis process (Tomy et al., 1998). Therefore the relative specificity

of the distinct series of 1-chloro-n-alkanes detected here precludes such an origin.

Table 2.1: §"°C [%o] £ standard deviation of 2 replicates of 1-chloro-n-alkanes/n-alkenes throughout a
sediment core from the North Lagoon. C; = carbon number

Depth [cm] 1-chloro-n-alkanes 1-chloro-n-alkene
Cis Cie Ci7 Csa
0-5 -29.0 0.0 -29.2 0.4 -31.8 0.1 -29.8 0.1

5-10 -28.1 0.1 -26.5 0.0 -27.8 0.2 -26.6 0.3
10-15 -29.1+0.2 -30.4 0.3 -25.4 0.2
15-20 -26.1+0.4
25-30 -26.9 0.1
30-35 -24.8 +0.4
40-45 -24.5+0.3 -27.4 0.5
45-50
50-55 -26.4 0.0
55-60 -25.1 0.2 -25.7 0.1 -26.0 £0.2
70-75 -25.5 0.2 -24.8 0.3 -26.4 +0.1
85-90 -26.0 0.2 -26.6 0.1

100-105 -25.8 0.5 -26.1 0.2 -27.310.5

110-115 -26.3 0.5 -26.3+0.4 -25.9 +0.0

3"°C values of the mono-chlorinated paraffins in the North Lagoon ranged from
-31.8 to -24.5 %o (Table 2.1) and are consistent with both a C3 plant source (such as
the chloro-paraffin containing Chenopodiceae analysed by Grossi and Raphel (2003)
and most Chenopodiaceae in the Coorong region) as well as with a bacterial or
microalgal origin (cf 8"C values of algal- and bacterial derived hydrocarbons,

“Evidence from microalgal and bacterial biomarkers™ 68/f.).

Salinity variations in the North Lagoon over time

0D signatures of selected even and odd numbered n-alkanes (+corresponding
monoenes if present, see SI page 93ff.) throughout the analysed core are displayed in

Figure 2.8. As previously discussed (“Changes of OM sources in the North Lagoon”
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page 68ff) these hydrocarbons primarily originated from autochthonous in situ
production and therefore their dD signatures reflect the D/H abundance (and thus
also salinity) in the lake water (Sachse et al., 2006; Miigler et al., 2010), with more
depleted oD values indicating lower salinities. The 8D profiles of all long chain n-
alkanes showed some variations but a general trend towards enriched 6D values in
younger sediments, indicating an overall rising salinity (Figure 2.8). The most
pronounced enrichment was evident in recent sediments (< 20 cm) presumably
representing a more pronounced increase in salinity over the past decades than the
previous hundreds/ thousands of years represented by the deeper sediments. The n-
alkanes deposited shortly after the flood event in 1956 showed a slight depletion in
dD values, reflecting a temporary freshening of the system. Similar variations in
salinity, including the pronounced increase over the past decades, have also been
observed in studies of diatom assemblages in the North Lagoon (McKirdy et al.,
2010). Relatively large variations of 8D values in older sediments also seem
consistent with variations in aridity in the Coorong region throughout the Late
Holocene e.g. (Ahmad, 1996; Mee et al., 2007). Possibly these changes would have

been more pronounced in 8D profiles at a higher time resolution.
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Figure 2.8: 8D profiles of representative n-alkanes with odd and even chain lengths (n-Ceye, and n-
C,ad, respectively) and other potential salinity indicators throughout a core from the North Lagoon.
Rpyindex = 2XCy,/(Cy+Cy) where “C;” is the peak area in GC-MS chromatograms of the n-alkane
with chain length “i” (ten Haven et al., 1988). The first occurrence of Pinus pollen (Pinus line)
indicates the beginning of European influence and roughly coincides with the 1950s (Krull et al.,
2009). The corresponding depths of flood-events were determined from excursions in the TOC
profile. * from Krull et al. (2009)

84



Chapter 2

Furthermore, the shift in 8D values of n-alkanes in the recent sediments might also
be enhanced by the change in source organisms discussed in “Changes of OM
sources in the North Lagoon”, page 68ff.. The influence of the different source
organisms on 8D signatures of n-alkanes is for example evident in the sawtooth
pattern described previously (Figure 2.3) which is only present in older sediments

prior to a significant human impact.

Another potential parameter reflecting the rising salinity in recent sediments was the
increasing abundance of the hop-(17)21-ene relative to other hopanes (Figure 2.8).
Hop-(17)21-enes seem to be formed during early diagenesis in hypersaline
environments in preference to 170,21B-hopanes (ten Haven et al., 1985; ten Haven et
al., 1988). However, longer chain homologues (C3;-Css), which are also indicative of
high salinities (e.g. ten Haven et al., 1985), were not abundant in the North Lagoon.
The Ry-index, displaying the abundance of the C,, n-alkane relative to the C,; and
C»; n-alkanes, can also be a marker for hypersaline depositional environments (ten
Haven et al., 1985; ten Haven et al., 1988). In the recent sediments from the North
Lagoon it increases significantly, as it is expected for rising salinities. However,
these recent sediment values of ~0.35 are still much lower than those reported by ten
Haven et al. (1985) in hypersaline environments. Despite the increase in salinity
evident in the North Lagoon it had not yet progressed to prevalent hypersalinity (e.g.
Webster, 2005).

Conclusions

The molecular and isotopic sedimentary record included evidence that human
interference with the water regime of the Coorong, namely a drastic reduction of the
freshwater inflow due to installation of barrages and extensive water abstractions
from the River Murray, was immediately responsible for major changes in the types
of primary production, sedimentary OM and salinity in the North Lagoon over the
past ~50 years. The magnitude of these parameter changes has been significantly
more pronounced than natural variations over thousands of years. Aliphatic and
aromatic biomarker analyses (including CSIA, C and H) in a sediment core from the

North Lagoon spanning more than 5000 years revealed changes in the populations of
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primary producers contributing to sedimentary OM from predominantly macrophytes
in sediments deposited prior to the 1950s towards bacteria and microalgae in more
recent sediments. Furthermore, H-CSIA enabled the reconstruction of salinity
variation in the North Lagoon, showing dynamic changes with an overall rise of
salinity throughout the Holocene. However, a sharp increase took place shortly after
the 1950s presumably due to the restriction of freshwater inflow through the
barrages. We also detected an interesting series of mid- to long-chain 1-chloro-n-
alkanes in these sediments. Potential sources of these compounds could be

halophytic Chenopodiaceae, cyanobacteria or microalgae.
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Appendix 2

Supplementary online material
Analytical methods

Sample collection

The core was collected with a field piston corer and sliced vertically using a circular
saw and ‘dustless’ diamond blade and stored at the University of Adelaide in a cold
room at 4°C. Subsamples were stored in glass vials at 4°C at CSIRO Land and
Water. The core was sampled between the depths of 0 and 115 cm in 5 c¢m intervals
for biomarker analysis and 1 cm intervals for bulk stable isotope and TOC
measurements. Ice boxes were used to keep samples cold during transfers between

different institutes.

Bulk stable isotope and TOC analysis

Sediment samples were dried at 55 °C overnight, ground, homogenised and weighed
into tin cups for analysis. For carbonate removal sulfurous acid was added directly
into the tin cups to prevent loss of acid-soluble organic carbon (Verardo et al., 1990).
After re-drying the samples were analysed for C content and 8"°C using a Carlo Erba
NA1500 CNS analyser interfaced via a Conflo II to a Finnigan Mat Delta S isotope
ratio mass spectrometer operating in the continuous flow mode. Combustion and
oxidation were achieved at 1090 °C and reduction at 650 °C. To ensure
reproducibility samples were analysed at least in duplicate. Results are presented in

the standard delta (&) notation relative to the international standard VPDB:

13 ) _ Rxample 0
51C (%o) = | —2_ 1 [x1000 %,

standard

93



Appendix 2

where R = °C/"C. % TOC was calculated from mass spectrometer peak areas using
standards with a known C content. The reproducibility of stable isotope

measurements was £ 0.2 %eo.

Sample preparation and extraction for biomarker analysis

Samples were dried on a heated sandbath (55 °C) or in a cool oven (45 °C),
powdered and extracted with a mixture of 9:1 dichloromethane (DCM): methanol by
accelerated solvent extraction (ASE) using a Dionex ASE 200 (Dionex, Sunnyvale,
CA, USA). The extracts were desulfurized overnight following addition of activated
copper powder. The filtered extracts were successively fractionated by silica gel
chromatography (column size: 20 cm x 0.9 cm 1.D.) using approximately two column
volumes of increasingly polar solvents. Aliphatic and aromatic fractions relevant for
this study were eluted with n-hexane and 30% dichloromethane in n-hexane,
respectively. An internal perdeuterated standard (p-terphenyl d'*) was added to the
aromatic fraction to assist semi quantitative analysis. Abundances of hopanoids,
sterenes and steranes were calculated from peak areas in m/z 191, m\z 215 and m/z
217 extracted ion chromatograms, respectively and reported relative to peak areas of
long-chain n-alkanes (C,;-Cs;) from total ion chromatograms (TIC) without the

consideration of response factors.

Gas chromatography mass-spectrometry (GC-MS)

GC-MS analyses were performed on an Agilent 5973 Mass-Selective Detector
(MSD) interfaced to an Agilent 6890 gas chromatograph (GC). For the separation of
the analytes a capillary column (60 m x 0.25 mm) coated with a 0.25 pm 5% phenyl
95% methyl polysiloxane stationary phase (DB-5MS, J & W scientific) was used.
The GC-oven was temperature programmed from 50 °C to 310 °C at a rate of 3
°C/min with initial and final hold times of 1 and 20 minutes, respectively. Samples
were injected (split/splitless injector) with a HP 6890 auto-sampler operated in a
pulsed-splitless mode at 280 °C. Helium was used as the carrier gas at a constant
flow rate of 1.1 mL/min. Full scan (50 - 550 Daltons) 70 e} mass spectra were
acquired typically with an electron multiplier voltage of 1800 V and a source

temperature of 230 °C.
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Gas chromatography-isotope ratio mass-spectrometry (GC-irMS)

GC-irMS analyses were performed on a Micromass IsoPrime mass-spectrometer
interfaced to either i) an Agilent 6890 GC equipped with a 6890 autosampler for
carbon isotope analysis; or ii) an Agilent 6890N GC with 7683 autosampler for
hydrogen isotope analysis. The GC- column, carrier gas, injector conditions and oven
temperature program were identical to the settings described for GC-MS. For §"°C
analyses an interface consisting of a quartz tube packed with CuO-pellets (4 mm x
0.5 mm, isotope grade, Elemental Microanalysis LTD.) maintained at 850 °C was
used to oxidize the organic analytes to CO, and H,O. The latter was subsequently
removed by a liquid nitrogen trap at -100 °C. Isotopic compositions were determined
by integration of the m/z 44, 45 and 46 ion currents of CO, peaks from each analyte
and reported relative to CO, reference gas pulses of known "*C-content. Isotopic

values are given in the delta () notation relative to the international standard VPDB.

For hydrogen isotope (D) analysis the gas chromatographically separated analytes
were converted into hydrogen gas in a pyrolysis furnace packed with chromium
catalyst at 1050 °C. 8D values were determined by integration of the m/z 2 and 3 ion
currents of H, peaks generated by the chromatographically separated analytes and
reported relative to H, reference gas pulses of known D/H content relative to the
international standard VSMOW. A correction factor accounting for contributions
from H;" produced in the ion source was determined by m/z 3 analyses at two

different H, gas pressures.

Each sample was analysed in duplicate and average values and standard deviations
were reported. Standard deviations for C-CSIA in all reported results were < 0.5 %o
and for H-CSIA always < 7 %o and in most cases < 5 %o. In house standard solutions
containing a mixture of n-alkanes with a known isotopic composition were regularly

(after ~8 analyses) analysed to confirm accuracy of measured isotopic ratios.

Peaks of corresponding monoenes (if present) were included for the calculation of
3'"°C and 8D values of n-alkanes since co-elution prevented baseline separations. A
further separation of the aliphatic fraction by procedures such as 5A-molecular
sieving (Grice et al., 2008a) or argentation-thin layer chromatography (TLC) was not

possible due to the limited amounts of sample material.
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Structures referred to in the text

C1oHBI (1)

C»sHBI (IT)

Figure A2.1: Structures referred to in the text

C30HBI (1IT)

perylene (IV)
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Data included in figures

Appendix 2

Table A2.2: TOC % and 3"°C of bulk organic matter (5"°Coy) included in Figure 2.2

depth [cm] TOC % 5"*Con depth [cm] TOC % 5"Con depth [cm] TOC % 5" *Con
[%o VPDB] [%o VPDB] [%. VPDB]
1 2.9 -22.8 54 17 205 108 18 202
2 2.9 245 55 14 213 109 18 208
3 2.7 247 56 14 -21.6 110 1.9 -20.7
4 25 -24.6 57 15 -21.2 111 1.9 -21.0
5 25 -24.4 58 15 211 112 1.9 211
6 23 -24.3 59 14 216 113 18 212
7 2.3 243 60 1.3 -20.9 114 1.8 221
8 2.3 -24.2 61 1.2 -21.2 115 1.8 215
9 2.3 -24.2 62 1.2 -21.0 107 18 -20.2
10 2.3 -24.1 63 13 -21.3 108 18 -20.8
11 21 -24.2 64 13 -21.3 109 1.9 -20.7
12 2.1 -24.2 65 14 -21.0 110 1.9 -21.0
13 1.9 -24.1 66 15 -20.9 111 1.9 -21.1
14 2.0 -24.1 67 18 -20.8
15 16 -23.7 68 18 -20.4
16 16 -23.5 69 1.9 -20.0
17 15 231 70 2.0 -20.0
18 15 -23.2 71 1.9 -20.1
19 1.7 -22.4 72 1.9 -20.0
20 1.9 -21.5 73 21 -20.1
21 2.6 -19.2 74 21 -19.8
22 21 214 75 2.0 201
23 55 -25.9 76 1.8 -20.1
24 1.9 -19.3 77 1.7 -20.1
25 1.0 -19.7 78 1.9 -19.9
26 13 -18.8 79 18 -19.8
27 1.3 -17.9 80 2.0 -19.8
28 1.8 -17.6 81 2.0 -20.3
29 1.4 -18.1 82 2.0 -20.4
30 15 -18.2 83 2.0 -20.2
31 1.9 -18.0 84 2.0 -19.7
32 16 -17.8 85 1.9 -20.3
33 0.6 -18.6 86 1.6 -19.8
34 0.7 -18.6 87 18 -20.2
35 1.2 -18.4 88 18 -20.4
36 1.0 -18.3 89 17 205
36 0.8 -18.7 90 17 205
37 1.7 -18.1 91 1.8 -20.7
38 0.8 -18.6 92 2.0 -20.6
39 1.0 -19.0 03 1.9 -20.6
40 0.7 -18.8 94 18 -20.6
41 0.8 -18.6 95 1.9 -20.7
42 14 -18.8 96 1.8 -20.5
43 1.3 -18.7 97 18 -21.4
44 16 -18.9 8 18 205
45 15 -19.3 99 1.7 205
46 15 -19.7 100 17 20.7
a7 0.5 -19.6 101 1.7 -20.9
48 18 -19.6 102 1.6 -21.0
49 38 -20.1 103 1.4 -20.8
50 17 -20.0 104 16 -20.9
51 2.0 -19.3 105 17 -21.0
52 2.0 -19.5 106 1.8 -20.9
53 1.9 -19.7 107 18 -21.2
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Table A2.2: Data included in Figure 2.2 except for TOC % and bulk 5"*C of organic matter. Standard deviations were calculated between two replicate analyses.

5"°C [%0 VPDB] #standard deviation.

medium depth > nN-Cys0/  N-Cooa/  CpoHBI/
CPI ACL
fem] InCost ¥ NCotsr 3 N-Corsn n-Ca3 n-Czs n-Cy7 n-Ca4 n-Cz n-Cy7 C3BB H CHBI
2.5 3.73 25.23 0.07 0.15 0.07 -31.7 0.0 -27.1 +#0.0 -27.8 0.1 -29.3+0.2 -31.6 +0.2 -33.3+0.1 -36.1+0.1 -16.1 +0.1
7.5 458 25.78 0.04 0.08 0.06 -30.4 £0.2 -26.4+0.1 -26.5 0.1 -28.6 £0.1 -28.9 £0.2 -31.6+0.1 -34. +0.49 -14.2 £0.1
12.5 4.07 26.07 0.04 0.06 0.04 -29.4 +0.3 -25.5+0.2 -26.3#0.1 -28.4 +0.5 -28.5+0.3 -31.5+0.4 -35.1 #0.5 -14.6 +0.4
17.5 4.64 26.47 0.02 0.02 0.05 -26.1 0.1 -24.1+0.1 -25.7+0.1 -27.1+0.1 -28.1+0.1 -32.2+0.1 -33.8 £0.2 -14.7 £0.3
22.5 5.99 26.60 0.01 0.01 0.03 -20.9 0.2 -20.3+0.2 -20.8 +0.2 -24.6 +0.4 -24.1 +0.5 -28.4+0.4 -30.8 +0.2 -13.9 +0.3
27.5 7.01 26.27 0.02 0.00 0.01 -19.6 0.0 -19.6 0.0 -19.8 0.0 -23.9 £0.2 -24.6 £0.2 -28.4 £0.2 -31.3+0.1 -14.9 £+0.3
325 6.39 26.24 0.02 0.00 0.02 -20.6 +0.1 -20.6 0.0 -21.3 +0.0 -24.5+0.2 -26.1+0.1 -27.4+0.2 -30.6 +0.2 -14.7 +0.4
37.5 7.05 25.82 0.03 0.00 0.02
425 6.31 25.83 0.04 0.00 0.03 -20.0 0.0 -20.0 0.1 -20.8 0.1 -23.7 £0.0 -25.1#0.1 -27.4+0.4 -31.0 £+0.2 -14.3 +0.2
47.5 6.35 26.26 0.02 0.00 0.02 -20.0 £0.1 -20.0 £0.1 -20.8 0.0 -23.7 £0.2 -25.1 0.1 -27.4 £0.6 -31.0 0.5 -14.3+0.4
52.5 5.24 26.15 0.02 0.00 0.01 -20.7 +0.1 -21.0 0.0 -21.9 0.0 -24.7 +0.0 -26.9 +0.3 n.d. -31.2+0.0 -14.3 +0.0
57.5 5.14 26.58 0.02 0.00 0.01 -20.8 0.3 -21.1£0.2 -21.7 £0.2 -24.5+0.4 -26.4 £0.3 -29.1£0.1 -30.0 £+0.3 -18.8 £0.1
67.5 6.06 26.40 0.02 0.00 0.01
72.5 5.28 26.16 0.02 0.00 0.01 -19.3 £0.2 -19.3£0.2 -19.6 0.3 -22.6 £0.1 -24.6 £+0.3 -28.1£0.2 -28.3+0.1 -15.9 £0.0
77.5 469 26.38 0.02 0.00 0.00
82.5 6.25 26.12 0.02 0.00 0.01
87.5 472 25.86 0.02 0.00 0.01 -20.9 0.2 -21.4+0.2 -21.9+0.3 -25.0+0.3 -27.0 +0.2 -29.9 #0.1 -30.2+0.4 -17.9 +0.1
92.5 7.05 25.61 0.02 0.00 0.01
97.5 6.29 25.74 0.03 0.00 0.01
102.5 5,50 25.99 0.03 0.00 0.01 -21.7 £0.0 -21.8 0.0 -21.8+0.1 -25.9#0.1 -27.3£0.0 -29.3£0.0 -30.9 £0.1 -14.6 £0.1
107.5 9.09 25.86 0.02 0.00 0.01
112.5 599 26.20 0.03 0.00 0.01 -21.3+0.2 -21.4£0.2 -21.5+0.2 -25.9+0.1 -27.4 £0.2 -30.8 0.4
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Table A2.3: Data included in Figure 2.3. Abundance was calculated relative to the largest peak area.
Stable isotope values are reported + standard deviations between two replicate analyses.

depth . length relative abundance [%] 5'°C n-alkanes 3D n-alkanes
[em] n-alkanes n-alkenes n-alkadienes [%» VBDB] [% VSMOW]
5-10 Cis 0.54 0.05 n.d. n.d. n.d.
Cis 0.83 0.08 n.d. n.d. n.d.
Ci7 6.07 0.13 n.d. -31.6 0.1 n.d.
Cis 1.50 0.22 n.d. -32.5+0.3 n.d.
Cig 6.77 0.34 n.d. -31.0 0.0 n.d.
Cxo 4.09 0.21 n.d. -30.3+0.1 n.d.
Cx 25.46 0.80 n.d. -32.4+0.1 -98 +2
Ca 17.59 1.14 n.d. -30.1 £0.2
Ca 87.79 10.20 n.d. -30.4 +0.2 -103 2
Coy 22.54 4.57 n.d. -28.6 0.1 n.d.
Cys 93.49 18.69 n.d. -26.4 +0.1 -109 +2
Cu 23.73 3.30 n.d. -28.9+0.2 -99 +4
Cy7 100.00 79.14 2.00 -26.5 0.1 -102 +3
Cas 13.84 11.47 11.47 -26.4 +0.1 -104 £3
Ca9 62.24 31.58 43.88 -26.1 #0.1 -134 0
Cao 2.89 n.d. n.d. n.d. n.d.
Cay 33.25 n.d. n.d. n.d. n.d.
Can n.d. n.d. n.d. n.d. n.d.
I Coo 10,88 nd. nd. nd. nd.
100-105 Cis 0.60 n.d. n.d. n.d. n.d.
Cis 1.14 0.12 n.d. n.d. n.d.
Ci7 2.62 n.d. n.d. -29.3 £0.0 n.d.
Cig 1.30 n.d. n.d. n.d. n.d.
Cio 2.58 n.d. n.d. -28.2£0.2 n.d.
Cyo 291 n.d. n.d. -28.0 0.3 n.d.
Co 15.34 n.d. n.d. -23.8+0.1 -126 +2
Ca 11.95 n.d. n.d. -24.3 0.2 n.d.
Cas 80.36 4.86 n.d. -21.7 £0.0 -115 £5
Co 13.59 3.12 n.d. -25.9 #0.1 n.d.
Cys 83.17 1.45 n.d. -21.8 £0.0 -138 £2
Ca 16.65 n.d. n.d. -27.3 0.0 -110 +6
Cyr 100.00 n.d. n.d. -21.8#0.1 -151 +4
Cyg 11.52 n.d. 1.53 -26.7 0.1 -115 #2
Cao 50.73 n.d. n.d. -24.1 £0.0 -150+4
Cao 6.24 n.d. n.d. n.d. n.d.
Cay 34.44 n.d. n.d. n.d. n.d.
Ca n.d. n.d. n.d. n.d. n.d.
Cas 12.71 n.d. n.d. n.d. n.d.
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Table A2.4: Relative abundances included in Figure 2.4 were reported cf. C,,-C;; n-alkanes calculated from peak areas of m/z 191 (hopanoids), m/z 215 (sterenes), m/z 217
(cholestane) extracted ion chromatograms and total ion chromatograms (TIC). Tm-f = . 173-22,29,30-trisnorhopane

medium trisnor- C -22R aaa-20R C C C16 1-chloro- C32 1-chloro-
depth [cm] hopane diploptene hop13(2;78)ene hop13(18)ene Tm-B Bp-hopane horﬁghopane cholestane ster-22zene ster-;;ne 1; -alkane 3rzl-alkene “perylene
25 0.0022 0.0011 0.0004 0.0012 0.0023 0.0035 0.0047 0.0001 0.0022 0.0006 0.0142 0.0768 0.02
7.5 0.0026 0.0009 0.0002 0.0004 0.0016 0.0022 0.0028 0.0000 0.0008 0.0002 0.0123 0.0298 n.d.
12.5 0.0061 0.0022 0.0001 0.0002 0.0016 0.0026 0.0035 0.0000 0.0013 0.0004 0.0042 0.0743 0.00
17.5 0.0063 0.0022 0.0002 0.0001 0.0016 0.0021 0.0025 0.0000 0.0014 0.0005 0.0003 0.0226 0.03
225 0.0045 0.0022 0.0001 0.0001 0.0015 0.0016 0.0019 0.0001 0.0013 0.0006 0.0001 0.0086 0.00
27.5 0.0022 0.0007 0.0001 0.0003 0.0014 0.0011 0.0013 0.0002 0.0006 0.0006 0.0023 0.0065 0.00
32.5 0.0009 0.0002 0.0001 0.0002 0.0016 0.0012 0.0013 0.0002 0.0003 0.0003 0.0039 0.0055 0.02
37.5 0.0014 0.0004 0.0002 0.0005 0.0033 0.0030 0.0035 0.0004 0.0002 0.0003 0.0044 0.0040 0.45
42.5 0.0010 0.0001 0.0001 0.0002 0.0019 0.0017 0.0022 0.0002 0.0001 0.0002 0.0066 0.0051 0.42
47.5 0.0009 0.0002 0.0002 0.0004 0.0022 0.0017 0.0022 0.0003 0.0002 0.0003 0.0045 0.0076 0.25
52.5 0.0006 0.0001 0.0001 0.0004 0.0020 0.0017 0.0021 0.0002 0.0002 0.0003 0.0040 0.0099 n.d.
57.5 0.0005 0.0002 0.0002 0.0006 0.0027 0.0022 0.0028 0.0003 0.0003 0.0004 0.0096 0.0700 0.51
67.5 0.0005 0.0001 0.0001 0.0003 0.0027 0.0019 0.0024 0.0003 0.0004 0.0006 0.0018 0.0143 0.84
72,5 0.0006 0.0001 0.0002 0.0005 0.0024 0.0018 0.0024 0.0002 0.0003 0.0005 0.0037 0.0183 0.57
77.5 0.0011 0.0002 0.0003 0.0009 0.0030 0.0023 0.0031 0.0004 0.0003 0.0005 0.0039 0.0144 n.d.
82.5 0.0009 0.0002 0.0002 0.0007 0.0028 0.0021 0.0027 0.0004 0.0003 0.0005 0.0053 0.0111 1.27
87.5 0.0018 0.0004 0.0004 0.0010 0.0048 0.0034 0.0043 0.0006 0.0005 0.0007 0.0060 0.0098 1.60
92.5 0.0015 0.0003 0.0003 0.0009 0.0050 0.0037 0.0048 0.0006 0.0006 0.0007 0.0068 0.0115 1.28
97.5 0.0012 0.0002 0.0003 0.0011 0.0042 0.0034 0.0046 0.0004 0.0005 0.0006 0.0116 0.0130 0.68
102.5 0.0014 0.0002 0.0003 0.0008 0.0038 0.0030 0.0039 0.0004 0.0003 0.0003 0.0093 0.0109 0.63
107.5 0.0014 0.0003 0.0003 0.0009 0.0041 0.0029 0.0037 0.0004 0.0004 0.0006 0.0035 0.0066 1.41
1125 0.0010 0.0003 0.0002 0.0008 0.0031 0.0023 0.0031 0.0003 0.0004 0.0004 0.0102 0.0131 2.27

* concentration ng/g sediment



Appendix 2

Table A2.5: Peak areas of sterenes and steranes from extracted ion chromatograms (m/z 215 and m/z
217, respectively) included in Figure 2.5

dr;:“[j;'n] > C,; steroids > Cys steroids > Cy steroids
25 613784 125538 211641
7.5 143389 34880 52286
12.5 423477 111844 159943
17.5 261543 83106 110634
225 300751 95279 148991
275 147588 54276 139184
325 30263 13538 39598
37.5 11506 6446 23014
42.5 14313 11274 35996
475 29046 18273 57445
52.5 30264 18369 59770
S5 70899 42911 134701
67.5 123821 100222 265255
725 115795 66878 264802
775 72253 44394 154829
82.5 136761 81341 271985
87.5 61234 35909 122546
92.5 51114 25395 89124
97.5 129705 69550 235119
102.5 92621 40652 136610
107.5 55558 36194 124201
112.5 142179 63532 220965

Table A2.6: Data included in Figure 2.8

Medium 8D of n-alkanes [%, VSMOW] Ryy-index hop17(21)ene /
depth [cm] Cas Cas Cas Ca Cas >hopanoids

25 -96 +6 -104 2 -79 £5 -89 +0 -89 £1 0.34 0.13

7.5 -103 +2 -109 +2 -99 +4 -102 £3 -104 3 0.31 0.07
12.5 -89 +4 -118 £2 -95 +1 -105 +0 -116 +4 0.33 0.04
17.5 -109 +2 -148 4 -122 +4 -143 £0 -134 2 0.28 0.03
225 -110 £3 -134 £3 n.d. -142 £1 -125 +0 0.19 0.04
275 -120 +6 -128 6 -101 +3 -148 1 -99 +0 0.15 0.07
325 -125 +3 -139 £3 -113 +1 -148 £3 -110 £5 0.18 0.04
375 n.d. n.d. n.d. n.d. n.d. 0.19 0.03
42.5 -106 +6 -124 +0 -102 £7 -132 +0 -107 £2 0.21 0.03
475 -106 +4 -117 £2 -111 +4 -142 0 -119 +0 0.21 0.04
52.5 -107 £2 -114 £1 n.d. -136 +4 -99 +4 0.22 0.04
57.5 -100 +1 -118 3 n.d. -135 1 -115 +3 0.24 0.03
67.5 -112 +1 -128 £1 -112 +0 -147 £1 -114 +1 0.22 0.01
725 -103 +2 -127 £1 -102 £1 -145 0 -107 +2 0.23 0.04
77.5 -115 +4 -134 £3 -114 +1 -154 +0 -112 +0 0.24 0.04
82.5 -119 +4 -138 £2 -105 5 -155 +1 -109 +2 0.23 0.04
87.5 -131 5 -152 £1 -122 +4 -162 £1 -118 0 0.23 0.04
92.5 -113 +6 -136 +2 -103 +2 -144 £1 -113 £1 0.21 0.04
97.5 -142 +6 -154 +1 -109 £5 -168 +0 -121 +5 0.22 0.04
102.5 -115 5 -138 £2 -110 +6 -151 4 -115 +2 0.25 0.04
107.5 -127 £3 -166 6 -128 +3 -168 £2 -118 +4 0.22 0.06
112.5 n.d. -143 £3 -105 +2 -160 +2 -118 +4 0.24 0.04
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Table A2.7: Data included in Figure 2.6
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Abstract

Methyltrimethyltridecylchromans (MTTCs) have been widely detected in sediments
and crude oils from various depositional settings and are established markers for
palaeosalinities. A likely origin of these compounds, which show a distinctive
isoprenoid substituted aromatic structure, seems to be condensation reactions of
phytol with higher plant-derived alkyl phenols during early diagenesis. However, a
direct biological origin from phytoplanktonic organisms cannot be excluded. To
further investigate the potential origin from condensation reactions, an online
pyrolysis-gas chromatography- isotope ratio mass spectrometry (Py-GC-irMS)
method with the capacity to measure 8°C in fragments (trimethylphenol and
pristenes) generated from 5,7,8-trimethyl-MTTC was developed in this study. This
straight forward technique poses a great potential for the elucidation of chroman
formation in geological samples as it possibly enables the distinction between the
different proposed sources of isoprenoid and alkyl-phenol fragments (mainly
phytoplankton and higher plants, respectively) based on their stable isotopic
compositions. Furthermore, it might be useful for the investigation of products

generated from MTTCs during thermal maturation of geological samples.

Keywords: Flash- pyrolysis, CSIA, palacosalinity, phenols
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Introduction

Methylated 2-methyl-2-trimethyltridecylchromans (MTTCs, I in Figure 3.1) in
sediments or crude oils generally occur as distinct isomers of monomethyl, dimethyl
and trimethyl homologues. They were first identified in geological samples by
Sinninghe-Damsté et al. (1987), who also introduced them as palaeosalinity
indicators. MTTCs have since been reported in a great variety of geological samples
and the “chroman ratio” (5,7,8-trimethyl-MTTC/total MTTCs) has been established
as a powerful tool in salinity reconstructions (e.g. Schwark and Piittmann, 1990;
Grice et al., 1998a; Schwark et al., 1998; Sinninghe Damsté et al., 1993). However,
their origin and geological formation pathway remain debated (Sinninghe Damsté et
al., 1993; Li and Larter, 1995; Li et al., 1995, Sinninghe-Damsté and De Leeuw,
1995). Based on correlation of abundances and chroman ratios with other geological
parameters and as an explanation for the limited number of naturally occurring
isomers, a biosynthetic origin of MTTCs from phytoplanktonic organisms has been
suggested (e.g. Sinninghe Damsté et al., 1993), although to date MTTCs or suitable
direct precursors have not been found in organisms. An origin from higher plant
tocopherols (II, Figure 3.1), which bear a strong structural similarity, has been ruled
out due to their comparatively low abundances in the geosphere and the presence of a
phenolic hydroxyl group at C-6 (Sinninghe Damsté et al., 1993; Li et al., 1995). Li et
al. (1995) alternatively proposed that MTTCs might form via early diagenetic
condensation reactions of the phytol side chain in chlorophylls with higher plant
derived phenols, which would imply largely different source organisms for the
isoprenoid and alkylphenol moiety of geological chromans. To further investigate
this potential formation pathway, we developed a pyrolysis-stable isotope analytical
method for 8"°C determination in isoprenoid and alkylphenol fragments generated
from MTTCs, which could possibly be used to establish the relationship to the
different proposed source organisms of these fragments on a stable isotopic basis.
Furthermore, tocopherols and MTTCs have been suggested as an additional source of
pristane in more mature sediments/crude oils (Goossens et al., 1984; Li et al., 1995),
which could also possibly be explored with this technique. The method was initially
investigated by thermal degradation of an authentic 5,7,8-trimethyl-MTTC
(triMeMTTC) standard in order to establish the stable isotopic relationship between

the parent compound and the distinctive degradation products. Subsequently,
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chroman isolates from three Middle to Upper Devonian sediments (Canning Basin,
WA) were analysed to demonstrate the applicability of the method in natural
samples. Although pyrolysis products of natural and artificial MTTCs and related
compounds have been thoroughly investigated by Li et al. (1995), there have been no
previous isotopic based studies of these compounds to establish the formation

mechanism of MTTCs.

MTTCs (I) Tocopherols (II)
6- S-methyl R o
5,8- 6,8- 7,8-dimethyl R o i H
R’ 5,7,8-trimethy! R’ R oy oH
R? E s HO
R® 072 R? ¢}
R4 1 R3

Prist-1-ene (III)

P PPN

Figure 3.1: Chemical structures referred to in the text

Experimental

The authentic 5,7,8-trimethyl-MTTC standard was synthesised from 2,3,5-
trimethylphenol and phytol according to Sinninghe-Damst¢ et al. (1987).

Sediments (MWR-30.7 m, MWR-40.7 m and MWR-41.2 m) with high triMeMTTC
abundances and exceptionally low maturities (e.g. Tmax 405—413 °C; unpublished
data) originated from basin facies associated with Middle to Upper Devonian reef
systems in the Canning Basin, Western Australia. The powdered rock was Soxhlet
extracted and the total lipid extract fractionated by silica gel column chromatography
(for details see Grice et al., 2005a; supplementary material). Unsaturated compounds
were separated from the aliphatic fraction by AgNOs silica column chromatography
(10%) using hexane (saturated compounds) and DCM (unsaturated compounds) as
eluents. n-Alkanes were subsequently removed with ZSM5 molecular sieve (e.g.
Audino et al., 2001) to obtain a branched and cyclic fraction. 5,7,8-trimethyl-MTTC
was further isolated from the aromatic fractions of MWR-40.7 m and MWR-41.2 m
by AgNOs thin layer chromatography (Eglinton and Murphy, 1969) using hexane as
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developer and the authentic chroman standard (visualized with rhodamine spray
under UV-light) as reference. The MTTC containing silica band was scraped off,
extracted with DCM and filtered through a glass sinter funnel under vacuum. The
low amount of aromatic compounds in the MWR-30.7 m sample precluded a TLC

isolate being obtained.

For bulk 3"°C analysis a Delta V Plus mass spectrometer connected to a Thermo
Flush 1112 via Conflow IV (Thermo-Finnigan/Germany) was used. Analytes were

combusted at 1020 °C.

Gas chromatography-mass spectrometry (GC-MS) was performed on an Agilent
5973 GC-MS equipped with a HP 6890 auto-sampler and a DB-5MS capillary
column. The GC oven was heated from 40-310 °C or 325 °C at 3 °C/min with initial
and final hold times of 1 min and 30 min, respectively. A CDS 5350 Auto-pyroprobe
was used for flash pyrolysis (Py)-GC-MS. The pyrolysis chamber and injector were
held at 300 °C and pyrolysis was separately performed at temperatures of 550 °C,
650 °C or 750 °C applied for 20 s. The pyrolysates were analysed with a 60:1 split.
He carrier gas at a constant pressure of 17.5 psi was used and the GC oven was
temperature programmed from -20 °C to 40 °C at 8 °C/min and then to 320 °C at 4
°C/min with initial and final hold times of 1 and 25 min, respectively. All other

settings remained unchanged.

Gas chromatography-isotope ratio mass spectrometry (GC-irMS) was performed on a
Micromass IsoPrime irMS interfaced to an Agilent 6§90N GC fitted with a HP 7683
autosampler. GC parameters were similar to those used for GC-MS. For Py-GC-irMS
a CDS-Pyroprobe 5000 was mounted directly on the vaporisation injector of the GC-
irMS system. The pyrolysis chamber and injector were set to 300 °C. Analytes were
pyrolysed at 650 °C for 20s, injected with a 30:1 split or splitless (for increased
sensitivity) and trapped in liquid nitrogen until the end of pyrolysis. The GC oven
was programmed from 40-325 °C at 4 °C/min with initial and final hold times of 2
and 15 min, respectively. GC column and all other settings remained unchanged.
Reference standards of known isotopic composition were regularly analysed to
confirm accuracy of isotope analysis. All 3"°C values reported in this study are the

average of at least two replicates and standard deviations were reported.
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Further details about typical injector, carrier gas and MS/irMS settings as well as GC
column, interface (for GC-irMS) and instrument software used for GC-MS/irMS can

be found in supplementary materials of Melendez et al. (2013).

Results and discussion

The aim of this study was to develop an online flash pyrolysis-GC-irMS method
which would allow stable isotopic correlation of MTTCs and related lower molecular
weight products for the elucidation of their sources and formation pathways in
geological samples. An authentic 5,7,8-triMeMTTC standard (often the most
abundant natural chroman) was first analysed by Py-GC-MS to identify major
degradation products of the parent structure and investigate pyrolysis efficiency at
different temperatures (550 °C, 650 °C and 750 °C) in separate pyrolysis
experiments. The major pyrolysates in all analyses were 2,3,5-trimethylphenol (see
appendix for compound identification) and pristenes as well as the intact chroman
(e.g. Figure 3.2a). The extent of pyrolytic degradation was inferred from the ratio
between the abundance (peak area) of the trimethylphenol and all pristene products
relative to the original chroman in four replicate analyses. The highest degradation
efficiency was achieved at a pyrolysis temperature of 650 °C (ratios of 0.8, 1.6, 1.2
for 550 °C, 650 °C and 750 °C, respectively), which therefore was used in all
subsequent analyses. However, the replicates generally showed some variability
which is typical of many analytical pyrolysis studies. Li et al. (1995) conducted
offline pyrolysis over 65 h at 350 °C on chroman isolates which similarly showed
high amounts of pristenes, but contrary to present data generated tetramethylphenol
instead of trimethylphenol. This was also the main product we generated in
preliminary and unpublished pyrolysis experiments of the 5,7,8-triMeMTTC in
sealed glass tubes at temperatures of 310 and 390 °C over 72h. The different product
obtained from flash pyrolysis may be the result of the elevated pyrolysis
temperatures leading to a different bond cleavage in the chroman. In an earlier study,
tocopherols have also been shown to generate significant amounts of pristenes during
pyrolysis and have therefore been suggested as a contributor to pristane in geological

samples (Goossens et al., 1984).
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(a) Pyrolysate of triMeMTTC

2,3,5-TMP
. 5,7,8 triMeMTTC
prist-2-ene
prist-1-ene
2
S pristene |somer\
[
=
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& phytadienes .
,,,,, 0l ‘ I .
Relative retention time 4
(b) MWR-30.7 m (c) MWR-40.7 m
triMeMTTC triMeMTTC
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g .02) biphenyl
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Figure 3.2: Total ion chromatograms of a typical pyrolysate obtained from an authentic 5,7,8-
trimethyl-2-methyl-2-trimethyltridecylchroman (triMeMTTC) standard (a), and triMeMTTC in
isolates from natural samples (MWR-30.7 m, aromatic fraction; b, and MWR-40.7 m thin layer
chromatography isolate from aromatic fraction (c), which were pyrolysed in subsequent experiments.
TMP = trimethylphenol; * = Impurities in triMeMTTC standard.

Precision and accuracy of 8'"°C values measured by Py-GC-irMS were tested with
five replicate analyses of the 5,7,8-triMeMTTC standard (using split and splitless
injections). Standard deviations between 0.2%. and 0.4%0 for all measured
compounds confirmed an excellent precision (Table 3.1). 8'°C values reported for
prist-1-ene include a coeluting pristene isomer (¢f- Figure 3.2a and Figure 3.3a, b).
Apart from that, good baseline separations, essential for GC-irMS analysis, were
achieved for all remaining products. 8"°C values of trimethylphenol, pristenes and
triMeMTTC in pyrolysates were comparable to reference values obtained by
elemental analysis (EA)-irMS of the chroman standard as well as the phytol and
trimethylphenol utilised for its synthesis (Table 3.2). This confirmed both the
accuracy of the data and the preservation of the §'°C signature of source compounds
during condensation reactions and pyrolysis. The slight systematic depletion of §"°C
values obtained from EA-irMS in comparison to corresponding values measured on
the GC-irMS system (in pyrolysis products as well as in the chroman standard

analysed by conventional liquid injection; Table 3.2) can be attributed to
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instrumental bias. Similar systematic variations between different systems for EA-
and GC-irMS have previously been reported (e.g. Zwank et al., 2003). Nevertheless,

values obtained from both methods are in accordance with the following mass

balance equation:

9 X 813Ctrimethylrhenol + 2OX SBC
29

phytol/pritenes

8" C

triMeMTTC —

where “3" Cophytol/pristencs . Stands for 83C of phytol (for bulk-irMS) or average 813C of
all pristenes (for Py-GC-irtMS). The calculated 8"°C values for triMeMTTC of -
32.5%0 and -33.3%o for Py-GC-irMS and EA-irMS, respectively, are almost identical
to the measured values (Tables 3.1 and 2).

Table 3.1: §"°C values of compounds in the pyrolysate obtained from five replicate analyses of an
authentic chroman standard including average 8"°C values =+ standard deviation. * injection with 30:1
split; ® splitless injection; * joined peak of prist-1-ene and second, less abundant pristene isomer

5'°C [%o VPDB]

run 1° run 2° run 3b run 4b run 5b Average

trimethylphenol -29.6 -29.9 -29.7 -29.4 -29.6 -29.6 +0.2
prist-1-ene* -33.5 -34.2 -34.1 -33.7 -33.9 -33.9+0.3
prist-2-ene -33.4 -34.2 -33.9 -33.4 -34.0 -33.8 +0.4
5,7,8-triMeMTTC -32.2 -32.8 n.d. n.d. n.d. -32.5+0.4

triMeMTTC standard (30:1 split)

(a)
trimethylphenol
A prist-1-ene )
+pristene isomer  Prist-2-ene
Jt AN I A s . . JIlA
2 triMeMTTC standard (splitless) (b)
8
£
2
k]
g EDURN | O U S WU O A
MWR-40.7 m (splitless) (c)

L}L A Jt fL A i S WP W S Y Y. __j.Li__A_.\ﬁ.A.._. PP
28 30 a3z 34 38 38 40 42 44 46 48

retention time [min]

Figure 3.3: Pyrolysis-gas chromatography-isotope ratio mass spectrometry (Py-GC-irMS)
chromatograms of authentic 5,7,8-trimethyl-2-methyl-2-trimethyltridecylchroman (triMeMTTC)
standard (a and b) and MTTC-isolate from the MWR-40.7 m natural sample (c).
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Table 3.2: 8"*C values of the synthesized chroman standard and source compounds + standard
deviations between 3 (%) or 2 (°) replicates obtained by elemental analysis-isotope ratio mass
spectrometry (EA-irMS) and gas chromatography (GC)-irMS. n.d. = not determined

5"°C [%o. VPDB]

2,3,5-trimethylphenol phytol 5,7,8-triMeMTTC
EA-irMS -30.6 +0.0° -34.5 0.0° -33.4+0.2°
GC-irMs n.d. n.d. -32.9 +0.1%

Py-GC-irMS was applied to the TLC-isolates from MWR-40.7 m and MWR-41.2 m
(Figure 3.2¢) and the whole aromatic fraction of MWR-30.7 m (containing abundant
triMeMTTC — Figure 3.2b). Figure 3.3c shows a typical GC-irMS trace of
pyrolysates obtained from these samples. Notable differences to the pyrolysate
distribution of the chroman standard include the absence of trimethylphenol and
prist-2-ene, which can probably be attributed to matrix effects, i.e. other compounds
present in the TLC isolates/aromatic fraction influencing thermal behaviour, which
can alter flash pyrolysis product distributions (e.g. Greenwood et al., 2006). Further
optimisation of the pyrolysis conditions for the challenges of geological samples
would be useful, but was not done here due to the limited quantity of these samples.
The 8"°C values of pristene (most likely prist-1-ene and a second co-eluting isomer)
measured by Py-GC-irMS of the three samples was consistently similar to the
corresponding values of pristane and phytane obtained from traditional liquid
injection GC-irMS. This correlation strongly points to a common source for these
products, most likely the phytol side chain in chlorophylls (Table 3.3). Furthermore,
the traditionally measured 8'"°C values of triMeMTTC were also similar to the
isotopic signatures of these products, although a very small BC enrichment was
notable (Table 3.3). However, since the 8'"°C value of the alkylphenol moiety of the
chroman standard could not be measured, the suggested formation of chromans by
biosynthesis in phytoplanktonic organisms (Sinninghe Damst¢ et al., 1993) cannot be

discounted based on these results.
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Table 3.3: §"°C [%0 VPDB] of selected hydrocarbons in the aliphatic and aromatic fractions as well as
pristenes generated by flash pyrolysis of the aromatic fraction (*) or isolated chroman (°) + standard
deviation of 2 replicate measurements. *Only measured once due to limited sample material.

GC-irMS Py-GC-irMS
Sample i.d.

pristane phytane 5,7,8-triMeMTTC Pristenes
MWR-30.7 m -31.3+0.2 -29.9 +0.4 n.d. -31.2a*
MWR-40.7 m -33.2£0.1 -32.9+0.4 -32.7 £0.2 -33.0 £+0.1
MWR-41.2 m -32.7 £+0.1 -32.6 £0.0 -32.1 +0.0 -32.4 £0.0

Conclusions and outlook

An online Py-GC-irtMS method which enables 8'°C analysis of major thermal
breakdown products of triMe-MTTC (trimethylphenol and pristenes) was developed.
Initial application to a triMeMTTC standard confirmed high precision and accuracy
of the 8"°C data. Furthermore, the isotopic relationship of major pyrolysis products to
the parent chroman as well as to the corresponding source compounds used for
synthesis of the standard was established. Similar analyses of triMeMTTC in isolates
from immature sediments also generated a pristene peak, however, trimethylphenol
and prist-2-ene, which were obtained from the standard in the previous analyses,
were lacking. A more complete suite of MTTC pyrolysis markers should be
achievable with further optimisation of pyrolysis conditions. Nevertheless, the few
MTTC products detected in these initial analyses of geological material show a great
potential for the application of this analytical method to probe the origin of MTTCs

in geological samples.
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Identification of 2,3,5-trimethylphenol

The identity of 2,3,5-trimethylphenol (TMP) generated by pyrolysis of the 5,7,8-
triMeMTTC standard was confirmed by the comparison of retention times with an
authentic 2,3,5-TMP standard. For this purpose a CDS-Pyroprobe 5000 was mounted
directly on the vaporisation injector of the GC-MS system described in the
experimental section. Except for increasing the initial hold time at -20 °C to 2 min,
and the utilization of a different GC-column (ZB-5; Phenomenex), all GC-MS
conditions were the same as described in the experimental section. Previous studies
have shown that 2,3,5-TMP did not co-elute with other TMP isomers at comparable
GC conditions (Alexander et al., 2011; Bastow et al., 2005), which enables an
unequivocal identification of the generated TMP using this standard. The 5,7,8-
triMeMTTC standard was pyrolysed at 650 °C for 20s. For the analysis of the 2,3,5-
TMP standard the pyrolysis chamber was kept at 300 °C for 20s. Total ion
chromatograms (TIC) of the 2,3,5-TMP standard and the MTTC pyrolysis product
are displayed in Figure A3.1. The mass spectrum of the TMP generated from MTTC
pyrolysis is shown in Figure A3.2.

TMP in 2,5,8 triMeMTTC
pyrolysate

A
Ll

2,3,5 TMP standard

Relative intensity

I I I T T I I I I I I I
28.0 285 29.0

Retention time [min]

Figure A3.1: Overlain TIC chromatograms of the 2,3,5-trimethylphenol (TMP) standard and the TMP
in the pyrolysate of 5,7,8-trimethyl-methyltrimethyltridecylchroman (triMeMTTC) analysed under the
same GC-conditions confirming the identity of the latter
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Figure A3.2: Mass spectrum of 2,3,5-trimethylphenol in the pyrolysate of 5,7,8-trimethyl-
methyltrimethyltridecylchroman (triMeMTTC)

Supplementary experimental details

Synthesis of 5,7,8-trimethyl-MTTC

The authentic 5,7,8-trimethyl-MTTC standard was synthesised from 2,3,5-
trimethylphenol and phytol (Sinninghe-Damsté et al. 1987). In brief, phytol, 2,3,5-
trimethylphenol and phosphorus pentoxide were refluxed for 3.5 h in toluene. After
cooling, the toluene layer was decanted and the residue was washed with toluene.
Diethylether was added to the combined toluene layers and the mixture was washed
several times with NaCl-saturated 1M KOH solution and subsequently with a 5%
NaCl solution until the pH was neutral. The toluene/diethylether solution was dried
over anhydrous MgSQOs, evaporated and purified by Al,Os3-column chromatography

using hexane as eluent.

Sample collection, preparation and extraction

The analysed samples originate from a core collected in the Canning Basin, WA

(location: McWhae Ridge; see Appendices 4 and 5). The core was sliced with a
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rocksaw (diamond crystal edge with carbon steel centre) and the samples were pre-
extracted (ultrasonication) in methanol and dichloromethane (DCM). Subsequently,
the powedered rock (stainless-steel rock-mill) was Soxhlet-extracted with 90 %
DCM in methanol for 48 h. Activated copper turnings were added to the extracts for
elemental sulfur removal. The total lipid extracts were fractionated by silica gel-
column chromatography (20 cm x 0.9 cm [.D.) using solvents with increasing
polarity. The aliphatic and aromatic hydrocarbon fractions were eluted in hexane and
20 % DCM in hexane, respectively. Subsequently the unsaturated compounds were
separated from the aliphatic fraction by AgNOj silica column chromatography (10%)
using hexane (saturated compounds) and DCM (unsaturated compounds) as eluents.
n-Alkanes were subsequently removed by passing the saturated fraction through a
small column (~7 cm x 0.5 cm 1.D.) of activated (> 8 h at 250 °C) and pre-rinsed
ZSM5 molecular sieve using hexane as a solvent. In this procedure the saturated
fraction was transferred onto the column in a minimum amount of solvent and

allowed to stand for 2 min before it was eluted with hexane (~2 ml).

5,7,8-trimethyl-MTTC was further isolated from the aromatic fractions by AgNO;
thin layer chromatography using hexane as developer. Silica plates were prepared by
exposure to a AgNOj solution (1 % in methanol/milliQ-water, 1:4 v/v) for 45 s and a
subsequent activation for 1 h at 120 °C. The previously synthesised 5,7,8-trimethyl-
MTTC standard was used as a reference to identify the MTTC-containing silica band
(visualization of the standard with rhodamine spray under UV-light). The MTTC
containing silica band was scraped off, extracted with DCM and filtered through a
glass sinter funnel under vacuum. During these procedures the exposure of the
AgNOs solution as well the prepared silica plates to light was avoided. Preparation of

silica plates and chromatography were performed in a dark room.

Supplementary information on GC-MS conditions

For GC-MS analyses the samples were injected into a split/splitless injector kept at
320 °C in a pulsed-splitless mode. Helium was used as the carrier gas at a constant

flow rate of 1.1 mL/min.

For all GC-MS and Py-GC-MS analyses (except for the identification of the TMP,
Appendix 3) the GC-oven was equipped with a capillary column (60 m x 0.25 mm
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[.D.) coated with a 0.25 pm 5% phenyl 95% methyl polysiloxane stationary phase
(DB-5MS, J & W scientific). Full scan (typically 50-600 Daltons) at 70 e} mass
spectra were acquired with an electron multiplier voltage of 1800 V and a source
temperature of 230 °C. ChemStation Data Analysis software was used for data

acquisition and processing.

Supplementary information on GC-irMS conditions

For GC-irMS analyses carrier gas and injector conditions were identical to the
settings for GC-MS analysis. For all GC-irMS and Py-GC-irMS analyses the same

GC-column as for GC-MS analyses was used.

The analytes were oxidized to CO, and H,O in a combustion interface (quartz tube
packed with CuO-pellets; 4 mm x 0.5 mm, isotope grade) at 850 °C. H,O was
subsequently removed by a liquid nitrogen trap maintained at -100 °C. Isotopic
compositions were determined by integration of the m/z 44, 45 and 46 ion currents of
CO; peaks from each analyte and reported relative to CO, reference gas pulses of
known "*C-content. For data acquisition and processing MassLynx (Micromass Ltd.)
was used. Standard solutions containing compounds with a known isotopic
composition were analysed after every second sample to confirm accuracy of the

instruments.
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Abstract

Salinity-related density stratification in marine environments is one of the main
drivers for the development of persistent anoxic and photic zone euxinic (PZE)
conditions and thus presumably contributed significantly to global oceanic anoxic
events (OAEs) associated with several mass extinctions in Earth’s history. Here we
present a new molecular proxy with methyltrimethyltridecylchromans (MTTCs) as
indicators of freshwater incursions into a Middle to Late Devonian marine
palacoenvironment with prevailing anoxia (e.g. low pristane/phytane), PZE
(Chlorobi biomarkers) and water-column stratification (gammacerane abundance).
Although ratios between different MTTC isomers have been established as salinity
indicators the origin of these isoprenoid-substituted aromatic compounds remains
unclear. Similar §"°C values of 5,7,8-trimethyl-MTTC and phytane as well as its co-
variations with perylene abundance is consistent with the early diagenetic formation
of MTTCs from condensation reactions of phytol with higher plant derived
alkylphenols, possibly linking the abundance of MTTCs to predominantly riverine

terrigenous input.
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Introduction

Persistent salinity-related density stratification in marine environments, as can be
observed in the modern Black Sea, has been a significant palaeoenvironmental and
palaeoecological feature throughout Earth’s history. Such stratification was
particularly widespread during global oceanic anoxic events (OAEs) associated with
mass extinctions (e.g. Meyer and Kump, 2008). Water-column stratification in these
environments is often accompanied by photic zone euxinia (PZE), a condition where
enhanced concentrations of toxic hydrogen sulfide produced by anaerobic sulfate
reducing bacteria in the sediments or even the water-column, extend to the photic
zone (i.e. upper part of the water-column with sufficient light penetration to allow for
photosynthesis). The few highly specialized organisms thriving under such
conditions typically include the obligately anaerobic green sulfur bacteria (Chlorobi),
which grow directly at the chemocline since they can access hydrogen sulfide as an
electron donor for anoxygenic photosynthesis. Therefore, the presence of
characteristic '*C-enriched Chlorobi biomarkers derived from carotenoid pigments in
their unique photosystem (e.g. isorenieratane, I and related aryl isoprenoids, II,
Figure A4.1) represents unequivocal evidence for palacoenvironmental PZE (e.g.
Summons and Powell, 1986; Grice et al., 2005a). A biomarker presumably indicative
of water-column stratification is gammacerane (III), which is most likely derived
from tetrahymanol (IV) in bacterivorous ciliates living at the interface between
stratified water layers (Harvey and McManus, 1991; Sinninghe Damst¢ et al., 1995).
Whereas the biomarkers mentioned previously are indicative of the conditions in the
lower part of a stratified water-column, other compounds such as
methyltrimethyltridecylchromans (MTTCs, V) are believed to reflect the conditions
above the chemocline (e.g. Sinninghe Damsté et al., 1993). Although specific origin
and formation pathway of MTTCs (V) in geological samples remain unclear, the
ratio between different chroman isomers has been established as reliable indicator for
palaeosalinity (e.g. Schwark and Piittmann, 1990; Grice et al., 1998a; Schwark et al.,
1998). Hypotheses for the formation of MTTCs (V) include direct biosynthesis by
phytoplanktonic organisms (Sinninghe Damsté et al., 1993), early diagenetic
condensation reactions of phytol with alkylphenols (e.g. from higher plant-derived
lignin; Li et al., 1995; Tulipani et al., 2013) or cyclization of alkylphenols (Barakat
and Rullkoétter, 1997). Here we introduce a new conceptual model with MTTCs (V)
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as indicators of freshwater incursions and possibly also of terrigenous input to a
stratified marine palacoenvironment associated with Middle to Late Devonian reef

systems.

Experimental

Samples originated from a core collected in the Canning Basin, WA and comprised
Late Givetian-Frasnian age sediments from the marginal slope and basin facies
(Sadler- and Gogo Fm.) of ancient reef systems. A description of the geological
settings can be found in supplementary information (SI) in Appendix 4. Biomarkers

and bulk parameters were analysed by conventional methods (see SI in Appendix 4).

Results and discussion

Reconstruction of the depositional environment

The palacoenvironmental setting corresponding to the Late Givetian-Early Frasnian
age sediments of the analysed core is schematically displayed in Figures 4.1a and b.
Water-exchange with the open ocean was controlled by the disposition of reef
systems forming a somewhat enclosed basin which promoted the development of a
stagnant and persistently stratified water-column as indicated by enhanced
gammacerane indices (gammacerane/17a, 21B-hopane; 0.55-1.71). The presence of
this triterpenoid has been frequently associated with hypersaline palacoenvironments
and more recently has been suggested as a marker for water-column stratification
(Sinninghe Damsté et al., 1995). Typically persistent stratification in marine
environments is the result of density differences between (hyper)saline bottom
waters and an overlying freshwater lens from riverine input, surface runoff or
precipitation leading to the development of anoxic conditions in the lower layer with
a sharp chemo-, pycno-, thermo- and halocline at the interface (Figure 4.1a). A
modern analogue for these conditions is the Black Sea, where big rivers from Eastern
Europe provide freshwater input and terrigenous runoff, supporting a high primary

productivity. The previously described density stratification leads to an oxygenated
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epilimnion of ~50 m overlying deep sulfidic and anoxic waters (> 100 m; e.g.

Murray et al. 2007).

Another molecular indication for a stagnant water-column is the presence of a suite
of *C-enriched Chlorobi biomarkers including intact isorenieratane (I, Figure A4.2)
and palaeorenieratane (VI, Table 4.1), confirming photic zone euxinia (PZE) in the
palaeoenvironment (Figure 4.1b). These results are further corroborated by the 5°*S
signatures of pyrite (Table 4.1), which indicate that bacterial sulfate reduction was
not limited by dissolved sulfate and occurred under essentially open conditions (e.g.
Canfield and Teske, 1996; Meyer and Kump, 2008) considering a range for
Devonian seawater sulfate between about +15 and +20 %o (Kampschulte and Strauss,
2004; Wortmann and Paytan, 2012). The values were in the same range as &S
signatures of pyrite reported in European Late Devonian sediments corresponding to
a euxinic paleoenvironment (Joachimski et al., 2001) and modern euxinic basins of
the brackish Baltic Sea (Bottcher and Lepland, 2000; Béttcher et al., 2004). They
were, however, less 34S—depleted compared to the Holocene Black Sea (Fry et al.,

1991; Bottcher et al., 2004; Jorgensen et al., 2004).

Low pristane (VII)/phytane (VIII, Pr/Ph) ratios (0.39-1.0) indicate anoxia or
relatively high salinities in the lower water-column. In contrast, high chroman ratios
(5,7,8-trimethyl-MTTC/total MTTCs; 0.93-0.95) reflect the epilimnetic freshwater
conditions (see subsequent sections). The anoxic sediments provided ideal conditions
for organic matter (OM) and biomarker preservation. Another significant factor for
biomarker preservation is the clay content in sediments since these minerals are
known to catalyse various isomerization reactions. Therefore low clay contents lead
to more immature biomarker ratios (e.g. Nabbefeld et al., 2010b). Biomarker
parameters, such as very low ratios of homohopane (X) isomerization (Table 4.1),
low Tpnax values in Rock Eval analysis (Table A4.1) and palynological indicators
including pale to mid yellow spore colors (unpublished data) in the presently
analysed sediments are all indicative of extremely low thermal alteration. Immature
biomarker signatures have also been reported for calcareous nodules from other
nearby sections of the Gogo Fm. (Melendez et al., 2013b). However, despite these

excellent prerequisites for OM preservation, the total organic carbon content (TOC

125



Chapter 4

%) of the sediments was surprisingly low (Table 4.1), pointing towards some
dilution by carbonate precipitation and oligotrophic palacoenvironmental conditions,
which is contrary to most euxinic environments (e.g. Grice et al., 2005a).
Nevertheless, PZE could prevail in the environment described here due to the
stratification of the water-column limiting vertical circulationPerylene (IX), which
was also present in the analysed samples, is often used as an indicator for terrigenous
input. Unlike the pyrogenic origin of most unsubstituted PAHs, perylene (IX)
presumably forms via diagenetic processes under anoxic conditions and has often
been linked to fungal wood/lignin degradation (Grice et al., 2009; Suzuki et al.,
2010). Whilst an origin from quinone pigments in marine fungi (mainly lignin
degraders) or crinoids cannot be excluded, its abundance in the Devonian samples,
coinciding with the evolution of the first woody plants and formation of forests (e.g.

Meyer-Berthaud et al., 2010), points to a likely terrigenous source.

Table 4.1: Selected elemental, stable isotope and maturity parameters in Late Givetian-Early Frasnian
sediments deposited in a stratified and anoxic/euxinic marine environment. Due to the low amount of
sample material molecular sieving for the determination of 813C of pristane and C;; and C,g n-alkanes
was not performed in this study. TOC = Total organic carbon, Carb. = carbonate, C;;-hopane S/(S+R)
= 170,21B-homohopane isomerization at Cy,

5"3C [%o. VPDB]

C3;-hopane &S pyrite
Depth[m] TOC%  Carb.% SI(S+R) - phytane  n-alkanes Croa P_alaeo- [%o VCDT]
renieratane
40.2 0.1 62.6 0.23 n.d. -33.5 -33.0 n.d. -24.0
40.3 0.3 68.1 0.20 n.d. -33.6 -32.8 -15.3 -13.8
40.5 0.9 15.2 n.d. n.d. n.d. n.d. n.d. n.d.
40.7 0.8 10.5 0.13 *-33.2 *-32.9 -32.3 -15.4 -11.9
41.2 0.7 321 0.12 *-32.7 *-32.6 -32.8 n.d. -15.0
41.9 0.7 13.3 0.11 n.d. -33.9 -33.4 -15.1 -19.1

*from Tulipani et al. (2013)

Origin of pristane and phytane

The most common source of sedimentary Pr and Ph is the phytol side chain in
chlorophyll-a (XI), which in the marine setting described here would typically be
provided by phytoplankton, potentially with some additional terrestrial plant input
(e.g. Hayes et al., 1990). However, there are also other potential Pr and Ph sources
including archaea (e.g. Rowland, 1990; Grice et al., 1998b) and Pr may be generated
during thermal maturation from chromans (Li et al., 1995; Frimmel et al., 2004;
Tulipani et al., 2013) or tocopherols (XII, Goossens et al., 1984). Similar and

relatively depleted 8'°C values measured for Pr and Ph in this sample suite point
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towards common algal, cyanobacterial or higher plant sources. "°C values of short
chain n-alkanes (C;9-C;;) were in the same range or slightly more enriched in
comparison to the isoprenoids, indicating a mixed n-alkanes source from
phytoplankton and heterotrophic bacteria (Schouten et al., 1998; Grice et al., 2005a).
It could also indicate a contribution of °C depleted Pr and Ph derived from purple
sulfur bacteria (Chromatiaceae). However, okenane (XIII), which is also indicative

of these organisms, was not detected.

Significance of MTTCs

Although the chroman ratio has been established as palacosalinity indicator, the
actual source of MTTCs (V) and their formation pathway remain obscure. Sinninghe
Damsté et al. (1993) and Sinninghe-Damsté and De Leeuw (1995) suggested a
biosynthetic origin from phytoplankton based on abundance profiles and to account
for the limited number of naturally occurring MTTC isomers. However, to date
neither MTTCs (V) nor plausible precursors have been found in any organisms.
Whilst tocopherols are structurally similar, the hydroxyl group at C-6 disqualifies
them as diagenetic precursor of sedimentary MTTCs (e.g. Sinninghe Damsté et al.,
1993). Li et al. (1995) alternatively suggested an origin of MTTCs (V) from early
diagenetic condensation reactions between bound or free alkyl phenols (most likely
predominantly higher plant derived) and phytol from chlorophylls (Figure 4.1c).
MTTCs (V) have almost exclusively been found in geological samples post-dating
the evolution of vascular plants, mainly in samples of Permian age or younger (e.g.
Sinninghe-Damsté et al., 1987) but also occasionally in Middle to Late Devonian
sediments (e.g. Marynowski and Filipiak, 2007). However, they have also once been
reported in Neoproterozoic/Early Cambrian crude oils (Dutta et al., 2013) which may
in this case be explained by sources of alkyl phenols other than higher plants (e.g.
algal derived macromolecular structures or bacteria; Li and Larter, 1995 and
references therein). Li et al. (1995) demonstrated that MTTCs (V) could be formed
by condensation reactions from phytol as well as chlorophyll-a with a variety of free

and bound alkylphenols including cresols and polyvinylphenol.
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Figure 4.2: Co-variation of characteristic methyltrimethyltridecylchroman (MTTC) parameters with
other biomarkers. triMeMTTC = 5,7,8-trimethyl-MTTC, chroman ratio = triMeMTTC/Total MTTC,
Pr/Ph = pristane/phytane, PZE = photic zone euxinia. Red diamonds represent sediments deposited in
the Late Givetian-Early Frasnian in a stratified, anoxic and euxinic palaeoenvironment whereas blue
diamonds represent overlying sediments deposited later in the Frasnian in a less restricted setting. The
chroman ratio is an established palacosalinity indicator with values < 0.5 reflecting hypersaline and
values > 0.6 normal marine or freshwater conditions (Sinninghe Damsté et al., 1993). However, their
origin or formation pathway remain unclear. The relative C depletion of Ph and triMeMTTC in the
older samples (E) are consistent with 3'"°C trends of bulk OM and carbonates (Table A4.1) and likely
represent enhanced recycling of '*C-rich OM by SRB in the anoxic environments (Kiispert, 1982).
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Figure 4.2 illustrates correlations of MTTC (V) parameters with other molecular
indicators in the analysed core. It also includes sediments deposited later in the
Frasnian which were laid down in a less restricted setting at higher sea-levels without
indications of water-column stratification, anoxia or PZE (i.e. Pr/Ph > 1, low
gammacerane index and perylene (IX) concentrations and the absence of diaryl
isoprenoids e.g. palacorenieratane, VI). The chroman ratio exhibited a strong inverse
relation (R2=0.97) to Pr/Ph (Figure 4.2a), contrary to several previous studies in
more open marine settings, where an evident positive correlation between these
parameters was attributed to the mutual salinity dependency of both ratios (e.g.
Schwark et al., 1998). The inverse correlation presently observed indicates that
chroman ratios reflected salinity in the epilimnion whereas Pr/Ph was influenced by
the conditions in the bottom water or sediments (i.e. higher salinity and anoxia),
which is consistent with previous suggestions of chroman formation in the upper

water-column (e.g. Sinninghe Damst¢ et al., 1993).

Further evidence for this, comes from the sharp increase of the gammacerane index
in samples with higher chroman ratios (Figure 4.2b). The concentration of
sedimentary gammacerane (III) is largely determined by (i) the persistence of
stratification over time and (ii) the abundance of Chlorobi and Chromatiaceae, the
main food source of bacterivorous ciliates at the chemocline. The positive correlation
between these parameters reflects the interdependency of salinity levels in the upper
water layer (reflected in chroman ratios) and persistence of stratification. The trophic
link between ciliates and Chlorobi and additionally the promotion of PZE by water-
column stratification, account for the co-occurrence of high gammacerane indices
(Figure 4.2b) and abundant Chlorobi biomarkers (e.g. palacorenieratane, VI, Figure

4.2d).

The co-variance between 5,7,8-trimethyl-MTTC (triMeMTTC) and perylene (IX)
concentrations (Figure 4.2¢) might represent a link to similar higher plant sources,
also supporting a diagenetic formation of MTTCs from alkyl phenols with phytol
(Figure 4.1c). Higher plant input was in addition confirmed by palynological
analyses (e.g. comminuted plant debris, resin bodies and microfossils of
progymnosperms; unpublished results). However, reducing conditions favoring

perylene (IX) abundance were stabilized by hyposaline surface waters hindering
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vertical water mixing. Also the similar §"°C values of Ph and triMeMTTC observed
here (Figure 4.2¢), and generally similar 8'"°C values of Pr or Ph and MTTCs (V)
reported in several previous studies (van Kaam-Peters et al., 1997; Grice et al.,
1998a; Grice et al., 1998d; Hong et al., 2007) concur with a common phytol source
of Pr, Ph and the isoprenoidal subunit of MTTCs. The latter largely influences the
stable isotopic composition of the whole molecule due to its larger size compared to
the phenolic moiety. However, this isotopic relationship could also indicate a direct
origin of phytol and MTTCs from similar phytoplanktonic source organisms as
suggested by Sinninghe Damsté et al. (1993). To further investigate potentially
different sources of the phenolic and isoprenoidal subunits in MTTCs it would be
useful to separately measure the 8"°C of these distinct moieties, which might be

possible by pyrolysis-GC-irMS (Tulipani et al., 2013).

Conclusions and implications

This study introduces a new conceptual model for the reconstruction of freshwater
incursions in a stratified marine palaco-water-column using chroman ratios in
combination with other molecular indicators including gammacerane index, Pr/Ph
and Chlorobi biomarkers. We demonstrate that chroman ratios in the analysed
Middle to Late Devonian sediments were determined by hyposalinity in the upper
water column. Physicochemical properties between epi- and hypolimnion differed
strongly, minimizing vertical mixing of the water body and favoring growth of
floating microbial mats at the interface layer. Grazing of these floating mats by
bacterivorous ciliates is indicated by the presence of gammacerane (III) and
confirmed by strong correlations with other biomarker parameters indicating
reducing and euxinic conditions in the epilimnion. The co-variance of triMeMTTC
abundance with perylene (IX) indicates that MTTCs (VI) might be representative of
terrigenous/higher plant sources which would be consistent with a diagenetic
formation from condensation reactions of higher plant derived alkylphenols with
phytol. This study is of interest to the broader geological community since water-
column stratification and related anoxia are important factors in OM preservation and

often related to biological crises or mass extinction events. A better understanding of
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source and formation pathway of MTTCs also helps to correctly interpret the

chroman ratio with regards to salinity and other palacoenvironmental conditions.

Acknowledgements

We acknowledge Geoff Chidlow and Steven Clayton for technical support with GC-
MS and GC-irMS analysis. ST thanks Curtin University for providing a Curtin
Strategic International Research Scholarship (CSIRS) and the Institute for
Geoscience Research (TIGeR) for a top-up scholarship. KG acknowledges the
Australian Research Council (ARC) for a Discovery QEII grant supporting this
research, and the John de Laeter Centre for Isotope Research and ARC LIEF grants
which provided the infrastructure support. Chevron (Ted Playton), the Geological
Survey of Western Australia and the Minerals and Energy Research Institute of
Western Australia (M396) are thanked for sponsoring an ARC Linkage grant
(LP0883812) which supported the fieldwork and research. Wundargoodie, Mimbi
Community, and Mount Pierre Station are thanked for supporting the field work.

MEB wishes to thank P. Escher and I. Scherff, for analytical support.

References

Barakat, A., Rullkétter, J., 1997. A Comparative Study of Molecular Paleosalinity
Indicators: Chromans, Tocopherols and C, Isoprenoid Thiophenes in Miocene

Lake Sediments (Nordlinger Ries, Southern Germany). Aquatic Geochemistry
3, 169-190.

Bottcher, M.E., Lepland, A., 2000. Biogeochemistry of sulfur in a sediment core
from the west-central Baltic Sea: Evidence from stable isotopes and pyrite
textures. Journal of Marine Systems 25, 299-312.

Bottcher, M., Jorgensen, B., Kallmeyer, J., Wehausen, R., 2004. S and O isotope
fractionation in the western Black Sea. Geochimica et Cosmochimica Acta 68,
A345.

Canfield, D.E., Teske, A., 1996. Late Proterozoic rise in atmospheric oxygen
concentration inferred from phylogenetic and sulphur-isotope studies. Nature
382, 127-132.

Dutta, S., Bhattacharya, S., Raju, S.V., 2013. Biomarker signatures from
Neoproterozoic-Early Cambrian oil, western India. Organic Geochemistry in
press.

131



Chapter 4

Frimmel, A., Oschmann, W., Schwark, L., 2004. Chemostratigraphy of the Posidonia
Black Shale, SW Germany: I. Influence of sea-level variation on organic facies
evolution. Chemical Geology 206, 199-230.

Fry, B., Jannasch, H.W., Molyneaux, S.J., Wirsen, C.O., Muramoto, J.A., King, S.,
1991. Stable isotope studies of the carbon, nitrogen and sulfur cycles in the
Black Sea and the Cariaco Trench. Deep Sea Research Part A. Oceanographic
Research Papers 38, Supplement 2, S1003-S1019.

Goossens, H., de Leeuw, J.W., Schenck, P.A., Brassell, S.C., 1984. Tocopherols as
likely precursors of pristane in ancient sediments and crude oils. Nature 312,
440-442.

Grice, K., Schouten, S., Nissenbaum, A., Charrach, J., Sinninghe Damsté, J.S.,
1998a. A remarkable paradox: Sulfurised freshwater algal (Botryococcus
braunii) lipids in an ancient hypersaline euxinic ecosystem. Organic
Geochemistry 28, 195-216.

Grice, K., Schouten, S., Nissenbaum, A., Charrach, J., Sinninghe Damsté, J.S.,
1998b. Isotopically heavy carbon in the C,; to C,s regular isoprenoids in halite-
rich deposits from the Sdom Formation, Dead Sea Basin, Israel. Organic
Geochemistry 28, 349-359.

Grice, K., Schouten, S., Peters, K.E., Sinninghe Damsté, J.S., 1998d. Molecular
isotopic characterisation of hydrocarbon biomarkers in Palacocene—Eocene
evaporitic, lacustrine source rocks from the Jianghan Basin, China. Organic
Geochemistry 29, 1745-1764.

Grice, K., Cao, C., Love, G.D., Bottcher, M.E., Twitchett, R.J., Grosjean, E.,
Summons, R.E., Turgeon, S.C., Dunning, W., Jin, Y., 2005a. Photic zone
euxinia during the Permian-Triassic superanoxic event. Science 307, 706-709.

Grice, K., Lu, H., Atahan, P., Asif, M., Hallmann, C., Greenwood, P., Maslen, E.,
Tulipani, S., Williford, K., Dodson, J., 2009. New insights into the origin of
perylene in geological samples. Geochimica et Cosmochimica Acta 73, 6531-
6543.

Harvey, H.R., McManus, G.B., 1991. Marine ciliates as a widespread source of
tetrahymanol and hopan-3fB-ol in sediments. Geochimica et Cosmochimica
Acta 55, 3387-3390.

Hayes, J.M., Freeman, K.H., Popp, B.N., Hoham, C.H., 1990. Compound-specific
isotopic analyses: A novel tool for reconstruction of ancient biogeochemical
processes. Organic Geochemistry 16, 1115-1128.

Hong, L.U., Linhui, H.O.U., Tengshui, C., Ping'an, P., Guoying, S., 2007. Stable
Carbon Isotopic Compositions of Methylated-MTTC in Crude Oils from Saline
Lacustrine Depositional Environment: Source Implications. Acta Geologica
Sinica - English Edition 81, 1041-1048.

Joachimski, M.M., Ostertag-Henning, C., Pancost, R.D., Strauss, H., Freeman, K.H.,
Littke, R., Sinninghe Damsté, J.S., Racki, G., 2001. Water column anoxia,
enhanced productivity and concomitant changes in 8"°C and §°'S across the
Frasnian—-Famennian boundary (Kowala-Holy Cross Mountains/Poland).
Chemical Geology 175, 109-131.

132



Chapter 4

Jorgensen, B.B., Bottcher, M.E., Liischen, H., Neretin, L.N., Volkov, LI., 2004.
Anaerobic methane oxidation and a deep H2S sink generate isotopically heavy
sulfides in Black Sea sediments. Geochimica et Cosmochimica Acta 68, 2095-
2118.

Kampschulte, A., Strauss, H., 2004. The sulfur isotopic evolution of Phanerozoic
seawater based on the analysis of structurally substituted sulfate in carbonates.
Chemical Geology 204, 255-286.

Kiispert, W., 1982. Environmental changes during oil shale deposition as deduced
from stable isotope ratios, in: Einsele, G., Seilacher, A. (Eds.), Cyclic and
Event Stratification. Springer, Berlin, pp. 482—-501.

Li, M., Larter, S.R., 1995. Reply to comments by Sinninghe Damsté and De Leeuw
(1995) on Li et al. (1995), Organic Geochemistry 23, 159-167. Organic
Geochemistry 23, 1089-1093.

Li, M., Larter, S.R., Taylor, P., Jones, D.M., Bowler, B., Bjorey, M., 1995.
Biomarkers or not biomarkers? A new hypothesis for the origin of pristane
involving derivation from methyltrimethyltridecylchromans (MTTCs) formed
during diagenesis from chlorophyll and alkylphenols. Organic Geochemistry
23, 159-167.

Marynowski, L., Filipiak, P., 2007. Water column euxinia and wildfire evidence
during deposition of the Upper Famennian Hangenberg event horizon from the
Holy Cross Mountains (central Poland). Geological Magazine 144, 569-595.

Melendez, 1., Grice, K., Trinajstic, K., Ladjavardi, M., Greenwood, P., Thompson,
K., 2013b. Biomarkers reveal the role of photic zone euxinia in exceptional
fossil preservation: An organic geochemical perspective. Geology 41, 123-126.

Meyer-Berthaud, B., Soria, A., Decombeix, A.-L., 2010. The land plant cover in the
Devonian: a reassessment of the evolution of the tree habit. Geological Society,
London, Special Publications 339, 59-70.

Meyer, K.M., Kump, L.R., 2008. Oceanic Euxinia in Earth History: Causes and
Consequences. Annual Review of Earth and Planetary Sciences 36, 251-288.

Murray, J. W., Stewart, K., Kassakian, S., Krynytzky, M., and DiJulio, D., 2007,
Ocxic, suboxic, and anoxic conditions in the Black Sea, in Yanko-Hombach,
V., Gilbert, A. S., Panin, N., and Dolukhanow, P. M., eds., The black sea
flood question, changes in coastline, climate and human settlement, Springer,
Dordrecht.

Nabbefeld, B., Grice, K., Schimmelmann, A., Summons, R.E., Troitzsch, U.,
Twitchett, R.J., 2010b. A comparison of thermal maturity parameters between
freely extracted hydrocarbons (Bitumen I) and a second extract (Bitumen II)
from within the kerogen matrix of Permian and Triassic sedimentary rocks.
Organic Geochemistry 41, 78-87.

Rowland, S.J., 1990. Production of acyclic isoprenoid hydrocarbons by laboratory
maturation of methanogenic bacteria. Organic Geochemistry 15, 9-16.

Schouten, S., Klein Breteler, W.C.M., Blokker, P., Schogt, N., Rijpstra, W.I.C.,
Grice, K., Baas, M., Sinninghe Damsté, J.S., 1998. Biosynthetic effects on the
stable carbon isotopic compositions of algal lipids: implications for

133



Chapter 4

deciphering the carbon isotopic biomarker record. Geochimica et
Cosmochimica Acta 62, 1397-1406.

Schwark, L., Piittmann, W., 1990. Aromatic hydrocarbon composition of the
Permian Kupferschiefer in the Lower Rhine Basin, NW Germany. Organic
Geochemistry 16, 749-761.

Schwark, L., Vliex, M., Schaeffer, P., 1998. Geochemical characterization of Malm
Zeta laminated carbonates from the Franconian Alb, SW-Germany (II).
Organic Geochemistry 29, 1921-1952.

Sinninghe-Damsté, J.S., De Leeuw, J.W., 1995. Comments on “Biomarkers or not
biomarkers. A new hypothesis for the origin of pristane involving derivation
from methyltrimethyltridecylchromans (MTTCs) formed during diagenesis
from chlorophyll and alkylphenols” from M. Li, S. R. Larter, P. Taylor, D. M.
Jones, B. Bowler and M. Bjoray. Organic Geochemistry 23, 1085-1087.

Sinninghe-Damsté, J.S., Kock-Van Dalen, A.C., De Leeuw, J.W., Schenck, P.A.,
Guoying, S., Brassell, S.C., 1987. The identification of mono-, di- and
trimethyl 2-methyl-2-(4,8,12-trimethyltridecyl)chromans and their occurrence
in the geosphere. Geochimica et Cosmochimica Acta 51, 2393-2400.

Sinninghe Damsté, J.S., Keely, B.J., Betts, S.E., Baas, M., Maxwell, J.R., de Leeuw,
J.W., 1993. Variations in abundances and distributions of isoprenoid chromans
and long-chain alkylbenzenes in sediments of the Mulhouse Basin: a molecular
sedimentary record of palaeosalinity. Organic Geochemistry 20, 1201-1215.

Sinninghe Damsté, J.S., Kenig, F., Koopmans, M.P., Késter, J., Schouten, S., Hayes,
JM., de Leeuw, J.W., 1995. Evidence for gammacerane as an indicator of
water column stratification. Geochimica et Cosmochimica Acta 59, 1895-1900.

Summons, R.E., Powell, T.G., 1986. Chlorobiaceae in Palacozoic seas revealed by
biological markers, isotopes and geology. Nature 319, 763-765.

Suzuki, N., Yessalina, S., Kikuchi, T., 2010. Probable fungal origin of perylene in
Late Cretaceous to Paleogene terrestrial sedimentary rocks of northeastern
Japan as indicated from stable carbon isotopes. Organic Geochemistry 41, 234-
241.

Tulipani, S., Grice, K., Greenwood, P., Schwark, L., 2013a. A pyrolysis and stable
isotopic approach to investigate the origin of methyltrimethyltridecylchromans
(MTTCs). Organic Geochemistry 61, 1-5.

van Kaam-Peters, H.M.E., Schouten, S., de Leeuw, J.W., Sinninghe Damsté, J.S.,
1997. A molecular and carbon isotope biogeochemical study of biomarkers and
kerogen pyrolysates of the Kimmeridge Clay Facies: palacoenvironmental
implications. Organic Geochemistry 27, 399-422.

Wortmann, U.G., Paytan, A., 2012. Rapid variability of seawater chemistry over the
past 130 million years. Science 337, 334-336.

134



Appendix 4

Appendix 4

Supplementary information

Supplementary figures
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Figure A4.1: Structures referred to in the text
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Figure A4.2: Arylisoprenoids, 5,7,8-trimethylmethyltrimethyltridecylchroman (triMeMTTC) and
perylene in a typical aromatic fraction from the restricted Late Givetian-Early Frasnian
palaeoenvironment. pal. = palacorenieratane, isor. = isorenieratane, ren. = renieratane

Geological setting

The Canning Basin (Western Australia) is famous for its extensive Middle to Late
Devonian reef systems containing exceptionally well preserved macro (Long and
Trinajstic, 2010) and molecular fossils (i.e. biomarkers; Melendez et al., 2013). The
samples for the present study originate from a core collected at the location of
McWhae Ridge (18.72796°S, 126.0682°E) and comprise marginal slope and basin
facies (Sadler and Gogo Formation (Fm.), respectively). This study mainly focuses
on the lower part of the core from the Gogo Fm. which was deposited in the latest
Givetian or earliest Frasnian (dating based on unpublished palynology results). It
consists of laminated argillaceous shale and contains fragments of crinoids,
stromatoporoids and brachiopods in some parts. Sediments from an overlying section

of the core deposited later in the Frasnian were also analysed and some data were
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included in this study. All samples show an extraordinarily low maturity with very
low Thax values (Rock Eval analysis, 405-418 °C; Table A4.1). For a comprehensive
description of the geology in the Canning Basin and more details about the

investigated section at McWhae Ridge see Playford et al. (2009).

Throughout most of the Devonian the climate was tropical without polar ice caps.
According to Joachimski et al. (2009) temperatures were slightly cooler in the Late
Givetian with an average of ~25°C but increased again throughout the Frasnian to
~30°C. Furthermore, there was a global sea-level rise from the Givetian to the Late
Frasnian (Johnson et al., 1985; Playford et al., 2009). The expansion of terrestrial
plants with the first forests occurring in the Givetian (e.g. Grice et al., 2009; Meyer-
Berthaud et al., 2010; Mintz et al., 2010), likely had a major influence on climate and
biogeochemical cycling (e.g. Algeo and Scheckler, 2010).

Experimental

Sample collection, preparation and extraction

The core was collected using a Winkie-drill (small portable drilling-rig) without
drilling fluids or lubricants, which also previously had never been in contact with the
equipment. Samples for biomarker, elemental and stable isotope analyses were cut
from one half of the core with a rocksaw (diamond crystal edge with carbon steel
centre) and pre-extracted by ultrasonication in methanol and dichloromethane
(DCM) to remove potential surface contamination. Subsequently, samples were
powdered in a stainless-steel rock-mill and Soxhlet-extracted with 90 % DCM in
methanol for 48 hours. Activated copper turnings were added to the round bottom-
flask during extraction to remove elemental sulfur. The extracts were separated by
silica gel-column chromatography (20 cm x 0.9 cm [.D.) using solvents with
increasing polarity. The aliphatic and aromatic hydrocarbon fractions relevant for

this study were eluted in hexane and 20 % DCM in hexane, respectively.

Gas chromatography-mass spectrometry (GC-MS)

GC-MS analyses were performed using an Agilent 5973 Mass-Selective Detector
(MSD) interfaced to an Agilent 6890 gas chromatograph (GC) equipped with a HP
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6890 auto-sampler and a capillary column (60 m x 0.25 mm L.D.) coated with a 0.25
um 5% phenyl 95% methyl polysiloxane stationary phase (DB-5MS, J & W
scientific). For the analysis of aliphatic fractions the GC-oven was heated from 40 °C
to 310 °C at 3 °C/min with initial and final hold times of 1 and 30 minutes,
respectively. For the analysis of aromatic fractions the final temperature was
increased to 325 °C with the rest of the parameters remaining unchanged. Samples
were injected into a split/splitless injector kept at 320 °C in a pulsed-splitless mode.
Helium was used as the carrier gas at a constant flow rate of 1.1 mL/min. Full scan
(typically 50-600 Daltons) at 70 e} mass spectra and selected ion monitoring (SIM)
spectra (used to achieve a better resolution for quantification of aromatic
compounds) were acquired with an electron multiplier voltage of 1800 V and a
source temperature of 230 °C. ChemStation Data Analysis software was used for
data acquisition and processing. Perylene, palacorenieratane and isorenieratane were
identified by comparison of retention times with authentic standards. For semi-
quantitative analyses the aromatic fractions were spiked with a known amount of

perdeuterated terphenyl (d'?).

Gas chromatography-isotope ratio mass spectrometry (GC-irMS)

GC-irMS analyses were performed on a Micromass IsoPrime mass-spectrometer
interfaced to an Agilent 6890N GC fitted with a 7683 autosampler. The GC-column,
carrier gas, injector conditions and oven temperature programs were identical to the
settings for GC-MS analysis. Analytes were oxidized to CO, and H,O in an interface
consisting of a quartz tube maintained at 850 °C packed with CuO-pellets (4 mm x
0.5 mm, isotope grade, Elemental Microanalysis LTD.). H;O was subsequently
removed by a liquid nitrogen trap at -100 °C. Isotopic compositions were determined
by integration of the m/z 44, 45 and 46 ion currents of CO; peaks from each analyte
and reported relative to CO, reference gas pulses of known "*C-content. Isotopic
values are given in the delta (&) notation relative to the international standard VPDB.
For data acquisition and processing MassLynx (Micromass Ltd.) was used. Each
sample was analysed at least in duplicate and average values and standard deviations
were reported. Standard solutions containing compounds with a known isotopic
composition were analysed after every second sample to confirm accuracy of the

instruments.
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Multiple reaction monitoring (MRM) GC-MS

Selected aliphatic fractions were analysed on a Micromass Autospec Ultima mass
spectrometer operating in MRM-mode, which was interfaced to an Agilent 6890 N
gas chromatograph fitted with an autosampler and a DB-5MS fused silica capillary
column (60 m; 0.25 mm 1.D.; 0.25 um film thickness; J&W Scientific). Helium at a
constant flow of 2 ml/min was used as carrier gas. The GC-oven was programmed
from 60°C to 150°C at 10°C/min and to 315°C at 3°C/min with initial and final hold
times of 2 and 24 min, respectively. The source was operated in electron impact (EI,
70 eV) mode at 250° C, with 8 kV accelerating voltage. Data was acquired and
processed using MassLynx 4.0 (Micromass Ltd.) software. Identification of
compounds was achieved by comparison with a synthetic mixture of oils (AGSO
standard) that contains most common hopanes and steranes. Gammacerane indeces
were calculated from peak areas of gammacerane and the 17a,21B-hopane in the

chromatogram of the precursor-product reaction of m/z 412 to m/z 191.

Determination of total organic carbon (TOC) and carbonate content

Small fractions of the non-extracted powdered samples were decarbonated by the
addition of hydrochloric acid (~5%), washed, dried and analysed on a VARIO EL-III
elemental analyser for the determination of C%. The carbonate content [%] was
inferred from the difference of sample weight before and after decarbonation. TOC%

was calculated from C% in the decarbonated samples.

RockEval pyrolysis

RockEval pyrolysis was performed on the decarbonated samples (see previous

section) due to the low TOC% using a VINCI Rock Eval 2 instrument.

6" C of carbonates

8'3C of carbonates was measured by continuous-flow (CF) analysis on a GasBench II
coupled with a Delta XL Mass Spectrometer (Thermo-Fisher Scientific) using the
method described in Paul and Skrzypek (2007). In brief, carbonates in the powdered

samples were digested by addition of ortho-phosphoric acid in a helium atmosphere.
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The generated CO, was trapped, purified and diverted to the irMS. Isotope values

were reported in the delta (8) notation relative to the international standard VPDB.

6" C of organic carbon

Fractions of the sample residues after Soxhlet-extraction were decarbonated by the
addition of ~7N hydrochloric acid. Bulk 8'"°C analysis of the washed, dried and
homogenized samples was performed on a continuous flow (CF) system consisting
of a Delta V Plus mass spectrometer connected to a Thermo Flash 1112 via Conflo
IV (Thermo-Finnigan/Germany). Combustion and oxidation were achieved at 1700-
1800°C and reduction at 650°C. Results were reported in the delta (8) notation
relative to the international standard VPDB. For more details see Skrzypek and Paul

(2000).
5*'S of pyrite

8**S of total reducable inorganic sulphur (TRIS, mainly pyrite) was measured in a
fraction of the sample residue after Soxhlet-extraction. TRIS was extracted from the
sample by treatment with hot acidic chromium (II) chloride (Fossing & Jergensen,
1989). The generated H,S was precipitated quantitatively as ZnS, which was then
converted to AgS,. **S/*’S ratios were measured by combustion - isotope ratio
monitoring - mass spectrometry (C-irm-MS) using a Thermo Finnigan MAT 253
mass spectrometer coupled to an elemental analyser (Thermo Flash 2000) via a split
interface (Thermo Finnigan Conflo IV). Measured isotope ratios were calibrated with
in-house and international reference materials (Mann et al., 2009) and reported in the

d-notation relative to the V-CDT (Vienna Cailon Diablo Troilite) standard.

Supplementary data

Table A4.1: Tpay (RockEval) and 8'"°C values of bulk organic matter (OM) and carbonates (carb.)
(reported in %o relative to VPDB), in the investigated Devonian samples

dz:;:p[';] 27.3 281 290 309 31.9 330 332 334 402 403 405 407 412 419
Tow[°C] 413 410 418 405 405 410 415 410 nd. 415 413 414 410 413
5Com  -297 299 -283 -284 -278 nd. -283 -27.2 -290 -20.6 nd. -287 -290 -29.2
5"*Ccarn. 1.0 0.7 1.6 1.1 14 nd 19 1.2 01 -30 nd 05 -16 0.1
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Abstract

Although the Late Devonian extinctions rank amongst the “big five” mass extinction
events in the Phanerozoic, causes, nature and exact timing of the associated events
remain poorly understood. Besides the most pronounced biodiversity loss at the
Frasnian-Famennian (F-F) boundary and towards the end of the Famennian, there
were also less extensively studied extinction pulses in the Middle to Late Givetian
and in the Frasnian. Here a combination of elemental, molecular and stable isotope
analysis (including 8"*C of carbonates, organic matter (OM) and biomarkers,
SISOcarbonates, 0Dkerogen and 634Spyme) was used for the investigation of a sedimentary
record from this time period (latest Givetian or earliest Frasnian until later in the

Frasnian) collected in the Canning Basin (Lennard Shelf), WA.

Depth profiles of most investigated palaeoenvironmental indicators showed distinct
variations between sediments corresponding to the time period close to or at the
Givetian-Frasnian (G-F) boundary and sediments deposited later in the Frasnian.
Alterations in parameters such as pristane/phytane ratios, gammacerane index,
abundance of Chlorobi biomarkers as well as 8Dyerogen and chroman ratios describe
the change from a restricted marine palacoenvironment with a persistently stratified
water-column and prevailing anoxia and photic zone euxinia (PZE) towards a
presumably open marine setting with a vertically mixed water-column and oxic to
suboxic conditions. Furthermore, simultaneous excursions in 8"°C profiles of
carbonates, OM and hydrocarbons reflect changes in the inorganic carbon pool
indicating enhanced recycling of *C-depleted OM by sulfate reducing bacteria in the
older sediments, most likely induced by water-column stratification. Elevated
abundances of methyltrimethyltridecylchromans (MTTCs) and perylene as well as
alterations in sterane distributions likely point to an increased terrigenous input via
riverine influx. The resulting increase in nutrient input and associated phytoplankton
blooms probably represented a crucial factor in the development of anoxia together

with the stagnant water-column.

The collected data identify a distinct period of elevated biotic stress close to or at the
G-F boundary, particularly for reef-builders and associated organisms, which may be
related to a local or global extinction event. It furthermore suggests that PZE may

have contributed to the Late Devonian extinctions, consistent with previous studies,
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which also reported evidence of this condition in various Middle to Late Devonian
sediments. The relation of terrigenous nutrient input and anoxia also supports the
hypothesis of a link between the expansion of higher plants and the Late Devonian

extinctions.

Introduction

In the Late Devonian some of the biggest mass extinctions in Earth’s history
ultimately wiped out the extensive reef systems prominent throughout that era
(Sepkoski, 1986, 1993; Walliser, 1996; Bambach, 2006;). The most pronounced
biodiversity loss occurred at the Frasnian-Famennian (F-F) boundary; however there
were also distinct biodiversity crises towards the end of the Famennian time period
and in the Middle to Late Givetian and earlier Frasnian (Walliser, 1996; Caplan and
Bustin, 1999; Aboussalam and Becker, 2001). The most severely affected organisms
were reef-building communities and associated fauna in tropical, shallow marine
settings whereas terrestrial ecosystems were only marginally impacted (Copper,
1986; Fagerstrom, 1994; McGhee, 1996). Cause and nature (distinct events, several
smaller pulses or rather gradual diversity decline) of the extinctions continue to be
debated (e.g. McGhee, 1996; House, 2002; Racki, 2005). Hypotheses range from one
or several bolide impacts (McLaren, 1970, 1983; Sandberg et al., 2002; Ellwood et
al., 2003) to climate change and rapid sea-level fluctuations in response to various
parameters including atmospheric CO; reduction due to the rise of terrestrial plants
or extensive volcanism (Murphy et al., 2000; Courtillot and Renne, 2003; McGhee,
2005; Algeo and Scheckler, 2010). The expanding terrestrial vegetation and the
associated higher nutrient input from enhanced weathering and soil formation may
have further contributed to the widespread anoxia and eutrophication in Late
Devonian oceans, which have in particular (but not only) been linked to the F-F
extinctions (Joachimski and Buggisch, 1993; Bond et al., 2004; Algeo and Scheckler,
2010). Whereas most research focuses on the investigation of the F-F or the End-
Famennian extinctions, studies about earlier events in the Late Givetian and Early to

Middle Frasnian are comparatively rare.

Several mass extinction events including the Permian-Triassic extinction (Grice et
al., 2005a; Summons et al., 2006; Hays et al., 2007; Nabbefeld et al., 2010a) and
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some Mesozoic events (Sinninghe Damsté and Kdster, 1998; Pancost et al., 2004;
Jaraula et al., 2013) have been associated with (global) oceanic anoxic events
(OAEs) in which a stagnant water-column led to persistent stratification and
widespread anoxia and photic zone euxinia (PZE). PZE describes a condition where
high concentrations of toxic hydrogen sulfide produced by anaerobic sulfate reducing
bacteria (SRB) in or near sediments expand into the photic zone (i.e. the surface
water layer with enough light penetration for photosynthesis to occur). Whereas
these environments are highly unfavourable for most organisms, the obligately
anaerobic green sulfur bacteria (Chlorobi) only thrive under these conditions since
they use hydrogen sulfide as an electron donor to perform anoxygenic
photosynthesis. Therefore the presence of distinctive '*C-enriched sedimentary
biomarkers derived from carotenoids in their unique photosystem, such as
isorenieratane (I, Figure AS.1), palacorenieratane (II) or a series of aryl isoprenoids
(III), represents unambiguous evidence for PZE in the palaeoenvironment
(Summons and Powell, 1986, 1987; Requejo et al., 1992; Grice et al., 1996b, 1997,
Koopmans et al., 1996b; Schwark and Frimmel, 2004). PZE may have also been a
significant factor in the Late Devonian extinctions since evidence of this condition
has been reported in Middle to Late Devonian sediments and crude oils from various
locations including the Western Canada Sedimentary Basin (Summons and Powell,
1986, 1987; Requejo et al., 1992; Maslen et al., 2009), the Michigan and Illinois
Basin, USA (Brown and Kenig, 2004), the Holy Cross Mountains, Poland
(Marynowski et al., 2000, 2011; Joachimski et al., 2001; Marynowski and Filipiak,
2007) and in the Canning Basin, Western Australia (Maslen et al., 2009; Melendez et
al., 2013a, 2013b; Chapter 4 this thesis).

The Canning Basin in Western Australia is of high significance for the investigation
of Late Devonian extinction events due to the excellent preservation of extensive and
well exposed Middle to Late Devonian reefs (e.g. Playford et al., 2009). The Gogo
Formation represents the Givetian to Middle Frasnian basin facies of these reef
systems and was deposited largely under suboxic, anoxic or euxinic conditions
(Maslen et al., 2009; Playford et al., 2009; Melendez et al., 2013a, 2013b). It is of
particular significance for studies of macro as well as molecular fossils (i.e.

biomarkers) due to the exceptional preservation of soft tissue and original biomarker
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signatures in calcareous nodules of some sections (e.g. Long and Trinajstic, 2010;

Melendez et al., 2013Db).

This manuscript presents data from a comprehensive biomarker, elemental and stable
isotope approach (S, N, and C %; S13C of biomarkers, OM and carbonates,
SISOcarbonates, 0Dkerogen and 834Spyrite), complemented with Rock Eval pyrolysis, in
sediments from a lower slope/basinal core, which reflect paleoenvironmental
changes in the time period from close to or at the Givetian-Frasnian (G-F) boundary
until later in the Frasnian. The primary aim was to identify environmental conditions
which may reveal causes and timeframes of potential extinction events whilst also
extending the general interest in biomarker preservation in the Gogo Formation.
Chapter 4, which introduces a novel biomarker proxy for freshwater incursions in
marine palaeoenvironments based on the analysis of sediments from the lowermost
section of this core, revealed evidence of a persistently stratified water-column
(freshwater lens overlying more saline bottom water), with prevailing anoxia and
photic zone euxinia (PZE) in the corresponding depositional setting. Here a more
comprehensive approach was presented including additional parameters and a further

extension of palacoenvironmental reconstructions until later in the Frasnian.

Geological setting

The samples analysed here originate from a core collected at McWhae Ridge
(18.72796°S, 126.0682°E), a locality along the Lennard Shelf, Canning Basin, WA
located at the southern end of South Lawford Range (Figure 5.1a), in which the F-F
boundary has been well defined in distal marginal slope/basinal facies. The
geological setting at this location is displayed in a cross section in Figure 5.1b and
has been described in detail elsewhere (e.g. Becker et al., 1991; Playford et al.,
2009). In brief, it comprises a faulted reef spine (Pillara-Limestone, Givetian-
Frasnian) which was drowned in the early Frasnian and overlain by marginal slope
(Sadler Formation, Givetian-Middle Frasnian and Virgin Hills Formation, Frasnian-
Famennian) and basin facies (Gogo Formation). Furthermore it was overgrown by a
stromatolitic bioherm (now largely eroded) in the latest Frasnian and Early
Famennian. The Sadler formation is interfingering with the equivalent basin facies
(Gogo Formation) below the surface.
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Figure 5.1: Sedimentary log (C) and location (A) of the core collected from McWhae Ridge. (B)
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approximate location of the collected core. Map and cross section were modified after Playford et al.
(2009). The graphical illustration of the Dunham scale is used to visualize grain size.
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Figure 5.1c shows the sedimentary log of the sampled core. The upper section
(< 27.2 m) includes the F-F boundary and consists of the Virgin Hills Formation.
However, due to its low OM content this interval is not suitable for biomarker
analysis and has not been considered here. In this part of the core beds of red-brown,
pale grey-green or pale brown-grey calcareous siltstone partly with abundant micritic
nodules are alternating with poorly bedded red, pale red-brown or pale-brown
argillaceous wackestone and micrite. There is also an interval of pale brown
calcareous and argillaceous, very fine siliciclastic-rich sandstone and argillaceous
and sandy, micritic limestone between 5 and 7 m. The more OM-rich section of the
core (27.2-42.1 m), which is included in the present study, consists of the
interfingering Sadler and Gogo Formations. Depth between 34 and 39 m correspond
to conodont zones 1-4 (unpublished results). The lowest part of the sampled interval
(40.1-42.1 m) is from the Gogo Formation and of latest Givetian-earliest Frasnian
age. Dating of this interval was based on unpublished palynological analysis, in
particular the abundance of the plant microfossils of the key taxon
Archaeozonotriletes timanicus Naumova 1953 which McGregor and Playford (1993)
listed as a characteristic element of Australian plant microfossil assemblages
assigned to the optivus-triangulatus Zone. The core interval consists of laminated
argillaceous shales with thin limestone interbeds and some narrow irregular beds of
shelly wackestone and fine grained packstone. Brachiopods are abundant throughout
the interval and crinoids and stromatoporoid fragments are present in the lowermost
40 cm. The section is followed by an OM-lean interval (33.5-40.1 m) of irregular
bedded grey or pale yellowish-grey calcareous siltstone with abundant micrite
nodules (37.5-40.1 m) and argillaceous limestone (33.5-37.5 m). The uppermost part
of the sampled interval (27.2-33.5 m) consist of medium grey finely laminated
calcareous shale and a few narrow beds of nodular and brecciated micrite and fine
packstone. Towards lower depths the calcareous content increases whereas

lamination decreases.

From the Late Givetian until the Middle to Late Frasnian a long-term global rise in
sea-level has been linked to the retreating and backstepping of reef platforms
observed in the Canning Basin. This was followed by a decrease in subsidence and

dropping sea-levels in the Late Frasnian and Famennian leading to advancing
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platforms (e.g. Playford et al., 2009). Similar effects were also observed in reef-
systems located in other parts of the world (e.g. Western Canada sedimentary Basin;

Atchley et al., 2006).

Experimental

Analytical methods and sample preparation are described in the supplementary

information (SI) included in Appendix 5.

Results and discussion

Aliphatic hydrocarbons

Figure 5.2 displays typical total ion chromatograms (TICs) from gas
chromatography-mass spectrometry analysis (GC-MS) analysis of aliphatic fractions
in the sediments which were deposited close to or at the G-F boundary (depth > 40
m; e.g. A, MWR-40.7) and later in the Frasnian (depth 27.2-33.5 m; e.g. B, MWR-
29.9), respectively. The aliphatic fractions throughout the core, with the exception of
the OM-lean interval between 33.5-40 m, contained n-alkanes with chain lengths
from Cjs, Cy4, or (occasionally) C;s to Cs3 with distributions typically maximising at
C,. n-Alkanes in the sample from the OM-lean section (depth 37.8 m) were present
at low concentrations and ranged from Ci¢ to Cs3. In most samples a slight odd-over-
even predominance in short-chain as well as long-chain n-alkanes was evident (see
carbon preference indices (CPIs) in Table 5.1). The isoprenoids pristane (IV) and
phytane (V) were present in all samples and dominated the aliphatic fractions of all
sediments from the lowermost part of the core (> 40 m). Furthermore, the samples
contained complex distributions of saturated and unsaturated hopanoids and steroids.
The most abundant of these were C,;7 to Cy9 diaster-(13)17-enes (VI) highlighted in
the m/z 257 mass chromatograms in Figure 5.2. The hopanoids included Cy9 to Css
regular hopanes with 178,21p (BB), 17B,21a (Ba) and 17a,21B (af)) configurations
(VII) as well as 18a 22,29,30-trisnorhopane (Ts), 17a 22,29,30-trisnorhopane (Tm),
178 22,29,30-trisnorhopane (Tm-B). 29,30 and 28,30-bisnorhopane (BNH; Figure
AS5.2) and also Cs; to Cs6 2B- and 3B-methylhopanes were detected in relatively low
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concentrations (Figure AS.3). Hopenes included hop-(13)18-enes and C;¢ to Css
hop-(17)21-enes (Figure AS5.4). Regular steranes were present in the Sa,140,17a
(o), 50,14B,17B (app) and 58,140,170 (Baa) configurations (VIII) from Cy; to Csp
as well as 3 and 4 methyl 24-ethylcholestanes (Figure AS5.5). The C; triterpenoid
gammacerane (IX) was also only present in significant concentrations in the
lowermost samples from depths > 40 m. The identity of hopanes and steranes and
also gammacerane (IX) were confirmed by multiple reaction monitoring (MRM) gas

chromatography-mass spectrometry (GC-MS).

Aromatic hydrocarbons

The most abundant compound in aromatic fractions of all sediments was the
5,7,8-trimethylmethyltrimethyltridecylchroman (X; triMeMTTC). The other MTTC
isomers which commonly occur in geological samples (X; Sinninghe-Damsté et al.,
1987) were also present, albeit at much lower concentrations. Sediments at depth
> 40 m furthermore contained a series of abundant mono- and diaryl isoprenoids
including intact iso- and palaeorenieratane (I and II; Figure 5.3 and 5.4). PAHs were
present at relatively low abundances and included typical combustion markers such
as benzo[a]pyrene (XI), benzo[e]pyrene (XII), coronene (XIII), benzo[ghi]perylene
(XIV), fluoranthenes (XV) or pyrenes (XVI) as well as the presumably fungal-
derived perylene (XVII; e.g. Grice et al., 2009; Chapter 2 this thesis).

Evidence of water-column stratification, anoxia and PZE

The palaeoenvironmental setting corresponding to the lowermost part of the core in
depth > 40 m (Late Givetian-Early Frasnian) has been described in Chapter 4. To
summarize, enhanced gammacerane indices indicated a stratified water-column
which promoted the development of PZE, evident in the abundance of
palacorenieratane (II) and other Chlorobi carotenoid derivatives. Low
pristane/phytane ratios (Pr/Ph < 1) indicated anoxia and higher salinities in the
hypolimnion and sediments whereas high chroman ratios (triMeMTTC/total MTTCs)
> 0.9 reflected the low salinities in an overlying freshwater lens from likely
predominantly riverine incursions. High abundances of perylene (XVII) and MTTCs

(X) presumably represented significant terrigenous input.
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Figure 5.3: Depth profiles of stable isotope and biomarker parameters (potentially) indicative of
redox conditions, photic zone euxinia, water-column stratification or salinity throughout the analysed
core from McWhae Ridge. Pr/Ph = pristane/phytane; C;sHHI % stands for C;s-homohopane index and
was calculated according to: C;s-homohopanes/Y (C3;;—Css homohopanes) X 100 %; 28,30-BNH/C;,H
= 28,30-bisnorhopane/ 17a,21B-hopane; gammacerane index = gammacerane/17a,21pB-hopane; the
three previous parameters were all calculated from peak areas in suitable MRM-GC-MS transitions.
Isoren. = isorenieratane; palacoren. = palacorenieratane; isopr. = isoprenoids; triMeMTTC/total
MTTC 5,7,8-trimethylmethyltrimethyltridecylchroman/ total methyltrimethyltridecylchromans,
calculated from peak areas of selected ion monitoring traces; carb. = carbonates. 8**S was reported in
%o relative to VCDT; 8D was reported in %o relative to VSMOW and has been corrected for
exchangeable hydrogen according to Schimmelmann (1991); 3'%0 was reported in %o relative to
VPDB. Some of the included data has already been presented in a different context in Chapter 4 (see
Table AS.1 for more detail)
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Figure 5.3 shows depth profiles of molecular and stable isotope indicators of redox
conditions, salinity, stratification and PZE in the analysed core which will be

discussed in the following sections.

Indicaticators of anoxia

Pr/Ph is a frequently used redox indicator; however it is also influenced by other
parameters including salinity (ten Haven et al., 1985; Schwark et al., 1998). Pr/Ph in
sediment depths < 33.5 m was higher than in the lowermost part of the core
indicating less reducing conditions and lower salinities in the hypolimnion and
sediments in the corresponding palaeoenvironment, which would be consistent with a
more open setting at higher sea-levels (Playford et al., 2009). In the two uppermost
samples Pr/Ph showed a further increase to values approaching 3, reflecting a well-
mixed and oxygenated water-column at the time of deposition. A further potential
redox indicator is the Css homohopane index (Figure 5.3), with higher values
indicating the enhanced preservation of extended hopanoids, which is often

associated with reducing conditions at the time of deposition and shortly after burial
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Figure 5.4: Chlorobi carotenoid derivatives in the m/z 133 trace from selected ion monitoring (SIM)
GC-MS of a representative sample in the lowermost part of the analysed core corresponding to the
Late Givetian-Early Frasnian (depth 40.7 m). “C;” mark monoaryl isoprenoids with carbon number
“i”. §"3C values represent the average for the respective compound in all samples below 40 m with
error bars indicating the standard deviations. The two values without error bars could only be
measured in 1 sample. Blue arrows indicate the peak corresponding to the respective 8"*C value.
Question-marks indicate tentatively identified structures. The chromatogram as well as the stable
isotopic composition of palacorenieratane is presented in Chapter 4.
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(e.g. Peters and Moldowan, 1991 and references therein). However, also other
parameters such as source organisms, composition of the sediment (e.g. clay
contents) or thermal maturity may influence relative abundance and preservation of
Css-homohopanes. Some of the trends in the depth profile displayed in Figure 5.3
are consistent with Pr/Ph ratios although differences between the lowermost (> 40 m)
and upper samples (> 33.5 m) were not as pronounced. 28,30-BNH has also
frequently been linked to anoxic depositional environments. The bisnor-hopane is
thought to originate from chemoautotrophic bacteria living at the oxic-anoxic
interface, although to date it has not been isolated from a particular source organism
(Peters et al., 2005 and references therein). Its sedimentary abundance is also
particularly sensitive to changes in bacterial populations and furthermore influenced
by parameters such as sediment composition and maturity. Here it showed elevated
abundances relative to the af-hopane in sediment depths > 40 m consistent with
anoxic conditions in the depositional environment. However, it also showed an
increase in relative abundance in sediments around a depth of 33 m, which exhibited

Pr/Ph ratios > 1.

Chlorobi carotenoid derivatives

The intact carotenoid pigments isorenieratane (I), palaeorenieratane (II) and
renieratane (XVIII), which represent unequivocal evidence for the presence of
Chlorobi and hence PZE (e.g. Summons and Powell, 1986; Schwark and Frimmel,
2004; Grice et al., 2005a), were only abundant in sediments of a depth > 40 m. In
contrast, monoaryl isoprenoids (III), which do have other sources (e.g. Grice et al.,
1996b; Koopmans et al., 1996a), were also present at low concentrations in aromatic
fractions from the remaining part of the core. The average 5°C values of aryl
isoprenoids (III) in samples > 40 m are displayed in Figure 5.4 along with a
representative SIM trace (m/z 133). These data indicate mixed sources of all
monoaryl isoprenoids (IIT) and some diaryl derivatives since they were significantly
more "C depleted compared to the exclusively Chlorobi-derived palacorenieratane
(IT), which exhibited heavier 8"°C signatures of around -15 %o, typical of lipids
synthesised via the tricarboxylic acid (TCA) cycle used by Chlorobi (Quandt et al.,
1977, Sirevag et al., 1977).
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5’S of pyrite

8**S signatures of total reduced inorganic sulfur (~pyrite) throughout the core ranged
from -24.4 to -11.9 %o (Figure 5.3) which is comparable to data from other Late
Devonian sediments obtained by Joachimski et al. (2001). The strong s depletion
compared to the estimated value for Devonian sea-water (+15 and +20 %o;
Kampschulte and Strauss, 2004; Wortmann and Paytan, 2012) indicate that microbial
sulfate reduction took place in surface sediments or even the water-column where it
was not limited by sulfate abundance (e.g. Canfield and Teske, 1996; Meyer and
Kump, 2008). The values were similar to those in the modern euxinic Baltic Sea
(Bottcher and Lepland, 2000; Boéttcher et al., 2004), sediments of the hypersaline
Basins of the eastern Mediterranean (Ziebis et al., 2000) but less enriched in the light
isotope when compared to the Holocene Black Sea (Fry et al., 1991; Boéttcher et al.,
2004; Jorgensen et al., 2004).

Gammacerane index

Gammacerane indices in the samples deposited later in the Frasnian (< 33.5 m) were
low (Figure 5.3) suggesting a vertically mixed water-column contrary to the
conditions in the Late Givetian-Early Frasnian which exhibited significantly higher
gammacerane indices. Gammacerane (IX) is presumably sourced from tetrahymanol
in bacterivorous cilitates living exclusively at the chemocline and is therefore an
indicator for water-column stratification (Harvey and McManus, 1991; Sinninghe
Damsté et al., 1995; Grice et al., 1998d; Chapter 4 this thesis). A vertically mixed
water column in palacoenvironments corresponding to samples from the upper part
of the core (in particular the uppermost two samples) is also consistent with lower
chroman ratios in these samples reflecting higher salinities in the epilimnion

(Chapter 4).

oD of kerogen

The 6D values of kerogen displayed in Figure 5.3 represent the isotopic composition
of non-exchangeable hydrogen, which was determined according to a method
developed by Schimmelmann et al. (1999; 2006) to reduce distorting effects on dD

signatures by hydrogen exchange between OM and water during diagenesis.
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However, hydrogen that is typically considered as non-exchangeable can also be
replaced during later stages of thermal maturation (e.g. Schimmelmann et al., 2004;
Dawson et al.,, 2005, 2007; Pedentchouk et al., 2006; Maslen et al., 2013).
Nevertheless, immature kerogens have shown a good preservation of original D/H
content and have been frequently used to reconstruct palacoenvironmental changes
(e.g. Hassan and Spalding, 2001; Lis et al., 2006; Nabbefeld et al., 2010c¢). Since the
samples analysed here exhibit a very low thermal maturity (“Thermal maturity and
organic matter preservation” page 158), 6D values of their kerogens are likely
representative of the palacoenvironment. Generally, 8D signatures of biomass are
strongly influenced by the D/H composition of the source water used for biosynthesis
(Sessions et al., 1999; Dawson et al., 2004; Grice et al., 2008b; Nabbefeld et al.,
2010c; Zhou et al., 2011). Therefore the comparatively D-depleted value for the
sample in the lowermost part of the core (> 40 m) potentially reflects the freshwater
incursions (evident in elevated chroman ratios; Chapter 4) which typically lead to a
D-depletion in the marine environment. Due to fractionation effects in the
hydrological cycle, meteoric waters are more depleted compared to seawater, which
exhibits a 8D value of ~0 (Gat, 1996). Variations in the 8D profile could represent
changes in the type of source organisms or growth forms (Nabbefeld et al., 2010c;
Polissar and Freeman, 2010), and the more highly depleted values of the deeper
sediments may have been influenced by increased input of D-depleted terrestrial

biomass (organisms utilizing meteoric waters).

680 of carbonates

3'%0 values of carbonates in the lowermost part of the core corresponding to the
anoxic/euxinic palacoenvironment with freshwater incursions showed significant
variations, but were on average more '*O-depleted than samples in the upper section
of the core. 3'°0 and 8"°C values of carbonates showed only a slight correlation (R
= 0.3, Figure A5.6) indicating largely different influences on both parameters and
most likely no significant diagenetic control. 8'°0 signatures of carbonates are
typically representative of the stable isotopic composition of the corresponding water
(e.g. Sachse et al., 2004b). Therefore the greater '*O-depletion of some samples in
the lowermost part of the core might be indicative of freshwater incursions since
meteoric waters are depleted in heavy isotopes.
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Table 5.1: Selected elemental and molecular maturity parameters throughout the analysed core
indicating an exceptionally low thermal maturity. T, was determined by Rock Eval pryolysis. Ts =
18a 22,29,30-trisnorhopane; Tm = 17a 22,29,30-trisnorhopane. C;;H = 170,21B3-homohopane; Cyg
aoo St = Sa,140,17a 24-ethylcholestane; S and R represent the stereochemistry at C22 and C20 for
hopanes and steranes, respectively. CPI stands for carbon preference index and was calculated
according to Y Cq¢/d Ceven Over the range of Ci to Cy, and Cy3-Cs;, respectively.

Depth [m] Toax [°CI Ts/(Ts/Tm) CyH SI(S+R) Cgl(‘;i;ft CPI(Cis-Cz2)  CPI (C25-Cs3)
273 413 0.14 0.18 0.14 1.07 153
28.1 410 0.15 0.16 0.15 118 159
29.0 *418 0.13 0.15 0.12 116 149
29.7 *409 n.d. n.d. n.d. n.d. n.d.
29.9 *407 0.14 0.15 0.04 1.18 1.58
30.7 *405 0.14 0.14 0.12 1.12 1.53
30.9 421 0.14 0.15 0.1 1.20 182
31.9 *405 0.16 0.14 0.11 1.11 1.16
32.8 *406 0.18 0.16 0.10 1.02 1.46
33.0 *410 0.18 0.16 0.11 1.10 1.47
33.2 *415 0.19 0.16 0.10 0.93 1.18
33.4 410 0.18 0.20 0.08 0.97 1.00
34.6 *417 n.d. n.d. n.d. n.d. n.d.
37.8 n.d. 0.47 0.36 0.19 1.04 103
40.2 n.d. 0.22 *0.23 0.08 1.43 1.30
40.3 415 0.16 %0.20 0.09 1.27 1.20
405 413 nd. nd. nd. 1.00 0.89
40.7 *414 0.13 *0.13 0.09 1.04 1.13
41.2 *410 0.10 *0.12 0.09 1.07 1.24
41.9 *413 0.11 *0.11 0.09 1.00 1.16

* also included in Chapter 4

Thermal maturity and organic matter preservation

The analysed sediments showed an exceptionally low thermal maturity despite their
Palaeozoic depositional age, evident in elemental as well as molecular maturity
parameters (Table 5.1). T values from Rock Eval pyrolysis were all < 421 °C
indicative of very low thermal alteration (Table 5.1; sediments with Tpax < 435 °C
are typically considered immature; e.g. Peters et al., 2005). Furthermore, the aliphatic
fractions contained complex hopanoid and steroid distributions typical of immature
sediments with high concentrations of biological isomers such as Bf-hopanes and
aaa-20R-steranes compared to the more thermally stable geological configuration
(Figure 5.2 and Figures AS5.2 to AS5.5). This was evident in very low values of
frequently used molecular maturity indicators such as the C22 homohopane ratio
(22S/ (228+22R)), oo 24-ethylcholestane isomerisation at C20 (20S/ (20S+20R)) or
Ts vs. Tm (Ts/ (Ts+Tm)) displayed in Table 5.1. All of these values (with the
exception of the organic lean sample at 37.8 m) correspond to vitrite reflectance

equivalents < 0.5 % and mostly < 0.4 % (Hulen and Collister, 1999 and references
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therein) corresponding to burial heating < 80 and < 60 °C, respectively (Barker and
Pawlewicz, 1994). The high relative abundances of hopenes and sterenes were also
highly unusual for Palaeozoic sediments as these compounds are usually converted to
their saturated counterparts during relatively early stages of diagenesis (e.g.
Mackenzie et al., 1982; Peters et al., 2005). Regular steranes were generally much
more abundant than their corresponding diasteranes (Figure AS5.5), which is typical
of carbonate-rich and clay-poor sediments (e.g. Nabbefeld et al., 2010b). However,
diasterenes, which represent diagenetic precursors of diasteranes (Mackenzie et al.,
1982) were highly abundant (Figure 5.2). A low thermal maturity was also evident
in pale to mid to yellow spore colours (thermal alteration index; Staplin, 1969),

observed from palynological analysis (unpublished results).

Furthermore, the strong correlation of total organic nitrogen content (TN, %) to
TOC % (R*=0.97) and relatively low values of the C/N ratio (Figures 5.5a and 5.6)
suggest these data are representative of the source OM, which to the best of our
knowledge would be the oldest reported preservation of C/N source ratios. The C/N
ratio can generally provide a reliable distinction of marine vs. terrestrial OM since
phytoplanktonic organisms typically have a higher nitrogen-content (C/N: ~4-10)
than terrestrial vegetation (C/N > 20; Meyers, 1994 and references therein).
However, the ratio can be influenced by the enhanced loss of organic nitrogen over
organic carbon during diagenesis, leading to artificially high values of the C/N ratio
in affected sediments (e.g. Sampei and Matsumoto, 2001). Furthermore, C/N ratios
can be influenced by the contribution of inorganic nitrogen (typically ammonium),
particularly in OM-lean sediments with TOC contents < 1 % (e.g. Miiller, 1977;
Sampei and Matsumoto, 2001). Therefore TN % was corrected to obtain TNorganic %o
by assuming a constant contribution of 0.02% TNinorganic, Which was determined from
the axis intercept of the TN % vs. TOC % plot. C/N ratios illustrated in Figure 5.6
were calculated using TNgrganic %0. The unusual preservation of C/N ratios in the
Palaeozoic sediments furthermore points to the unique OM preservation in some

sections of the Gogo Formation and a very immature character of the OM.

A low thermal maturity based on molecular ratios has also been reported for a
calcareous nodule hosting a well preserved crustacean from a nearby section of the

Gogo Formation (Melendez et al., 2013b). However, values for the 24-
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ethylcholestane isomerisation at C20 and for Ts/ (Ts+Tm) in the nodule were slightly
higher than in most parts of the presently analysed core, and unsaturated steroids or
hopanoids were absent. In contrast, other sections of the Gogo Formation, which
represent the source rocks of the high quality oils in the Canning Basin, showed
significantly higher thermal maturities (Cadman et al., 1993; Barber et al., 2001;
Greenwood and Summons, 2003; Maslen et al., 2009, 2011). Nevertheless, the now
exposed or near-surface rocks in most parts of the reef systems in the northern
Canning Basin (Lennard Shelf) have likely never been exposed to temperatures
exceeding 60 to 70 °C during their geothermal history (Playford et al., 2009 and

references therein).

A 0.05

TNorg. %

@ depth <40 m ||
@ depth>40 m |!

TS %

0 0.2 0.4 0.6 0.8 1.0
TOC %

Figure 5.5: Plots showing positive correlations of total organic carbon (TOC %) to (A) total organic
nitrogen (TN, %, corrected from TN % assuming a constant contribution of TNijorganic 0f 0.02 %) and
(B) total sulphur (TS %)

The thermal alteration of biomarkers in the studied core seems to be largely
independent of the redox conditions at the time of deposition, since all previously
discussed parameters indicate similarly low thermal maturities in sediments > 40 m

presumably deposited under anoxic/euxinic conditions (see previous section) as well
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as in overlying sediments deposited under more oxic conditions. However, the
measured TOC % was slightly higher in sediments > 40 m (Figure 5.6) which would
be consistent with enhanced OM preservation under anoxic/euxinic conditions
(Claypool and Kaplan, 1974) The estimated original TOC (TOC,,, Figure 5.6) was
calculated according to the following equation developed by Vet6 et al. (1994).

TOC, = TOC + Sx0.75%x1.33

This proxy is based on the assumptions that (i) all reduced sulfur was formed
syngenetically and (ii) the degradation of OM was essentially due to microbial
sulfate reduction (MSR) with the benthic system being more or less closed for
dissolved sulfide. The positive correlation between the measured TOC % and TS %
(Figure 5.5b) may indicate a control of MSR by OM availability. When compared to
the relationship established for modern marine sediments (Raiswell and Berner,
1987), all investigated samples contain an excess in reduced sulfur, that may indicate
euxinic conditions. Since the degree of OM alteration is small, there is no indication

given for a thermal change in the C/S ratios (Raiswell and Berner, 1987).

The slightly higher values for TOC % and TOC,, % in the lowermost part of the core
may reflect increased phytoplanktonic productivity compared to the other samples
due to enhanced terrigenous nutrient input (“Thermal maturity and organic matter
preservation” page 158). However, measured as well as calculated TOC % in these
samples were still realtively low which can possibly be explained by oligotrophic
conditions (despite some terrigenous input) or dilution from carbonate precipitation
(Chapter 4). The latter is also presumably the main reason for the low TOC% in
samples between depths of 33.5-40 m, which had high carbonate contents between

62.6 and 86.2 % (Figure 5.6).

Organic matter sources

Whereas relatively low C/N and C/S signatures (Raiswell and Berner, 1987; Meyers,
1994) were indicative of predominantly marine sourced OM, albeit with some
terrestrial contribution, high Oxygen Indices (OI) and low Hydrogen Indices (HI)
were indicative of Type III kerogens (Figure 5.6), which are typically terrestrial
derived (also see van Krevelen diagram in Figure AS5.5). In some cases Type III

kerogens may also be derived from oxic or suboxic open marine settings (Peters et
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al., 2005) which would be consistent with the samples deposited later in the Frasnian
(depth > 40 m). However, biomarker parameters in the lowermost part of the core
(> 40 m) strongly indicate an anoxic and euxinic marine setting, possibly with some
terrigenous input. An increase of Hls and a simultaneous decrease of Ols in this core
interval reflects more reducing conditions, although the values were still not in the
range expected for an anoxic marine setting (Figure AS5.6). Although Rock Eval
pyrolysis is a very useful screening method, it does have some limitations and can
give misleading information about kerogen types due to effects from the mineral
matrix, which are particularly relevant in immature organic lean samples such as in
the presently analysed core and typically lead to artificially low values for Hls (e.g.
Katz, 1983; Cowie et al., 1999). Although the samples were decarbonated prior to
Rock Eval pyrolysis, matrix effects may have still influenced the results. However,
these data could also indicate that periods of persistent water-column stratification

accompanied by anoxia and PZE were only episodic.

.o 13 L.
Significance of 0~ C variations

8"C profiles of carbonates, bulk OM and biomarkers generally showed similar
trends most likely reflecting variations in the stable isotopic composition of the
dissolved inorganic carbon (DIC) pool (Figure 5.7). All profiles showed a
PC-depletion (~2-3 %o in hydrocarbons and carbonates and slightly less pronounced
in OM) in the lowermost part of the core deposited under a stratified water-column
(depth > 40 m) compared to the samples deposited in a more oxic palacoenvironment
between the depths of 28.8 and 33.5 m. Negative 8"°C signatures of carbonates
reaching values of -3 %o in the lowermost part of the core can likely be explained
with a model introduced by Kiispert (1982). Stratification-induced enhanced
degradation of Bc depleted OM (mainly by SRB) led to the accumulation of Be-
depleted DIC in the lower part of the water-column. Some of it escaped to the photic
zone and was recycled by phytoplankton leading to a further *C-depletion of
biomass. The fluctuation of 813CC3rb0nate in that interval might be explained by
alternation of periods with enhanced recycling of OM, leading to a '>C-depletion of

DIC and enhanced burial of *C-depleted OM, leading to a *C-enrichment.
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However, these shifts in 8'°C values were not evident in the profiles of hydrocarbons

or OM.

Carbonates as well as OM exhibited noticeably heavier 8"°C signatures in the OM-
lean limestone section of the core between depths of 33.5 and 40 m (Figure 5.7).
Unfortunately, compound specific 8°C could not be measured in these sediments
due to the low OM content. This shift is likely due to a facies change from Gogo
Formation (basin facies) in the lowermost part of the core to the Sadler formation
(marginal slope facies). The difference in 5"°C in the OM-lean section may also be
the result of diagenetic effects. However, the simultaneous shift in OM and

carbonates is evidence against this.

Furthermore, 8"°C profiles of OM, n-alkanes and the Pp-homohopane showed a
distinctive negative shift in the two uppermost samples (~2 %o in OM and ~3%o in
hydrocarbons) deposited under presumably the most oxic conditions (very high Pr/Ph
of ~3). Since this excursion was not evident in the 8"°C profile of carbonates it likely
represents a change in source organisms, or possibly nutrient-poor conditions that
contributed to slower growth of phytoplankton, which typically leads to enhanced
fractionation against Be during biosynthesis due to the higher accessibility of
dissolved CO,, the carbon source for most of these organisms (Freeman and Hayes,
1992). The latter would also be consistent with the lower TOC,; % and decreasing

biomarker concentrations in these samples.
Changes in populations of primary producers

Variations in steroid and hopanoid distributions

Figure 5.8 shows depth profiles of selected molecular parameters which indicate
significant differences between phytoplankton and algal communities in the Late
Givetian-Early Frasnian and later in the Frasnian. Elevated sterane/hopane ratios
reaching values > 6 in the lowermost part of the core (> 40 m) are suggestive of a
strong predominance of eukaryotic algae over bacteria, whilst values < 1 in the OM-
lean part of the core (37.8 m) as well as between depths of 27.3-30.7 m indicate
relatively higher bacterial input (e.g. Ourisson et al., 1979; Mackenzie et al., 1982;

Brocks et al., 1999). Furthermore, changes in algal populations are evident in
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variations of sterane distributions (see ternary diagram in Figure 5.9). Sediments
> 40 m showed a significantly enhanced relative abundance of Cy-
desmethylsteranes, and also slightly more abundant Cys-desmethylsteranes. Although
Cyo-desmethylsteroids are often attributed to a terrestrial origin (e.g. Huang and
Meinschein, 1979), here they are probably mainly sourced from green algae
(Volkman, 1986, 1998; Kodner et al., 2008; Grosjean et al., 2009) which were
prominent in the Devonian palacoenvironment. Nevertheless, higher plant input may

also have contributed to the Cy9-steranes.

C,7 desmethyl steroids are commonly attributed to zooplankton or red algae, but are
also produced by some green algae (Volkman, 1986; Kodner et al., 2008). A higher
abundance of red algae, which are predominantly macrophytes, would be consistent
with shallower water depth at the comparatively lower sea-level in the Late Givetian-
Early Frasnian. Furthermore, Kelly (2009) suggested a relation of the C,7/Cy9 sterane
ratio in Neoproterozoic-Cambrian sediments to redox conditions in the
palacoenvironment, with higher values under more euxinic conditions due to the
higher tolerance of red algae to iron limitation. This would also be in accordance

with the presently observed increase in sediments at depths > 40 m.

Cys-desmethylsteroids have been frequently attributed to modern green algae and
became significantly more abundant in the geological record after the end of the
Devonian (Grantham and Wakefield, 1988). Nevertheless, short term increases of
Cos-steranes relative to Cyo-steranes have been reported in Late Devonian sediments
and were attributed to temporary changes in algal populations with more abundant
modern green algae and less contributions from red algae (Schwark and Empt, 2006).
Ergosterol (Cys) is a common fungal biomarker (Volkman, 2003) and the co-
variation of Cys-desmethylsterane abundances and perylene (XVII) concentrations
may be indicative of a common fungal source (“Evidence of terrigenous input and

combustion sources” page 170).

Changes in the algal communities in the palacoenvironments of sediments > 40 m
were also evident in enhanced relative abundances of 3- and 4-methyl-24
ethylcholestanes (Figure 5.8a). The main source of 4-methylsteranes in geological
samples are thought to be dinoflagellates or their ancestors if found in Palacozoic

sediments (Wolff et al., 1986; Peters et al., 2005). However, 4-methylsterols have
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also been found in some marine/brackish prymnesiophyte algae (Volkman et al.,
1990) and methanotrophs may also represent a potential source (Grice et al., 1998d;
Kodner et al., 2008). The 8"°C values of 3- and 4-methyl-24 ethylcholestanes, which
could be measured in some samples > 40 m, ranged from -29.1 to -32.5 %o,
consistent with a phytoplanktonic source. An origin from methanotrophs, however,
seems unlikely as biolipids of these organisms are typically more "*C-depleted
(Kodner et al., 2008). 4-Methylsteranes are common in the Mesozoic sedimentary
record and some older sediments, but are largely absent in the Carboniferous and
Permian (Peters et al., 2005). Ancestors of dinoflagellates may also be the source of
arcritarchs found in the palynological record of the presently analysed core
(unpublished results). An association of these microfossils to dinoflagellate cysts has
been suggested by several authors (Tappan, 1980; Moldowan and Talyzina, 1998;
Schwark and Empt, 2006; Armstrong and Brasier, 2009). Jiamo et al. (1990)
investigated various Cretaceous to Tertiary sediments and found generally higher
concentrations of 4-methyl-24-ethylcholestanes in freshwater settings as opposed to
brackish and hypersaline palacoenvironments. Their enhanced abundance in
sediments > 40 m may reflect differences in algal populations or algal blooms due to
the freshwater incursion and terrigenous nutrient input in the Late Givetian-Early
Frasnian palacoenvironment. The covariance of 3B-methyl-24-ethylcholestane and 4-
methyl-24-ethylcholestanes concentrations (Figure 5.8a) and similar 8"°C signatures
are strongly suggestive of a common source for both compound classes. High
abundances of 3f-alkyl steranes in comparable facies of European Late Devonian

sediments were also reported by Marynowski and Filipiak (2007).

The specific sponge biomarker 24-isopropylcholestane (McCaffrey et al., 1994; Love
et al., 2009) was present at low abundances throughout the core and most likely
originated from stromatoporoids, which are classified as sponges and were together
with rugose corals and calcareous microbes the main reef-builders throughout the
Devonian until the F-F boundary (e.g. Playford et al., 2009). Although
stromatoporoids were amongst the most severely affected organisms in the Late
Devonian extinctions (e.g. Fagerstrom, 1994; Playford et al., 2009), the relative
abundance of 24-isopropylcholestane c¢f. 24-n-proylcholestane did not show

significant variations throughout the analysed core (Figure 5.8a).
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@ depth <40 m
@ depth >40 m

Cy; C29

Figure 5.9: Ternary diagram of regular C,; — C,y steranes in the analysed core from McWhae Ridge.
Red diamonds represent samples from a depth > 40 m deposited under anoxic and euxinic conditions
and a stagnant, stratified water-column. Blue diamonds represent samples > 40 m presumably
deposited under more oxic conditions.

Variations in pristane, phytane and n-alkanes

n-Alkane distributions in sediments corresponding to palaeoenvironments with
complex marine and terrigenous OM input, such as the presently analysed core,
typically have mixed sources (e.g. bacteria, archaea, algae, terrestrial/aquatic plants;
e.g Collister et al., 1994a; Lichtfouse et al., 1994; Chapter 2 this thesis). 813C values
of the predominantly phytoplankton-derived phytane were generally in the same
range or slightly more depleted than short chain n-alkanes (Figure 5.7). This
indicates a mixed n-alkane source from phytoplankton as well as possibly
heterotrophic bacteria (Chapter 4). Short and long-chain n-alkanes in all
investigated samples generally showed similar 5"°C signatures (Figure 5.7) which
may be indicative of a common source. A slight odd-over-even predominance in the
n-alkanes, particularly > C,, but also in shorter chain lengths (Table 5.1), would be
consistent with high algal input (Gelpi et al., 1970; Volkman et al., 1998; Allard and
Templier, 2000) and possibly additional contributions, particularly to longer chain-
lengths, from aquatic and terrestrial plants (Eglinton and Hamilton, 1967; Ficken et
al., 2000). The n-alkanes exhibited similar 8"°C signatures to predominantly algal-

derived steranes, whereas the bacterial-derived PB-20R-homohopane was slightly
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more "*C enriched (Figure 5.7). This furthermore indicates a high algal contribution

to n-alkanes.

Apart from lower abundances of short-chain n-alkanes in the OM-lean part of the
core (depth 33.5-40 m), the n-alkane distributions showed generally consistent
features in parameters such as average chain-length (21.7-23.9) or relative
abundances of short-chain vs. long-chain n-alkanes. The CPI was slightly lower in
sediments > 40 m (Table 5.1), despite a presumably higher terrigenous input
(“Evidence of terrigenous input and combustion sources” page 170), possibly due to
an increased contribution from SRB which are known to produce long-chain n-
alkanes without an odd-over-even predominance (Davis, 1968; Melendez et al.,
2013b). The differences in some of these parameters in the OM-lean horizon are
presumably the result of diagenesis or biodegradation after the uplift that followed

burial, which both would likely have enhanced effects in OM-lean intervals.

The ratios of pristane/C;7 n-alkane and phytane/C;gs n-alkane were significantly
higher in the lowermost part of the core (> 40 m, Figure 5.8), which may be
indicative of changes in phytoplankton/algal populations. Similar variations of these
ratios, with higher values in OM-richer sediments with evidence of PZE compared to
more OM-lean sections have been reported in European Late Devonian (Famennian)
sediments (Marynowski and Filipiak, 2007) and attributed to variations in source

organisms.

Evidence of terrigenous input and combustion sources

Figure 5.8b shows concentrations of selected unsubstituted PAHs as well as the total
concentration of all MTTCs (X) throughout the analysed core. The most common
source of many unsubstituted PAHs in sediments is combustion of plant material or
fossil fuels (Killops and Massoud, 1992; Jiang et al., 1998; Grice et al., 2005b, 2007,
Nabbefeld et al., 2010d). Their abundance has in some cases also been associated
with higher thermal maturities and volcanism (e.g. Murchison and Raymond, 1989).
On the contrary, perylene (XVII) has a diagenetic origin and is most likely derived
from quinone pigments in wood degrading fungi and is therefore presumably linked

to terrigenous input (Jiang et al., 2000; Grice et al., 2009; Suzuki et al., 2010). Its
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covariance with chroman abundances (Figure 5.8b) may be indicative of a common
terrestrial source or influence, with highest abundances in sediments > 40 m pointing
towards enhanced terrigenous OM input via riverine inflow (Chapter 4). This would
also be consistent with slightly increased C/N,, ratios in the same core-section
(Figure 5.6). The depth profiles of perylene (XVII) and chroman concentrations
were distinct to those of the other PAHs, reflecting the different origins.

Pyrogenic PAHs often reach sediments via airborne particles and their presence in
the analysed sediments may be indicative of wildfires. Benzo[a]pyrene (XI) and
coronene are most likely exclusively formed by pyrogenic processes, whereas other
PAHs such as benzo[e]pyrene, chrysene or triphenylene may have additional algal
sources (Grice et al., 2007; Nabbefeld et al., 2010d). The co-variation of all of these
compounds in the present core, with highest concentrations in the uppermost sample
as well as at depths around 33 m, strongly indicates a predominant origin from
combustion sources (e.g. Figure 5.8b). Although benzo[ghi]perylene is typically
assigned to a pryogenic origin (Blumer and Youngblood, 1975; Killops and
Massoud, 1992), it has in some cases shown similar sedimentary distributions similar
to perylene (XVII; Jiang et al., 1998), implying additional sources of this PAH. Here
its depth profile was largely similar to the previously described combustion markers
in the upper part of the core, but it also showed an increase in concentration similar
to perylene (XVII) and MTTCs (X) below a depth of 40 m. Dibenzofuran (XIX) has
been frequently used as indicator of higher plant input (Fenton et al., 2007;
Nabbefeld et al., 2010d). However, its depth profile in the core analysed here largely

resembled those of the combustion markers (Figure 5.8b).

Conclusions and outlook

This organic geochemical based study demonstrates the highly unusual preservation
of OM in the Gogo Formation of the Canning Basin, including the oldest known
preservation of biological C/N values. This preservation is supported by
exceptionally low thermal maturity, consistently evident in elemental and molecular

maturity parameters, and largely unaltered biomarker distributions which included
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unsaturated hopenes and sterenes which are typically highly susceptible to diagenesis

and thermal maturity.

Furthermore, molecular and elemental data from the Late Givetian-Frasnian core
facilitated a detailed reconstruction of the paleoenvironment over this time period.
Evidence for a distinct time interval of elevated biotic stress was found, in particular
for reef-building organisms and associated fauna, close to or at the G-F boundary,
which may represent a local or global event related to the Late Devonian extinctions.
The associated palacoenvironment was characterised by persistent water-column
stratification, freshwater incursions, widespread anoxia and enhanced sulfate
reduction resulting in the development of persistent anoxia and PZE in the
hypolimnion. Elevated concentration of perylene (XVII) and MTTCs (X) in
sediments from this time interval, likely point towards enhanced terrigenous nutrient
input leading to phytoplankton blooms. The latter commonly represent an important
factor in the development of anoxia and PZE, particularly in such a stratified
palacoenvironment. In contrast, sediments deposited later in the Frasnian were
presumably layed down under more oxic conditions and a largely well-mixed water-
column without particular indications of biotic stress. The abundance of combustion

derived PAHs, particularly in the younger sediments, may be indicative of wildfires.

The present study adds to the knowledge about conditions in palacoenvironments
associated with the Late Devonian extinctions and might be useful to reconstruct
global events if correlated with other datasets. Furthermore, the correlation of anoxia
and PZE with markers of terrigenous input may point towards a link between the
Late Devonian extinctions and the rise of higher plants. Data from this work
combined with some previous studies indicate that PZE likely was a significant

factor in Middle to Late Devonian extinction events.

Acknowledgements

Geoff Chidlow and Stephen Clayton are acknowledged for technical support with
GC-MS and GC-irMS analysis. ST thanks Curtin University for providing a Curtin
Strategic International Research Scholarship (CSIRS) and the Institute for
Geoscience Research (TIGeR) for a top-up scholarship. KG acknowledges the

172



Chapter 5

Australian Research Council (ARC) for a Discovery QEII grant supporting this
research, and the John de Laeter Centre for Isotope Research and ARC LIEF grants
which provided the infrastructure support. Chevron (Ted Playton), the Geological
Survey of Western Australia and the Minerals and Energy Research Institute of
Western Australia (M396) are thanked for sponsoring an ARC Linkage grant
(LP0883812) which supported the fieldwork and research. Wundargoodie, Mimbi
Community, and Mount Pierre Station are thanked for supporting the field work.

MEB wishes to thank P. Escher and I. Scherff, for analytical support.

References

Aboussalam, Z.S., Becker, R.T., 2001. Prospects for an upper Givetian substage.
Fossil Record 4, 83-99.

Algeo, T., Scheckler, S., 2010. Land plant evolution and weathering rate changes in
the Devonian. Journal of Earth Science 21, 75-78.

Allard, B., Templier, J., 2000. Comparison of neutral lipid profile of various
trilaminar outer cell wall (TLS)-containing microalgae with emphasis on
algaenan occurrence. Phytochemistry 54, 369-380.

Armstrong, H., Brasier, M., 2009. Microfossils. Wiley.

Atchley, S.C., West, L.W., Sluggett, J.R., 2006. Reserves growth in a mature oil
field: The Devonian Leduc Formation at Innisfail field, south-central Alberta,
Canada. AAPG Bulletin 90, 1153-1169.

Bambach, R.K., 2006. Phanerozoic biodiversity mass extinctions. Annual Review of
Earth and Planetary Sciences 34, 127-155.

Barber, C.J., Grice, K., Bastow, T.P., Alexander, R., Kagi, R.I.,, 2001. The
identification of crocetane in Australian crude oils. Organic Geochemistry 32,
943-947.

Barker, C., E., Pawlewicz, M., J., 1994. Calculation of vitrinite reflectance from
thermal histories and peak temperatures, Vitrinite Reflectance as a Maturity
Parameter. American Chemical Society, pp. 216-229.

Becker, R.T., House, M.R., Kirchgasser, W.T., Playford, P.E., 1991. Sedimentary
and faunal changes across the frasnian/famennian boundary in the canning
basin of Western Australia. Historical Biology 5, 183-196.

Blumer, M., Youngblood, W.W., 1975. Polycyclic Aromatic Hydrocarbons in Soils
and Recent Sediments. Science 188, 53-55.

Bond, D., Wignall, P.B., Racki, G., 2004. Extent and duration of marine anoxia
during the Frasnian—Famennian (Late Devonian) mass extinction in Poland,
Germany, Austria and France. Geological Magazine 141, 173-193.

173



Chapter 5

Boéttcher, M., Jorgensen, B., Kallmeyer, J., Wehausen, R., 2004. S and O isotope
fractionation in the western Black Sea. Geochimica et Cosmochimica Acta 68,
A345,

Bottcher, M.E., Lepland, A., 2000. Biogeochemistry of sulfur in a sediment core
from the west-central Baltic Sea: Evidence from stable isotopes and pyrite
textures. Journal of Marine Systems 25, 299-312.

Brocks, J.J., Logan, G.A., Buick, R., Summons, R.E.; 1999. Archean Molecular
Fossils and the Early Rise of Eukaryotes. Science 285, 1033-1036.

Brown, T.C., Kenig, F., 2004. Water column structure during deposition of Middle
Devonian—Lower Mississippian black and green/gray shales of the Illinois and
Michigan Basins: a biomarker approach. Palaeogeography,
Palaeoclimatology, Palaeoecology 215, 59-85.

Cadman, S.J., Pain, L., Vuckovic, V., le Poidevin, S.R., 1993. Canning Basin, W.A.
Bureau of Resource Sciences, Australian Petroleum Accumulations, Report 9.

Canfield, D.E., Teske, A., 1996. Late Proterozoic rise in atmospheric oxygen
concentration inferred from phylogenetic and sulphur-isotope studies. Nature
382, 127-132.

Caplan, M.L., Bustin, R.M., 1999. Devonian—Carboniferous Hangenberg mass
extinction event, widespread organic-rich mudrock and anoxia: causes and
consequences. Palaeogeography, Palaeoclimatology, Palaeoecology 148, 187-
207.

Claypool, G.E., Kaplan, I.LR., 1974. The origin and distribution of methane in marine
sediments, in: Kaplan, I.LR. (Ed.), Natural gases in marine sediments. Plenum
Press, New York, pp. 99-140.

Collister, J.W., Lichtfouse, E., Hieshima, G., Hayes, J.M., 1994a. Partial resolution
of sources of n-alkanes in the saline portion of the Parachute Creek Member,

Green River Formation (Piceance Creek Basin, Colorado). Organic
Geochemistry 21, 645-659.

Copper, P., 1986. Frasnian/Famennian mass extinction and cold-water oceans.
Geology 14, 835-839.

Courtillot, V.E., Renne, P.R., 2003. On the ages of flood basalt events. Comptes
Rendus Geoscience 335, 113-140.

Cowie, G.L., Calvert, S.E., Pedersen, T.F., Schulz, H., von Rad, U., 1999. Organic
content and preservational controls in surficial shelf and slope sediments from
the Arabian Sea (Pakistan margin). Marine Geology 161, 23-38.

Davis, J.B., 1968. Paraffinic hydrocarbons in the sulfate-reducing bacterium
Desulfovibrio desulfuricans. Chemical Geology 3, 155-160.

Dawson, D., Grice, K., Wang, S.X., Alexander, R., Radke, J., 2004. Stable hydrogen
isotopic composition of hydrocarbons in torbanites (Late Carboniferous to Late
Permian) deposited under various climatic conditions. Organic Geochemistry
35, 189-197.

174



Chapter 5

Dawson, D., Grice, K., Alexander, R., 2005. Effect of maturation on the indigenous
oD signatures of individual hydrocarbons in sediments and crude oils from the
Perth Basin (Western Australia). Organic Geochemistry 36, 95-104.

Dawson, D., Grice, K., Alexander, R., Edwards, D., 2007. The effect of source and
maturity on the stable isotopic compositions of individual hydrocarbons in
sediments and crude oils from the Vulcan Sub-basin, Timor Sea, Northern
Australia. Organic Geochemistry 38, 1015-1038.

Eglinton, G., Hamilton, R.J., 1967. Leaf epicuticular waxes. Science 156, 1322-1335.

Ellwood, B.B., Benoist, S.L., Hassani, A.E., Wheeler, C., Crick, R.E., 2003. Impact
Ejecta Layer from the Mid-Devonian: Possible Connection to Global Mass
Extinctions. Science 300, 1734-1737.

Fagerstrom, J.A., 1994. The history of Devonian-Carboniferous reef communities:
Extinctions, effects, recovery. Facies 30, 177-191.

Fenton, S., Grice, K., Twitchett, R.J., Bottcher, M.E., Looy, C.V., Nabbefeld, B.,
2007. Changes in biomarker abundances and sulfur isotopes of pyrite across
the Permian—Triassic (P/Tr) Schuchert Dal section (East Greenland). Earth and
Planetary Science Letters 262, 230-239.

Ficken, K.J., Li, B., Swain, D.L., Eglinton, G., 2000. An n-alkane proxy for the
sedimentary input of submerged/floating freshwater aquatic macrophytes.
Organic Geochemistry 31, 745-749.

Freeman, K.H., Hayes, J.M., 1992. Fractionation of carbon isotopes by
phytoplankton and estimates of ancient CO, levels. Global Biogeochemical
Cycles 6, 185-198.

Fry, B., Jannasch, H.W., Molyneaux, S.J., Wirsen, C.O., Muramoto, J.A., King, S.,
1991. Stable isotope studies of the carbon, nitrogen and sulfur cycles in the
Black Sea and the Cariaco Trench. Deep Sea Research Part A. Oceanographic
Research Papers 38, Supplement 2, S1003-S1019.

Gat, J.R., 1996. Oxygen and hydrogen isotopes in the hydrologic cycle. Annual
Review of Earth and Planetary Sciences 24, 225-262.

Gelpi, E., Schneider, H., Mann, J., Oro, J., 1970. Hydrocarbons of geochemical
significance in microscopic algae. Phytochemistry 9, 603-612.

Grantham, P.J., Wakefield, L.L., 1988. Variations in the sterane carbon number
distributions of marine source rock derived crude oils through geological time.
Organic Geochemistry 12, 61-73.

Greenwood, P.F., Summons, R.E., 2003. GC-MS detection and significance of
crocetane and pentamethylicosane in sediments and crude oils. Organic
Geochemistry 34, 1211-1222.

Grice, K., Schaeffer, P., Schwark, L., Maxwell, J.R., 1996b. Molecular indicators of
palaeoenvironmental conditions in an immature Permian shale (Kupferschiefer,
Lower Rhine Basin, north-west Germany) from free and S-bound lipids.
Organic Geochemistry 25, 131-147.

175



Chapter 5

Grice, K., Schaeffer, P., Schwark, L., Maxwell, J.R., 1997. Changes in
palaeoenvironmental conditions during deposition of the Permian
Kupferschiefer (Lower Rhine Basin, northwest Germany) inferred from
molecular and isotopic compositions of biomarker components. Organic

Geochemistry 26, 677-690.

Grice, K., Schouten, S., Peters, K.E., Sinninghe Damsté, J.S., 1998d. Molecular
isotopic characterisation of hydrocarbon biomarkers in Palaecocene—Eocene
evaporitic, lacustrine source rocks from the Jianghan Basin, China. Organic
Geochemistry 29, 1745-1764.

Grice, K., Cao, C., Love, G.D., Bottcher, M.E., Twitchett, R.J., Grosjean, E.,
Summons, R.E., Turgeon, S.C., Dunning, W., Jin, Y., 2005a. Photic Zone
Euxinia During the Permian-Triassic Superanoxic Event. Science 307, 706-
709.

Grice, K., Backhouse, J., Alexander, R., Marshall, N., Logan, G.A., 2005b.
Correlating terrestrial signatures from biomarker distributions, §"C, and
palynology in fluvio-deltaic deposits from NW Australia (Triassic—Jurassic).
Organic Geochemistry 36, 1347-1358.

Grice, K., Nabbefeld, B., Maslen, E., 2007. Source and significance of selected
polycyclic aromatic hydrocarbons in sediments (Hovea-3 well, Perth Basin,
Western Australia) spanning the Permian—Triassic boundary. Organic
Geochemistry 38, 1795-1803.

Grice, K., Lu, H., Zhou, Y., Stuart-Williams, H., Farquhar, G.D., 2008b.
Biosynthetic and environmental effects on the stable carbon isotopic
compositions of anteiso- (3-methyl) and iso- (2-methyl) alkanes in tobacco
leaves. Phytochemistry 69, 2807-2814.

Grice, K., Lu, H., Atahan, P., Asif, M., Hallmann, C., Greenwood, P., Maslen, E.,
Tulipani, S., Williford, K., Dodson, J., 2009. New insights into the origin of
perylene in geological samples. Geochimica et Cosmochimica Acta 73, 6531-
6543.

Grosjean, E., Love, G.D., Stalvies, C., Fike, D.A., Summons, R.E., 2009. Origin of
petroleum in the Neoproterozoic—Cambrian South Oman Salt Basin. Organic
Geochemistry 40, 87-110.

Harvey, H.R., McManus, G.B., 1991. Marine ciliates as a widespread source of
tetrahymanol and hopan-3B-ol in sediments. Geochimica et Cosmochimica
Acta 55, 3387-3390.

Hassan, K.M., Spalding, R.F., 2001. Hydrogen isotope values in lacustrine kerogen.
Chemical Geology 175, 713-721.

Hays, L.E., Beatty, T., Henderson, C.M., Love, G.D., Summons, R.E., 2007.
Evidence for photic zone euxinia through the end-Permian mass extinction in
the Panthalassic Ocean (Peace River Basin, Western Canada). Palacoworld 16,
39-50.

House, M.R., 2002. Strength, timing, setting and cause of mid-Palacozoic
extinctions. Palaeogeography, Palaeoclimatology, Palaeoecology 181, 5-25.

176



Chapter 5

Huang, W.-Y., Meinschein, W.G., 1979. Sterols as ecological indicators. Geochimica
Cosmochimica Acta 43, 739-745.

Hulen, J.B., Collister, J.W., 1999. The oil-bearing, carlin-type gold deposits of
Yankee Basin, Alligator Ridge District, Nevada. Economic Geology 94, 1029-
1049.

Jaraula, C.M.B., Grice, K., Twitchett, R.J., Bottcher, M.E., LeMetayer, P., Dastida,
A.G., Opazo, F.L., 2013. Elevated pCO, leading to Late Triassic extinction,
persistent photic zone euxinia and rising sea levels Geology in revision.

Jiamo, F., Guoying, S., Jiayou, X., Eglinton, G., Gowar, A.P., Rongfen, J., Shanfa,
F., Pingan, P., 1990. Application of biological markers in the assessment of
paleoenvironments of Chinese non-marine sediments. Organic Geochemistry
16, 769-779.

Jiang, C., Alexander, R., Kagi, R.I., Murray, A.P., 1998. Polycyclic aromatic
hydrocarbons in ancient sediments and their relationships to palacoclimate.
Organic Geochemistry 29, 1721-1735.

Jiang, C., Alexander, R., Kagi, R.I., Murray, A.P., 2000. Origin of perylene in
ancient sediments and its geological significance. Organic Geochemistry 31,
1545-1559.

Joachimski, M.M., Buggisch, W., 1993. Anoxic events in the late Frasnian—Causes
of the Frasnian-Famennian faunal crisis? Geology 21, 675-678.

Joachimski, M.M., Ostertag-Henning, C., Pancost, R.D., Strauss, H., Freeman, K.H.,
Littke, R., Sinninghe Damsté, J.S., Racki, G., 2001. Water column anoxia,
enhanced productivity and concomitant changes in 613C and 634S across the
Frasnian—Famennian boundary (Kowala-Holy Cross Mountains/Poland).
Chemical Geology 175, 109-131.

Jorgensen, B.B., Bottcher, M.E., Liischen, H., Neretin, L.N., Volkov, LI, 2004.
Anaerobic methane oxidation and a deep H2S sink generate isotopically heavy
sulfides in Black Sea sediments. Geochimica et Cosmochimica Acta 68, 2095-
2118.

Kampschulte, A., Strauss, H., 2004. The sulfur isotopic evolution of Phanerozoic
seawater based on the analysis of structurally substituted sulfate in carbonates.
Chemical Geology 204, 255-286.

Katz, B.J., 1983. Limitations of ‘Rock-Eval’ pyrolysis for typing organic matter.
Organic Geochemistry 4, 195-199.

Kelly, A.E., 2009. Hydrocarbon Biomarkers for Biotic and Environmental Evolution
through the Neoproterozoic—Cambrian Transition, Massachusetts Institute of
Technology, Cambridge, MA.

Killops, S.D., Massoud, M.S., 1992. Polycyclic aromatic hydrocarbons of pyrolytic
origin in ancient sediments: evidence for Jurassic vegetation fires. Organic
Geochemistry 18, 1-7.

177



Chapter 5

Kodner, R.B., Pearson, A., Summons, R.E., Knoll, A.H., 2008. Sterols in red and
green algae: quantification, phylogeny, and relevance for the interpretation of
geologic steranes. Geobiology 6, 411-420.

Koopmans, M.P., Schouten, S., Kohnen, M.E.L., Sinninghe Damsté, J.S., 1996a.
Restricted utility of aryl isoprenoids as indicators for photic zone anoxia.
Geochimica et Cosmochimica Acta 60, 4873-4876.

Koopmans, M.P., Késter, J., Van Kaam-Peters, H.M.E., Kenig, F., Schouten, S.,
Hartgers, W.A., de Leeuw, J.W., Sinninghe Damsté, J.S., 1996b. Diagenetic
and catagenetic products of isorenieratene: Molecular indicators for photic
zone anoxia. Geochimica et Cosmochimica Acta 60, 4467-4496.

Kiispert, W., 1982. Environmental changes during oil shale deposition as deduced
from stable isotope ratios, in: Einsele, G., Seilacher, A. (Eds.), Cyclic and
Event Stratification. Springer, Berlin, pp. 482-501.

Lichtfouse, E., Derenne, S., Mariotti, A., Largeau, C., 1994. Possible algal origin of
long chain odd n-alkanes in immature sediments as revealed by distributions
and carbon isotope ratios. Organic Geochemistry 22, 1023-1027.

Lis, G.P., Schimmelmann, A., Mastalerz, M., 2006. D/H ratios and hydrogen
exchangeability of type-II kerogens with increasing thermal maturity. Organic
Geochemistry 37, 342-353.

Long, J.A., Trinajstic, K., 2010. The Late Devonian Gogo Formation Lagerstatte of
Western Australia: Exceptional Early Vertebrate Preservation and Diversity.
Annual Review of Earth and Planetary Sciences 38, 255-279.

Love, G.D., Grosjean, E., Stalvies, C., Fike, D.A., Grotzinger, J.P., Bradley, A.S.,
Kelly, A.E., Bhatia, M., Meredith, W., Snape, C.E., 2009. Fossil steroids

record the appearance of Demospongiae during the Cryogenian period. Nature
457, 718-721.

Mackenzie, A.S., Brassell, S.C., Eglinton, G., Maxwell, J.R., 1982. Chemical
Fossils: The Geological Fate of Steroids. Science 217, 491-504.

Marynowski, L., Filipiak, P., 2007. Water column euxinia and wildfire evidence
during deposition of the Upper Famennian Hangenberg event horizon from the
Holy Cross Mountains (central Poland). Geological Magazine 144, 569-595.

Marynowski, L., Narkiewicz, M., Grelowski, C., 2000. Biomarkers as environmental
indicators in a carbonate complex, example from the Middle to Upper
Devonian, Holy Cross Mountains, Poland. Sedimentary Geology 137, 187-212.

Marynowski, L., Rakocinski, M., Borcuch, E., Kremer, B., Schubert, B.A., Jahren,
A.H., 2011. Molecular and petrographic indicators of redox conditions and
bacterial communities after the F/F mass extinction (Kowala, Holy Cross

Mountains, Poland). Palaeogeography, Palaeoclimatology, Palaeoecology
3006, 1-14.

Maslen, E., Grice, K., Gale, J.D., Hallmann, C., Horsfield, B., 2009. Crocetane: A
potential marker of photic zone euxinia in thermally mature sediments and
crude oils of Devonian age. Organic Geochemistry 40, 1-11.

178



Chapter 5

Maslen, E., Grice, K., Métayer, P.L., Dawson, D., Edwards, D., 2011. Stable carbon
isotopic compositions of individual aromatic hydrocarbons as source and age
indicators in oils from western Australian basins. Organic Geochemistry 42,
387-398.

Maslen, E., Grice, K., Dawson, D., Wang, S., Horsfield, B., 2013. Stable hydrogen
isotopes for assessing thermal history of sediments through geological time
Thermal history analysis of sedimentary basins: methods and applications.
Sedimentary Geology of Mars, SEPM Special Publication No 11, Society of
Sedimentary Geology.

McCaffrey, M.A., Michael Moldowan, J., Lipton, P.A., Summons, R.E., Peters, K.E.,
Jeganathan, A., Watt, D.S., 1994. Paleoenvironmental implications of novel
Cso-steranes in Precambrian to Cenozoic Age petroleum and bitumen.
Geochimica et Cosmochimica Acta 58, 529-532.

McGhee, G.R., 1996. The Late Devonian mass extinction. The Frasnian-Famennian
crisis. Columbia University Press, New York.

McGhee, G.R., 2005. Modelling Late Devonian extinction hypotheses, in
Understanding Late Devonian and Permian—Triassic biotic and climatic events
— towards an integrated approach, in: Over, J., Morrow, J.R., Wignall, P.G.
(Eds.), Developments in paleontology and stratigraphy, no. 20. Elsevier,
Amsterdam, pp. 37-50.

McGregor, D.C., Playford, G., 1993. Canadian and Australian Devonian spores:
zonation and correlation. Bulletin of the Geological Survey of Canada, 438,
125p.

McLaren, D.J., 1970. Time, Life, and Boundaries. Journal of Paleontology 44, 801-
815.

McLaren, D.J., 1983. Impacts that changed the course of evolution. New Scientist
100, 588-593.

Melendez, 1., Grice, K., Schwark, L., 2013a. Exceptional preservation of Paleozoic
steroids in a diagenetic continuum. Scientific Reports in review.

Melendez, 1., Grice, K., Trinajstic, K., Ladjavardi, M., Greenwood, P., Thompson,
K., 2013b. Biomarkers reveal the role of photic zone euxinia in exceptional
fossil preservation: An organic geochemical perspective. Geology 41, 123-126.

Meyer, K.M., Kump, L.R., 2008. Oceanic Euxinia in Earth History: Causes and
Consequences. Annual Review of Earth and Planetary Sciences 36, 251-288.

Meyers, P.A., 1994. Preservation of elemental and isotopic source identification of
sedimentary organic matter. Chemical Geology 114, 289-302.

Moldowan, J.M., Talyzina, N.M., 1998. Biogeochemical Evidence for Dinoflagellate
Ancestors in the Early Cambrian. Science 281, 1168-1170.

Miiller, P.J., 1977. CN ratios in Pacific deep-sea sediments: Effect of inorganic
ammonium and organic nitrogen compounds sorbed by clays. Geochimica et
Cosmochimica Acta 41, 765-776.

179



Chapter 5

Murchison, D.G., Raymond, A.C., 1989. Igneous activity and organic maturation in
the Midland Valley of Scotland. International Journal of Coal Geology 14, 47-
82.

Murphy, A.E., Sageman, B.B., Hollander, D.J., 2000. Eutrophication by decoupling
of the marine biogeochemical cycles of C, N, and P: A mechanism for the Late
Devonian mass extinction. Geology 28, 427-430.

Nabbefeld, B., Grice, K., Twitchett, R.J., Summons, R.E., Hays, L., Bottcher, M.E.,
Asif, M., 2010a. An integrated biomarker, isotopic and palacoenvironmental
study through the Late Permian event at Lusitaniadalen, Spitsbergen. Earth and
Planetary Science Letters 291, 84-96.

Nabbefeld, B., Grice, K., Schimmelmann, A., Summons, R.E., Troitzsch, U.,
Twitchett, R.J., 2010b. A comparison of thermal maturity parameters between
freely extracted hydrocarbons (Bitumen I) and a second extract (Bitumen II)
from within the kerogen matrix of Permian and Triassic sedimentary rocks.
Organic Geochemistry 41, 78-87.

Nabbefeld, B., Grice, K., Schimmelmann, A., Sauer, P.E., Bottcher, M.E., Twitchett,
R., 2010c. Significance of 8Dxerogen, 813Ckemgen and 634Spyme from several
Permian/Triassic (P/Tr) sections. Earth and Planetary Science Letters 295, 21-
29.

Nabbefeld, B., Grice, K., Summons, R.E., Hays, L.E., Cao, C., 2010d. Significance
of polycyclic aromatic hydrocarbons (PAHs) in Permian/Triassic boundary
sections. Applied Geochemistry 25, 1374-1382.

Ourisson, G., Albrecht, P., Rohmer, M., 1979. Hopanoids - paleochemistry and
biochemistry of a group of natural products. Pure and Applied Chemistry 51,
709-729.

Pancost, R.D., Crawford, N., Magness, S., Turner, A., Jenkyns, H.C., Maxwell, J.R.,
2004. Further evidence for the development of photic-zone euxinic conditions
during Mesozoic oceanic anoxic events. Journal of the Geological Society 161,
353-364.

Pedentchouk, N., Freeman, K.H., Harris, N.B., 2006. Different response of dD values
of n-alkanes, isoprenoids, and kerogen during thermal maturation. Geochimica
et Cosmochimica Acta 70, 2063-2072.

Peters, K.E., Moldowan, J.M., 1991. Effects of source, thermal maturity, and
biodegradation on the distribution and isomerization of homohopanes in
petroleum. Organic Geochemistry 17, 47-61.

Peters, K.E., Walters, C.C., Moldowan, J.M., 2005. The biomarker guide:
Interpreting molecular fossils in petroleum and ancient sediments. Prentice-
Hall, New Jersey.

Playford, P.E., Hocking, R.M., Cockbain, A.E., 2009. Devonian reef complexes of
the Canning Basin, Western Australia: Geological Survey of Western
Australia, Bulletin 145, 444p.

180



Chapter 5

Polissar, P.J., Freeman, K.H., 2010. Effects of aridity and vegetation on plant-wax
0D in modern lake sediments. Geochimica et Cosmochimica Acta 74, 5785-
5797.

Quandt, L., Gottschalk, G., Ziegler, H., Stichler, W., 1977. Isotope discrimination by
photosynthetic bacteria. FEMS Microbiology Letters 1, 125-128.

Racki, G., 2005. Toward understanding Late Devonian global events: few answers,
many questions, in Understanding Late Devonian and Permian—Triassic biotic
and climatic events — towards an integrated approach in: Over, D.J., Morrow,
J.R., Wignall, P.B. (Eds.), Developments in paleontology and stratigraphy, no.
20. Elsevier, Amsterdam, pp. 5-36.

Raiswell, R., Berner, R.A., 1987. Organic carbon losses during burial and thermal
maturation of normal marine shales. Geology 15, 853-856.

Requejo, A.G., Allan, J., Creaney, S., Gray, N.R., Cole, K.S., 1992. Aryl isoprenoids
and diaromatic carotenoids in Paleozoic source rocks and oils from the
Western Canada and Williston Basins. Organic Geochemistry 19, 245-264.

Sachse, D., Radke, J., Gaupp, R., Schwark, L., Liiniger, G., Gleixner, G., 2004b.
Reconstruction of palaeohydrological conditions in a lagoon during the 2nd
Zechstein cycle through simultaneous use of 6D values of individual n-alkanes
and 6180 and 613C values of carbonates. Int J Earth Sci (Geol Rundsch) 93,
554-564.

Sampei, Y., Matsumoto, E., 2001. C/N ratios in a sediment core from Nakaumi
Lagoon, southwest Japan -usefulness as an organic source indicator- .
Geochemical Journal 35, 189-205.

Sandberg, C.A., Morrow, J.R., Ziegler, W., 2002. Late Devonian sea-level changes,
catastrophic events, and mass extinctions, in: Koeberl, C., MacLeod, K.G.
(Eds.), Catastrophic events and mass extinctions: Impacts and beyond.
Geological Society of America Special Paper, Boulder, Colorado, pp. 473-487.

Schimmelmann, A., 1991. Determination of the concentration and stable isotopic
composition of nonexchangeable hydrogen in organic matter. Analytical
Chemistry 63, 2456-2459.

Schimmelmann, A., Lewan, M.D., Wintsch, R.P., 1999. D/H isotope ratios of
kerogen, bitumen, oil, and water in hydrous pyrolysis of source rocks
containing kerogen types I, 11, IIS, and IIl. Geochimica et Cosmochimica Acta
63, 3751-3766.

Schimmelmann, A., Sessions, A.L., Borecham, C.J., Edwards, D.S., Logan, G.A.,
Summons, R.E., 2004. D/H ratios in terrestrially sourced petroleum systems.
Organic Geochemistry 35, 1169-1195.

Schimmelmann, A., Sessions, A.L., Mastalerz, M., 2006. Hydrogen isotopic (D/H)
composition of organic matter during diagenesis and thermal maturation.
Annual Review of Earth and Planetary Science 34, 501-533.

Schwark, L., Empt, P., 2006. Sterane biomarkers as indicators of palaeozoic algal
evolution and extinction events. Palaeogeography, Palaeoclimatology,
Palaeoecology 240, 225-236.

181



Chapter 5

Schwark, L., Frimmel, A., 2004. Chemostratigraphy of the Posidonia Black Shale,
SW-Germany: II. Assessment of extent and persistence of photic-zone anoxia
using aryl isoprenoid distributions. Chemical Geology 206, 231-248.

Schwark, L., Vliex, M., Schaeffer, P., 1998. Geochemical characterization of Malm
Zeta laminated carbonates from the Franconian Alb, SW-Germany (II).
Organic Geochemistry 29, 1921-1952.

Sepkoski, J.J., 1986. Phanerozoic overview of mass extinction, in: Raup, D.M.,
Jablonski, D. (Eds.), Patterns and Processes in the History of Life. Springer
Verlag, Berlin, pp. 277-295

Sepkoski, J.J., Jr., 1993. Ten Years in the Library: New Data Confirm
Paleontological Patterns. Paleobiology 19, 43-51.

Sessions, A.L., Burgoyne, T.W., Schimmelmann, A., Hayes, J.M., 1999.
Fractionation of hydrogen isotopes in lipid biosynthesis. Organic
Geochemistry 30, 1193-1200.

Sinninghe-Damsté, J.S., Kock-Van Dalen, A.C., De Leeuw, J.W., Schenck, P.A.,
Guoying, S., Brassell, S.C., 1987. The identification of mono-, di- and
trimethyl 2-methyl-2-(4,8,12-trimethyltridecyl)chromans and their occurrence
in the geosphere. Geochimica et Cosmochimica Acta 51, 2393-2400.

Sinninghe Damsté, J.S., Kenig, F., Koopmans, M.P., Késter, J., Schouten, S., Hayes,
JM., de Leeuw, J.W., 1995. Evidence for gammacerane as an indicator of
water column stratification. Geochimica et Cosmochimica Acta 59, 1895-1900.

Sinninghe Damsté, J.S., Koster, J., 1998. A euxinic southern North Atlantic Ocean
during the Cenomanian/Turonian oceanic anoxic event. Earth and Planetary
Science Letters 158, 165-173.

Sirevag, R., Buchanan, B.B., Berry, J.A., Troughton, J.H., 1977. Mechanisms of
CO2 fixation in bacterial photosynthesis studied by the carbon isotope
fractionation technique. Archives of Microbiology 112, 35-38.

Staplin, F.L., 1969. Sedimentary organic matter, organic metamorphism, and oil and
gas occurrence. Bulletin of Canadian Petroleum Geology 17, 47-66.

Summons, R.E., Powell, T.G., 1986. Chlorobiaceae in Palacozoic seas revealed by
biological markers, isotopes and geology. Nature 319, 763-765.

Summons, R.E., Powell, T.G., 1987. Identification of aryl isoprenoids in source
rocks and crude oils: Biological markers for the green sulphur bacteria.
Geochimica et Cosmochimica Acta 51, 557-566.

Summons, R.E., Love, G.D., Hays, L., Cao, C., Jin, Y., Shen, S.Z., Grice, K., Foster,
C.B., 2006. Molecular evidence for prolonged photic zone ecuxinia at the
Meishan and East Greenland sections of the Permian Triassic Boundary.
Geochimica et Cosmochimica Acta 70, A625.

Suzuki, N., Yessalina, S., Kikuchi, T., 2010. Probable fungal origin of perylene in
Late Cretaceous to Paleogene terrestrial sedimentary rocks of northeastern
Japan as indicated from stable carbon isotopes. Organic Geochemistry 41, 234-
241.

182



Chapter 5

Tappan, H.N., 1980. The paleobiology of plant protists. WH Freeman San Francisco.

ten Haven, H.L., De Leeuw, J.W., Schenck, P.A., 1985. Organic geochemical studies
of a Messinian evaporitic basin, northern Apennines (Italy) I: Hydrocarbon

biological markers for a hypersaline environment. Geochimica et
Cosmochimica Acta 49, 2181-2191.

Veto, 1., Hetényi, M., Demény, A., Hertelendi, E., 1994. Hydrogen index as
reflecting intensity of sulphidic diagenesis in non-bioturbated, shaly sediments.
Organic Geochemistry 22, 299-310.

Volkman, J.K., 1986. A review of sterol markers for marine and terrigenous organic
matter. Organic Geochemistry 9, 83-99.

Volkman, J.K., Kearney, P., Jeffrey, S.W., 1990. A new source of 4-methyl sterols
and So(H)-stanols in sediments: prymnesiophyte microalgae of the genus
Pavlova. Organic Geochemistry 15, 489-497.

Volkman, J.K., Barrett, S.M., Blackburn, S.I., Mansour, M.P., Sikes, E.L., Gelin, F.,
1998. Microalgal biomarkers: a review of recent research developments.
Organic Geochemistry 29, 1163-1179.

Volkman, J., 2003. Sterols in microorganisms. Applied Microbiology and
Biotechnology 60, 495-506.

Walliser, O.H., 1996. Global events in the Devonian and Carboniferous, in: Walliser,
O.H. (Ed.), Global events and event stratigraphy in the Phanerozoic. Springer-
Verlag Berlin Heidelberg New York, pp. 225-250.

Wolff, G.A., Lamb, N.A., Maxwell, J.R., 1986. The origin and fate of 4-methyl
steroid hydrocarbons. 1. Diagenesis of 4-methyl sterenes. Geochimica et
Cosmochimica Acta 50, 335-342.

Wortmann, U.G., Paytan, A., 2012. Rapid Variability of Seawater Chemistry Over
the Past 130 Million Years. Science 337, 334-336.

Zhou, Y., Grice, K., Chikaraishi, Y., Stuart-Williams, H., Farquhar, G.D., Ohkouchi,
N., 2011. Temperature effect on leaf water deuterium enrichment and isotopic
fractionation during leaf lipid biosynthesis: Results from controlled growth of
C3 and C4 land plants. Phytochemistry 72,207-213.

Ziebis, W., Bottcher, M.E., Weber, A., Miquel, J.-C., Sievert, S., Linke, P., 2000.
Bacterial sulfate reduction and sulfur isotope discrimination in the hypersaline
and hypersulfidic water column of the Urania Basin (Mediterranean Sea),
Journal of Conference Abstracts, p. 1134.

183



Appendix 5

Appendix 5

Supplementary online material

Experimental

If not indicated otherwise, all analyses were performed in the laboratory of WA-
OIGC at Curtin University. All used glassware was pyrolysed at 550 °C for 1 hour

and procedural blanks were run regularly.

Sample collection, preparation and extraction

Sample collection and preparation have been described in detail in the supplementary
information in Appendix 4. To summarize, the core was collected without any
drilling fluids or lubricants using a small portable drilling rig. Samples were cut with
a rocksaw (diamond crystal edge with carbon steel centre) and pre-extracted in
methanol and dichloromethane (DCM) in an ultrasonic bath to remove any potential
surface contamination. Samples were ground in a stainless-steel rock-mill and
Soxhlet extracted with 90% DCM in methanol for 48 hours. Activated copper
turnings were used for the removal of elemental sulfur. The extracts were further
separated by silica gel-column chromatography using solvents with an increasing
polarity. Aliphatic and aromatic fractions were eluted in hexane and 20% DCM in
hexane, respectively. Samples for palynological analyses were not identical to the
larger samples for biomarker, elemental and isotope analysis and represented small

chips taken throughout the core.

Gas-chromatography (GC-MS)

GC-MS analyses were performed on an Agilent 5973 Mass-Selective Detector
(MSD) interfaced to an Agilent 6890 gas chromatograph (GC) fitted with an
autosampler, utilizing a DB-5MS capillary column (60 m X 0.25 mm [.D.,0.25 pum
film thickness; J & W scientific). The GC-oven was typically heated up from 40 °C
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to 310 °C (aliphatic fractions) or 325 °C (aromatic fractions) at 3 °C/min with initial
and final hold times of 1 and 30 minutes, respectively. Samples were injected into a
split/splitless injector at 320 °C in a pulsed-splitless mode. The carrier gas (helium)
flow rate was kept constant at 1.1 mL/min. Full scan (50 - 550 Daltons) at 70 eV
mass spectra and selected ion monitoring (SIM) spectra (used for quantification of
aromatic compounds) were typically acquired with an electron multiplier voltage of
1800 V and a source temperature of 230 °C. ChemStation Data Analysis software
was used for data acquisition and processing. Perylene, palaecorenieratane (II) and
isorenieratane (I) were identified by comparison of retention times with authentic
standards. For semi-quantitative analyses the aromatic fractions were spiked with a

known amount of perdeuterated terphenyl (d'?).

Multiple reaction monitoring (MRM) GC-MS

MRM-GC-MS analyses were performed at Department of Earth, Atmospheric and
Planetary Sciences, MIT, USA on a Micromass Autospec Ultima mass spectrometer
interfaced to an Agilent 6890 N gas chromatograph fitted with an autosampler and a
DB-5MS capillary column (60 mx0.25 mm [.D.; 0.25 pm film thickness; J&W
Scientific). The carrier gas (helium) flow rate was kept constant at 2 ml/min. The
GC-oven was programmed from 60°C to 150°C at 10°C/min and to 315°C at
3°C/min with initial and final hold times of 2 and 24 min, respectively. The source
was operated in electron impact (EI, 70 eV) mode at 250° C, with 8 kV accelerating
voltage. Data was acquired and processed using MassLynx 4.0 (Micromass Ltd.)
software. Identification of compounds was achieved by comparison with a synthetic
mixture of oils (AGSO standard) that contains most common hopanes and steranes.
Semi quantitative analyses were achieved by spiking the samples with a known
amount of perdeuterated (d*) 24-ethylcholestane. The transitions of precursor-
product reactions used to monitor the compounds relevant for this study are included

in Figures A5.2, A5.3 and AS.5.

Compound specific stable isotope analysis

For GC-irMS analyses a Micromass IsoPrime mass-spectrometer interfaced to an

Agilent 6890N GC fitted with an autosampler was utilized with GC- column, carrier

185



Appendix 5

gas, injector conditions and oven temperature programs identical to the settings for
GC-MS analysis. The interface for the conversion of analytes to CO, and H,O
consisted of a quartz tube packed with CuO-pellets (4 mm x 0.5 mm, isotope grade,
Elemental Microanalysis LTD.) and was maintained at 850 °C. H,O was removed
cryogenically at -100 °C. Isotopic compositions were determined by integration of
the m/z 44, 45 and 46 ion currents of CO, peaks from each analyte and reported
relative to CO, reference gas pulses of known *C-content. Isotopic values are given
in the delta (0) notation relative to the international standard VPDB. For data
acquisition and processing MassLynx (Micromass Ltd.) was used. Each sample was
analysed at least in duplicate and all reported values had standard deviations
< 0.5 %o. To ensure accuracy, in house standard solutions containing n-alkanes with a

known isotopic composition were analysed after every second sample.

Elemental analysis

Elemental analysis (C, N, S) was performed in the laboratory of the Institute of
Geoscience, Kiel University. Prior to analysis fractions of the ground samples were
decarbonated with hydrochloric acid (5%), washed, dried and homogenized. The
carbonate content [%] was calculated based on weight differences before and after
decarbonation. The reported values for TOC %, TN % and TS % have also been
corrected for these weight differences. Analyses were performed on a VARIO EL-III
elemental analyser. About every second sample was analysed in duplicate or

triplicate to ensure reproducibility.

Rock Eval pyrolysis

Rock Eval pyrolysis was performed in the laboratory of the Institute of Geoscience,
Kiel University on fractions of the decarbonated samples (previous section) using a

VINCI Rock Eval 2 instrument.

6" C and 6"°0 of carbonates

8'3C and 8'®0 of carbonates were measured in the laboratory of the School of Plant
Biology at the University of Western Australia by continuous —flow (CF) analysis
using a GasBench II coupled with a Delta XL Mass Spectrometer (Thermo-Fisher

186



Appendix 5

Scientific) after the method described in Paul and Skrzypek (2007). In brief,
carbonates in the powdered samples were digested by addition of ortho-phosphoric
acid in a helium atmosphere. The generated CO, was trapped, purified and diverted
to the irMS. Isotope values were reported in the delta () notation relative to the

international standard VPDB.

6" C of organic carbon

3"°C of organic carbon was measured in the laboratory of the School of Plant
Biology at the University of Western Australia. Residues left after Soxhlet extraction
were treated with ~7M hydrochloric acid to remove carbonates, washed, dried and
homogenized. 8"°C analyses were subsequently performed on a continuous flow (CF)
system consisting of a Delta V Plus mass spectrometer connected to a Thermo Flush
1112 via Conflo IV (Thermo-Finnigan/Germany) after the method described in
Skrzypek and Paul (2006). The combustion and oxidation temperatures were 1700-
1800°C, the reduction temperature 650°C. Results were reported in the delta ()

notation relative to the international standard VPDB.

5*S of pyrite

8*'S of total reducable inorganic sulphur (TRIS, basically pyrite) was measured at
the Marine Geology Department, Geochemistry & Isotope Geochemistry Group,
Leibniz-Institute for Baltic Sea Research in a fraction of the sample residue after
Soxhlet-extraction. In brief, TRIS was extracted from the sample by treatment with
hot acidic chromium (IT) chloride (Fossing & Jargensen, 1989) and the generated H,S
was precipitated as ZnS and subsequently converted to AgS,. **S/*”S ratios were
measured by combustion - isotope ratio monitoring - mass spectrometry (C-irm-MS)
on a Thermo Finnigan MAT 253 mass spectrometer coupled to an elemental analyser
(Thermo Flash 2000) via a split interface (Thermo Finnigan Conflo IV). Measured
isotope ratios were calibrated with in-house and international reference materials
(Mann et al., 2009) and reported in the d-notation relative to the V-CDT (Vienna
Caiion Diablo Troilite) standard.

oD of kerogen
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dD of kerogen was measured at the Department of Geological Sciences, Indiana
University. Kerogens were isolated from the extracted residue by decarbonation with
~TM hydrochloric acid and a subsequent treatment with 25 % hydrofluoric acid to
remove silicates and other hydrogen-bearing inorganic phases. Heavy minerals such
as acid-insoluble sulfides, titanium oxides and zircon were removed from the
kerogen by density separation using aqueous zinc bromide solution (~2.4 g/mL).
Zinc bromide was subsequently removed by washing with slightly acidified water.
Samples were freeze dried and extracted ultrasonically in DCM for 2 hours to
remove any bitumen previously trapped in the mineral matrix. After washing with
DCM, drying and homogenization kerogens were weighed into silver capsules for 8D

analysis.

To account for exchangeable hydrogen, aliquots of the kerogens (2 replicates each)
were equilibrated in the steam of two different waters with known D/H content for 6
to 10 hours prior to analysis according to a method developed by Schimmelmann et
al. (1999; 2006). 8D analysis were performed using a Costech elemental analyser
(EA). The contents of exchangeable hydrogen were determined using mass balance
equations and the measured 6D values were corrected accordingly (Schimmelmann

et al. 1999; 2006).
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Supplementary figures

Isorenieratane (1) e.g. 2,3,6-Aryl isoprenoids (lll)

Cis

Paleorenieratane (ll)

I Pristane (V)
Diaster-(13)17-enes (VI) Hopanes (VII) /k/\)\/\/&/\/k

Phytane (V)

MTTCs (X)
6- 8-methyl

R’ 5,8-; 6,8-; 7,8-dimethyl
5,7,8-trimethyl

Benzo[a]pyrene (XI) Benzol[e]pyrene (XII) Coronene (XIII)
Benzo[ghilperylene (XIV) Fluoranthene (XV) Pyrene (XVI) Perylene (XVII)

Renieratane (XVIII) Dibenzofuran (XIX)

(0 Q)
® o

Figure AS5.1: Structures referred to in the text
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Figure A5.2: MRM chromatograms showing hopanes in a sample from the analysed core at the depth

0f 40.7 m. S and R stand for the stereochemistry at C22.
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Figure A5.3: MRM chromatograms showing methylhopanes in a sample from the analysed core at
the depth of 40.3 m. Crossed out peaks mark cross-talk from regular homohopanes. S and R stand for
the stereochemistry at C22. Me = methyl
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Figure A5.4: Extracted ion chromatograms of a sample from the analysed core at the depth of 40.3 m
showing the distributions of hopanes and hopenes in the aliphatic fraction. S and R stand for the
stereochemistry at C22
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Figure A5.5: MRM chromatograms showing steranes in a sample from the analysed core at the depth
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Data included in figures

Table AS5.1: Data included in Figure 5.3

Depth | o, CssHHI 28,30 BNH/ Isor. Palaeoren. Monoaryl isopr. [ug/g TOC] 5*Spyrite Gammacerane  triMeMTTC/ total SDyerogen 5"*0carb. [%o
[m] [%] C3H [ng/g TOC] [ng/g TOC] Ch Cis [ [%o] index MTTCs [%0 VSMOW] VPDB]
273 *2.99 1.05 0.01 0.00 *0.00 0.39 0.12 0.03 -24.4 *0.05 *0.79 -109 -4.0
281 *2.47 2.04 0.02 0.00 *0.00 0.09 0.03 0.01 n.d *0.08 *0.83 n.d -4.2
29.0  *1.47 2.03 0.02 0.00 *0.00 0.53 0.11 0.04 -11.9 *0.11 *0.89 n.d 3.4
29.7 n.d. n.d n.d 0.00 *0.00 0.21 0.08 0.02 -13.6 n.d *0.88 -115 3.1
299  *1.76 1.70 0.02 0.00 *0.01 0.28 0.09 0.02 n.d *0.18 *0.88 -121 n.d
30.7  *1.45 1.75 0.04 0.00 *0.00 0.49 0.14 0.04 n.d *0.05 *0.91 -118 n.d
309  *1.31 2.14 0.04 0.00 *0.00 1.27 0.28 0.07 -12.6 *0.16 *0.89 -126 -3.5
319  *1.26 2.61 0.04 n.d n.d n.d n.d n.d -16.7 *0.27 *0.91 -113 -3.6
328  *1.17 2.66 0.07 0.00 *0.00 0.01 0.08 0.03 -16.5 *0.43 *0.91 -109 2.7
33.0  *1.29 2.53 0.05 0.00 *0.00 0.01 0.11 0.03 n.d *0.06 *0.91 -117 n.d
332  *0.99 3.36 0.07 0.03 *0.02 0.00 0.03 0.04 -16.5 *0.43 *0.93 -121 3.1
334 *1.00 3.57 0.04 0.00 *0.00 0.00 0.01 0.00 -19.6 *0.24 n.d n.d 3.3
34.6 n.d n.d nd nd nd nd n.d n.d -16.0 nd n.d nd -4.4
378 *0.32 2.67 0.03 0.00 *0.00 0.00 0.00 0.00 -16.2 *0.14 n.d n.d -4.0
402 *0.39 2.64 0.08 0.00 *0.06 0.02 0.22 0.18 *-24.0 *0.55 *0.95 n.d 5.2
403  *0.41 4.36 0.05 0.58 *2.34 4.18 2.19 1.14 *13.8 *1.71 *0.95 n.d 5.4
405  *0.51 n.d. n.d. 0.37 *1.66 2.49 2.11 0.90 n.d n.d *0.94 n.d n.d
407  *0.51 3.01 0.04 0.13 *0.50 1.42 1.19 0.49 *11.9 *1.24 *0.94 -130 2.8
412 *0.48 2.65 0.07 0.25 *1.24 6.62 4.01 1.23 *15.0 *1.37 *0.95 n.d 5.2
419  *1.00 2.17 0.05 0.02 *0.11 0.19 0.38 0.11 *19.1 *0.75 *0.93 n.d 3.4

* also included in figures of Chapter 4



Table A5.2: §"°C values of the compounds included in Figure 5.4 in %o vs. VPDB. “Ci” stands for monoaryl isoprenoids with the carbon number “i

[73£1)

Depth [m] Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7 Peak 8 Peak 9 Peak 10 Peak 11

15 Cis Cis Cio see Fig. 5.4 see Fig. 5.4 ? ? see Fig. 5.4 see Fig. 5.4  palaeorenieratane
40.2 n.d. n.d. n.d. -15.1 -17.8 -20.8 -17.7 -17.0 n.d. n.d. n.d.
40.3 n.d. n.d. -21.7 -16.8 -18.4 -20.1 -17.0 -16.0 n.d. n.d. *15.3
40.7 -17.2 -16.4 -19.6 -18.6 -16.7 -19.2 -17.9 -17.4 -15.5 -15.9 *15.4
41.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
41.9 -19.4 -17.9 -21.2 -19.6 -16.7 -18.9 -17.4 -18.4 n.d. n.d. *-15.1
* also included in Chapter 4
Table A5.3: Data included in Figure 5.6
Depth [m] TOC [wt. %] TOC,, [wt. %] Carbonates [wt. %] TNorg [Wt.%] TS [wt. %] C/Norg [molar] HI [mg HC/g TOC] Ol [mg CO,/g TOC]

27.3 0.3 0.7 9.1 0.02 0.3 12.3 70 102
28.1 0.3 1.1 23.7 0.02 0.8 12.3 72 108
29.0 0.5 1.8 15.8 0.02 1.3 19.9 115 35
29.7 0.5 21 12.5 0.03 1.6 16.3 124 71
29.9 0.5 21 14.7 0.03 1.6 15.8 101 51
30.7 0.6 2.0 11.9 0.03 15 15.9 105 42
30.9 0.8 2.8 12.4 0.04 2.0 17.8 166 32
31.9 n.d. n.d. n.d. n.d. n.d. 20.4 131 48
32.8 0.5 2.0 12.4 0.03 1.5 15.7 107 46
33.0 0.5 2.3 135 0.03 1.8 15.6 128 57
33.2 0.5 2.0 12.8 0.03 15 14.9 116 44
33.4 0.1 1.0 65.9 0.00 0.9 28.1 82 82
34.6 0.0 0.2 86.2 0.00 0.2 7.8 38 200
37.8 0.0 0.7 70.3 0.00 0.6 5.9 n.d. n.d.
40.2 *0.0 0.5 *62.6 0.00 0.5 16.8 n.d. n.d.
40.3 *0.3 1.0 *68.1 0.01 0.7 17.9 252 39
40.5 *0.9 2.4 *15.2 0.05 15 16.8 223 28
40.7 *0.8 2.7 *10.5 0.04 1.9 16.8 211 42
41.2 *0.7 21 *32.2 0.04 1.4 18.0 264 32
41.9 *0.7 2.4 *13.3 0.04 1.6 17.6 169 52

* also included in Chapter 4



Table A5.4: Data included in Figure 5.8

C30 Methylst./Cy7.50 Sts

Concentration pg/g TOC

Depth Steranes/ iso-propylchol./ Pristane/ Phytane/

[m] hopanes 35 Mo 4qMe  4B-Me  N-Propyichol. G N-Cis  perylene YMTTCs  BaPy BePyr Bpery Cor DBF
27.3 0.20 0.00 0.01 0.00 0.28 0.51 0.16 *0.13 *1.83 0.33 0.54 0.96 0.66 0.24
28.1 0.39 0.04 0.02 0.01 0.17 0.77 0.37 *0.02 *2.12 0.04 0.06 0.03 0.01 0.01
29.0 0.84 0.07 0.03 0.01 0.11 1.38 0.97 *0.07 *7.99 0.12 0.13 0.09 0.05 0.14
29.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. *0.03 *3.60 0.03 0.03 0.01 0.00 0.01
29.9 0.76 0.03 0.02 0.01 0.10 1.61 0.95 *0.02 *4.04 0.03 0.03 0.02 0.01 0.02
30.7 0.88 0.05 0.03 0.01 0.12 1.86 1.30 *0.05 *10.35 0.10 0.11 0.16 0.07 0.17
30.9 1.27 0.06 0.03 0.01 0.13 1.67 1.46 *0.05 *12.99 0.07 0.09 0.34 0.14 0.34
31.9 1.44 0.06 0.02 0.01 0.10 2.63 2.15 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
32.8 2.47 0.06 0.02 0.01 0.11 2.04 1.61 *0.23 *11.56 0.21 0.36 0.60 0.14 0.07
33.0 2.69 0.04 0.02 0.01 0.14 1.82 1.53 *0.23 *12.26 0.27 0.36 0.71 0.15 0.08
33.2 3.86 0.05 0.02 0.01 0.12 2.21 2.02 *0.21 *10.12 0.23 0.33 0.17 0.04 0.01
33.4 2.37 0.00 0.01 0.00 0.14 0.66 0.94 *0.02 n.d. 0.02 0.04 0.02 0.01 0.00
34.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
37.8 0.49 0.00 0.00 0.00 0.20 0.16 0.66 *0.00 n.d. 0.00 0.01 0.00 0.00 0.00
40.2 4.94 0.08 0.07 0.03 0.13 1.75 4.54 *0.14 *6.75 0.03 0.05 0.00 0.00 0.00
40.3 6.36 0.15 0.21 0.07 0.15 3.13 9.35 *1.06 *38.54 0.17 0.19 1.08 0.39 0.23
40.5 n.d. n.d. n.d. n.d. n.d. 4.01 6.99 *0.92 *22.42 0.17 0.17 0.90 0.14 0.22
40.7 4.62 0.12 0.34 0.06 0.13 3.09 5.87 *0.54 *14.29 0.10 0.11 0.28 0.04 0.09
41.2 2.17 0.10 0.24 0.04 0.20 5.07 11.12 *0.42 *21.19 0.07 0.08 0.27 0.03 0.20
41.9 1.17 0.04 0.11 0.02 0.13 3.21 3.67 *0.04 *2.68 0.01 0.01 0.01 0.00 0.00

* also included in Chapter 4



Table A5.5: Data included in Figure 5.9. Peak areas were inferred from suitable transitions of multiple reaction monitoring-gas chromatography- mass spectrometry (MRM-
GC-MS)

Peak areas
Depth [m]
>cholestanes >24-methylcholestanes > 24-ethylcholestanes

27.3 378495 124937 678755
28.1 1993635 707340 3861990
29.0 10189203 3458112 17904085
29.7 n.d. n.d. n.d.
29.9 5618845 2099182 10484379
30.7 8955227 3410066 17844243
30.9 20036199 7667875 35901309
31.9 9733470 3956699 20775005
32.8 11028498 4975431 22450442
33.0 24274101 11377345 48922215
33.2 30561811 14750194 64474802
33.4 1022704 417535 2507036
34.6 n.d. n.d. n.d.
37.8 326084 102564 511516
40.2 5677128 2771224 9992119
40.3 51521847 25616683 82671752
40.5 n.d. n.d. n.d.
40.7 15859006 7138781 19431634
41.2 10344653 4529279 13476443

41.9 2382601 1215802 4162140
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Chapter 6

Conclusions and outlook

This PhD primarily explores and introduces (novel) biomarker and stable isotope
approaches for the reconstruction of palaeosalinity and water-column stratification
and demonstrates their practical applications in the investigation of
palaeoenvironmental conditions in the modern Coorong Lagoon, an estuarine lagoon
complex in South Australia and in a Middle to Late Devonian marine setting
associated with reef-systems affected by the Late Devonian extinctions. Furthermore,
a new analytical approach with a great potential for the investigation of source and
formation pathway of the palaeosalinity markers methyltrimethyltridecylchromans

(MTTC:s) is developed.

Integration of the comprehensive biomarker, elemental and stable isotope data
acquired provides an in-depth insight into both the human-induced environmental
and ecological changes in the northern Coorong Lagoon as well as changes in levels
of biotic stress in depositional settings associated with the Late Devonian extinctions.
Changes of salinity in aquatic environments are often of great ecological significance
since they typically have a substantial effect on in sifu primary production, which
forms the base of the food-web (e.g. modern Coorong Lagoon, see subsequent
section). Furthermore, salinity differences between the epilimnion and hypolimnion
in (typically somewhat enclosed) marine settings are often responsible for a
persistent density stratification of the water-column. Such conditions commonly lead

to prevailing anoxia or euxinia in the hypolimnion, which may also extend to the
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photic zone, and have been frequently associated with (global) oceanic anoxic events

in Earth’s history accompanying mass extinction events.

Mass extinction events had a great significance for the evolution of life throughout
Earth’s history and their investigation may provide a useful insight into present day
climate change, particularly given speculation that dramatic anthropogenic impacts
on sensitive environmental conditions may represent the beginning of yet another big
extinction. The Coorong Lagoon represents such an ecosystem recently impacted by

a major anthropogenic influence.

Nature and extent of human-induced changes in the modern

Coorong Lagoon

The Coorong Lagoon is part of an ecologically significant wetland located at the
Mouth of the River Murray. Similar to many other estuarine environments it has
been subject to a dramatic decline in biodiversity over the past several decades as a
result of human interference with the natural water-regime, which was compounded

by a prolonged drought from 2000-2010.

Despite many previous studies of the present day Coorong, including investigations
of hydrology, ecology and organic geochemistry of the water-column and surface
sediments, little was known about conditions in the ecosystem of the North Lagoon
prior to European settlement and the nature and extent of changes that human water
management had produced. The present study (Chapter 2) uses biomarker and stable
isotope analysis of a sedimentary core from the northern Coorong Lagoon spanning
the past ~5000 years to track ecological and environmental changes both prior to
European settlement and after the 1950s introduction of substantial water
management practices. The newly acquired organic geochemical data clearly
demonstrate significant alterations in the deposited organic matter (OM) of the North
Lagoon which could be directly related to the introduction of these water
management practices. More specifically, there is strong evidence for a change in
OM production from a predominant source of aquatic macrophytes prior to the 1950s
towards a major input from microalgae and bacteria in more recent sediments.

Compound specific 8D analysis, a relatively new analytical technique developed in

201



Chapter 6

1998/99, was applied to predominantly in situ produced n-alkanes, which proves a
particularly useful indicator of palaeosalinity. The obtained values indicate a general
salinity increase in the North Lagoon throughout the Holocene, despite some
variability, and then a pronounced positive shift after the 1950s, indicating a strong
elevation of salinity over the past decades. The increase in salinity caused by the new
water-management regime and further compounded by the severe drought of recent
times, has been generally regarded as one of the major drivers for the ecological
decline and extinction of key species. A recent flood in 2010 temporarily improved
ecological conditions, but the long-term issue of providing sufficient freshwater
input, particularly under future drought conditions has not been fully resolved. The
present study extends the knowledge of OM sources and natural salinity levels in the
North Lagoon prior to European settlement, and provides an important basis against
which the success of remediation measures can be assessed. Furthermore, conditions
in the Coorong may also be relevant for other wetlands exposed to similar ecological
disturbances. In the future a similar approach may also be used in new sediment
cores which include OM deposited after the recent flood in 2010, to track changes
induced by the temporary high freshwater input. Furthermore, it could also be
extended to other water-bodies of the Coorong region to follow changes in primary

production and salinity over time.

Elevated levels of biotic stress in a marine Middle to Late Devonian

palaeoenvironment

An integrated analytical study, including use of biomarkers, elemental and stable
isotope values, Rock Eval pyrolysis and palynological data, is undertaken on a
depositional setting from the Lennard Shelf, Canning Basin, WA associated with
reef-systems close to or at the Givetian-Frasnian (G-F) boundary and later in the
Frasnian to investigate the palacoenvironmental conditions and changes possibly
related to events associated with the Late Devonian extinctions (Chapter 5). As part
of this investigation, a novel approach for reconstructions of freshwater incursions in

marine palaeoenvironments is also developed (Chapter 4; see following section).
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Most research of the Late Devonian extinctions, which are amongst the biggest mass
extinction events in the Phanerozoic, have focussed on the most pronounced
biodiversity loss at the Frasnian-Famennian (F-F) boundary, and investigations of
potential events in the Givetian and Early to Middle Frasnian have been
comparatively rare. Altogether, only little is known about causes or the exact timing

and amount of associated extinction pulses.

The corresponding analyses of the Canning Basin sediments provided evidence of a
persistently stratified water-column with freshwater incursions overlying more saline
bottom waters as well as prevailing anoxia and photic zone euxinia (PZE) in the
marine palacoenvironment close to or at the G-F boundary. These conditions are all
consistent with increased levels of biotic stress for reef-builders and associated
organisms, which were amongst the most severely affected life-forms during the Late
Devonian extinctions. Later in the Frasnian, the analytical data are indicative of more
oxic conditions and a vertically mixed water-column without any evidence of PZE
(Chapter 5). Distributions and abundances of algal and bacterial biomarkers also
showed significant variations between the Late Givetian/Early Frasnian and later in
the Frasnian, possibly reflecting riverine incursions in the older sediments. The
dataset presented in Chapter 5 indicates a distinct time period of biotic crisis in the
Devonian Canning Basin close to the G-F boundary, which adds to the knowledge
about conditions in palacoenvironments associated with the Late Devonian
extinctions and might be useful to reconstruct global events if correlated with other
datasets. Chapter 4 and 5 also provide a further indication that PZE and enhanced
terrigenous nutrient input (likely related to the expansion of vascular plants) may
have significantly contributed to mass extinctions in the Middle to Late Devonian,
also prior to the F-F boundary, which is consistent with previous studies. In the near
future the present study will be complemented with detailed palynological analyses
in the same core. Similar biomarker and stable isotope studies should also be used to
explore palacoenvironmental changes in other regions of the Canning Basin,
particularly since this study has furthermore shown an extremely good preservation

of biomarkers and OM in the Gogo Formation.
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Organic matter (OM) preservation in the Canning Basin, WA

The Canning Basin, WA is famous for its extensive and well-exposed Middle to Late
Devonian reef systems showing only minor geological alteration in most areas. The
Gogo Formation, which represents Givetian to Frasnian basin facies, was laid down
predominantly under suboxic and anoxic conditions and is of particular interest for
many scientists. It forms the source rocks for the high-quality oils in the Canning
Basin and contains exceptionally well-preserved macrofossils. A few studies also
indicated a very unusual preservation of molecular fossils (i.e. biomarkers) in some
sections, which showed very immature profiles despite their Palaeozoic age. The data
collected in Chapter 5 also confirm this very high level of OM and biomarker
preservation in the Gogo formation. A high proportion of hopanes and steranes still
exhibited their less thermally stable biological configuration and even some
unsaturated precursors were present. Furthermore, the presumably oldest
preservation of original C/N was reported in the samples analysed in Chapter 5. A
possibility to further extend this study would be the analysis of more polar
compounds, which might be well preserved as indicated by the extremely low

thermal maturity of the OM.

Significance of MTTC:s in palaeoenvironmental reconstructions

Origin of MTTCs in geological samples

The “chroman ratio” between different MTTC isomers is a frequently used
palaeosalinity indicator, despite uncertainties about the origin and formation pathway
of these compounds. Condensation reactions between chlorophyll-derived phytol and
presumably higher plant-derived alkylphenols during early stages of diagenesis
represent a likely formation pathway, however direct biosynthesis of MTTCs (or
structurally similar precursors) from phytoplankton has also been suggested. A
clarification of their source(s) would help to more accurately utilize chroman ratios
to infer palaeosalinities (especially in a stratified water-column) and it may also
broaden the field of MTTC applications in palaeoenvironmental reconstructions,
particularly regarding a potential relation to terrigenous input or freshwater

incursions.
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Chapter 3 presents a new and relatively simple flash pyrolysis-gas chromatography-
isotope ratio mass spectrometry (Py-GC-irMS) method to support the investigation
of MTTC origins. This analytical technique enables the separate 8'°C measurement
in the isoprenoid and alkylphenol subunits of a 5,7,8-trimethyl-MTTC standard
(often the most abundant natural isomer) with high accuracy and reproducibility. The
formation of MTTCs by condensation reactions of higher plant-derived alkylphenols
with predominantly phytoplankton-derived phytol (typically main source of
chlorophyll in marine environments), should be reflected by the different '*C/"*C
composition of the respective MTTC subunits. However, matrix effects prevented
the formation of 2,3,5-trimethylphenol (alkylphenol subunit of 5,7,8-trimethyl-
MTTC) when isolates of this chroman from sediments were analysed. Further
optimisation of sample preparation or pyrolysis conditions will therefore be
necessary before this method can be effectively applied to geological sediments. It
might also be useful to use this method for the analysis of tocopherols, which show
strong structural similarities to MTTCs but are biosynthesised, to detect potential
isotopic differences in the subunits resulting from biosythestic processes and

compare these to chromans in natural samples.

Novel conceptual biomarker-model for freshwater incursions in marine

palaeoenvironments

Chapter 4 provides valuable information for the investigation of origin and
formation pathway of sedimentary MTTCs, which point towards an origin from the
previously described early diagenetic condensation reactions. Furthermore, a novel
conceptual model using MTTCs as indicators for freshwater incursions in a marine
depositional environment was introduced. This hypothesis was based on the analysis
of MTTCs in sediments corresponding to a Middle to Late Devonian marine
palacoenvironment in which the disposition of reef systems restricted water
exchange with the open ocean, leading to a stagnant and persistently stratified water-
column (also see “Elevated levels of biotic stress in a marine Middle to Late
Devonian palacoenvironment” page 202). The relation of chroman ratios and MTTC
abundances to other molecular and stable isotopic indicators for water-column
stratification, anoxia, salinity and PZE indicate that the chroman ratio is strongly

influenced by the persistency of water-column stratification and generally reflected
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low salinities in the overlying freshwater lens. Furthermore, the strong positive
correlation of sedimentary abundances of MTTCs and perylene indicate a potential

relation to terrigenous input.

In the future, similar studies should also be performed in sediments from other
stratified marine palacoenvirmonments as well as from freshwater settings with high
chroman abundances to validate this study and further explore the MTTC formation
pathway and the relation of the chroman ratio to other molecular parameters.
Furthermore, it should still be considered to keep searching for potential MTTC
precursors in extent organisms, although this study strongly indicates a diagenetic

origin of these compounds.
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Reporting standards

Authors of reports of original research should present an accurate account of the work performed as well as an objective

of its ifi 1 data should be m Ihe paper. A paper should contain auﬂ'uem
detail and references to parmit others to replicate the work. F or
behavior and are unacceptable.

Review and professional publication articles should alse be accurate and objective. and editorial ‘opinion’ works should be
identified as such.

Data access and retention
Authors may be asked to provide the raw data in connection with a paper for editorial review, and should be prepared to provide

public access to such data (consistent with the ALPSF-STM Statement on Data and Databases), if practicable, and should in any
event be prepared 1o retain such data for a reasonable time after publication.

Originality and plagiarism

The authors should ensure that they have written entirely original warks, and if the authors have used the work and/or words of
others, that this has been appropriately cited or quoted.

Plagiarism takes many forms. from ‘passing off another's paper as the author's own paper. o copying or paraphrasing substantial
parts of another's paper (without attribution), to claiming results from research conducted by others. Plagiarism in all its forms
constitutes unathical publishing Behavior and is unacceptabis,

Multiple, redundant or concurrent publication

An auﬂmt should not in general publish pls bing lly the same hin mare than one pumﬂl of primary
the same ipt to more than one journal behavior and is

unacceptabie.

In general, an authar should not submit for consideration in another journal a i paper. of some

kinds of articles (.9, clinical guidelines, translations) in more than one journal is L ifi P cortain

are met. The authors and editors of the journals concerned must agree to the secondary publication, which must reflect the same
data and interpretation of the primary document. The primary reference must be cited in the secondary publication. Further detail
on forms of dary publi can be found at www lcmie org,

of

Proper acknowledgment of the work of others must always be given. Authors should cite publications that have been influential in

determining the nature of the reported work. Infoermaton obtained privately, as in or with
third parties, must not be used or reported without explicit, written permission from the source. Information ebtained in the course
of confidential services, such as referesing ipts or grant I must not be used without the explicit written

permission of the author of the work invelved in those services.

Hazards and human or animal subjects

If the work invalves i that have any unusual hazards inharent in their use, the author must
clearly identify these in the manuscript ll'me wark involves the use of animal or human subjects, the author should ensure that the
ipt contains a that all p were in I with relevant laws and institutional guidetines
and that the approp: i i has app: them. Authors should include a statement in the manuscript that
consent was obiained far i ion with human subjects. The privacy rights of human subjects must abways ba
observed

Use of patient images or case details

Sludies on patients or volunteers reéquire ethics committee approval and informed consent, which should be documented in the

paper.
A issions and releases must be obtained whare an author wishes to include case details or other
pemnnal information ot images of patients and any ather individuals in an Elsevier publication. Written consents must be retained
by the author and copies of the or that such have been obtained must be provided to Elsevier on
request.

Particular care should be taken with obtaining consent where children are concerned (in particular where a child has special needs
of leaming disabilities), where an individual's head or face appears, or where reference is made to an individual’s name or other
personal details.

For more information, please review the Elsevier Policy on the Use of Images or Personal Information of Patients or other
Individuals.

Disclosure and conflicts of interest

A oon[l'-ct of interest may exist wnen an author or the auther's institulion has a financial or olher relationship with ether people or

i that may the auther's werk. A conflict can be actual er potential, and full disclosure to the
Jjournal is the safest course. All submissions must include disclosure of all relationships that could be viewed as presenting a
patential conflict of interest, The journal may use such information as a basis for editorial decisions and may publish such
disclosures if they are believed to be important to readers in judging the manuscript. A dwalvn may be made tl)‘ the journal not to
publish on the basis of the declared conflicl. Al the end of the text, under a ", all authors must
disclose any actual or potential conflict of mtarnxt including any financial, parsanal ar ulhur lal.ullonuhlps with other paople or
organizations within threa (3) years of baginning the wark submitted that could i ¥ (blas) their wark

Examples of potential conflicts of interest which sMulo no i inchude ies, stock
ia, paid expert testimony, patent appl g and grants or olher funamq Potential conflicts of umres: should
be disclosed at the earliest stage possible.
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All sources of financial support for the project should be disclosed. This declaration {with the heading ‘Role of the funding source')
should be made in a separale section of the text and placed before the References. Authors must described the role of the study
sponsor(s), if any, in study design; in the collection, analysis, and interpretation of data; in the writing of the repert; and in the
decision to submit the paper for publication. (In addition some funding arganizations have particular policies to enable their grant
recipients 1o publish open access in Elsevier journals - for more detail on this, please visit our Funding Body Agreements page.

F | errors in p

d works

Whan an author di a si arror or i in his/ar own published work, it is the author’s obligation to promptly
naotify the journal editer or publisher and cooperate with the editor to retract or corract the paper. If the editor or the publisher
learns from a third party that a published work contains a significant error, it is the obligation of the author to promptly retract or
correct the paper of provide evidence lo the editer of the correciness of the onginal paper.

Authorship of the paper

Authorship should be limited to these who have made a signi ibution to the ion, design, ion, or
interpratation of the reparted study. All thase who have made significant contributions should be listed as co-authors. Where thers
are others who have participated in cerain substantive aspects of the research project, they should be acknowledged or listed as
centributors.

The corrasponding author should ansure that all thors and no i sthors are included on the paper,
and that all co-authors have seen and approved the final version of the paper and have agreed to its submission for publication.

Changes to authorship

This policy concerns the addition, deletion, or rearrangement of author names in the pof P ipts. Note that
The Lancet, Cell, and journals published by Elsevier on behalf of learnad societies may have different palicies.

Before the accepted manuscript is published in an onling issue:

Requests to add of remove an author, of to rearrange the author names. must be sent to the Journal Manager by the
cerrespending auther of the accepled manuscripl, and must include:

1. The reason the name should be added or removed, or the author names rearranged

2. Written confirmation (e-mail, fax, latter) from all authors that they agree with the addition, remaoval or rearrangemeant In the case of
addition or removal of authors, this includes confirmation fram the author baing added or removed

Requests that are not sent by the corresponding author will be forwarded by the Journal Manager to the corresponding author, who
must follow the procedure described above

Note that:

+ Joumal Managers will infarm the Journal Editors of any such requests

- ication of the ipt in an online issue is suspended until authorship has been agreed
After the has bean published in an anline issue:

Any requests 1o add. delete or rearrange author names in an article published in an online issue will follow the same policies as
noted above and may result in a corrigendum.

For morae informatien on publishing athics issues. pleass consult cur Publishing Ethics Rascures Kit

Permissions

Elsevier's Global Rights Department meets the rights and permissions needs of our customers and authors

Our Author and User Bighls guidelines describe addibonal uses that can be made of Elsevier-cwned material by authors,
i and othar i ing content that is frea at the point of use or accessad undar licansa)

As an author, you may wish to use references you have found in other publications. Conversely, you may be seeking information
on using an Elsevier-published work as a reference.

If you are an author who wishes to obtain permission 1o include material from other sources in your work being published by
Elsevier, please visil:

Permission seaking guidalines for Elsevier authors
If you wish to cbtain parmission to re-use matarial from Elsavier books, journals, databasas, or other products, pleass visit:
Obtaining permission to re-use Elsevier material
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